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PREFACE

The XXIII Russian Particle Accelerator Conference (RuPAC 2012) was held in Petergof, Saint-
Petersburg, September 24 —28, 2012. It was organized by Saint-Petersburg State University
(SPbSU), Efremov Scientific Research Institute of Electrophysical Apparatus (NIIEFA), Joint
Institute for Nuclear Research (JINR), Budker Institute of Nuclear Physics SB RAS (BINP),
Scientific Council for Accelerators of Russian Academy of Sciences, State Atomic Energy
Corporation ROSATOM, MONOMAX PCO and was hosted at faculty of Applied Mathematics
and Control Processes of Saint-Petersburg State University. The Conference was supported in
part by the Russian Foundation for Basic Research. The RuPAC scope provided a forum for
exchange of new information and discussion in the field of acceleration science and engineering:
particle beam physics, new projects of particle colliders, new accelerator designs and
modernization of existing accelerator facilities for basic researches and applications (having an
emphasize on medical applications). The scientific program covered the following topics:

e Modern trends in accelerators

e Colliders

e Particle dynamics in accelerators and storage rings, cooling methods, new methods of
acceleration
High intensity cyclic and linear accelerators
Heavy ions accelerators
Synchrotron radiation sources and free electron lasers
Magnetic and vacuum systems, power supplies
Superconducting accelerators and cryogenics
RF power structures and systems
Control and diagnostic systems
Ion sources and electron guns
Medical and industrial applications

e Radiation problems in accelerators
More than 260 participants took part at the RuPAC 2012 from 19 countries and 71 organizations.
At the conference was organized an Industrial Exhibition, in which 5 companies took part. The
Accelerator Prizes for young physicists and engineers for the best work presented at the
Conference were nominated. The First Prize was awarded to Yaroslav Getmanov (BINP) who
presented the paper “Longitudinal Stability of ERL with Two Accelerating RF Structures” and
The Second Prize — to Nickolay Azaryan (JINR) presented the paper “Dubna-Minsk Activity on
the Development of 1.3 GHz Superconducting Single-Cell RF-cavity” and to Konstantin
Nikiforov (SPbSU) with the paper “Non-gated Field Emission Array as Low-Energy Electron
Source: Experiment and Simulation”. The Prizes were awarded by the decision of the Selection
Committee formed at the Conference and chaired by academician Sergey Ivanov (IHEP,
Protvino).
Processing of the electronic files of the contributions, during and after the Conference was
fulfilled by Maxim Kuzin (BINP). The final version was published at the JACoW site.
The success of the RuPAC 2012 is thanks to the efforts of the Program and Organizing
Committees, the local staff of the host University-SPbSU, and, of course, to all of the
participants.

Dmitri Ovsyannikov, Chair of Organizing Committee of the RuPAC-2012
Igor Meshkov, Co-Chair of Program Committee
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ACCELERATORS: ENGINES FOR TRAVERSING A LARGE AND OFTEN
DIFFICULT LANDSCAPE*

Andrew M. Sessler
Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
Dedicated, with fond memories, to Dieter Moehl and Andre Lebedev

Abstract

The many applications of accelerators are presented,
with pictures and comments, upon the machines and the
results obtained with them. Attention is then given to
possible future applications, and some remarks are made
on the future development of accelerators. In short, the
presentation should serve as an introduction to the
Conference itself where there shall be many -
wonderfully detailed — contributions to all of this.

INTRODUCTION

In this paper I will try to show — all in only five pages —
the breadth of accelerator types and, more importantly,
the many uses (applications) of particle accelerators. For
a number of decades, starting in about 1930, accelerators
were used primarily for nuclear and then high-energy
physics. This wasn’t exclusively true, for even in the
1930’s Lawrence was employing his cyclotrons for
medical purposes, but it was almost exclusively true.

However, now-a-days accelerators are widely used for
many different purposes. Essentially all these accelerators
are of a type particularly chosen for the application and
specially designed to the particular use. This short report
can’t possibly go into the details --- which is the heart of
the subject (and the topic of many contributions at this
Conference) — but can only show the general sweep and
extent of these applications. Nevertheless, it should prove
interesting, especially to the many deep into the details of
some particular application, to look broadly and see how
extensive is the range of application of particle
accelerators.

TYPES OF ACCELERATORS

There are some 30,000 accelerators in the world and
these are of the six major types, or small modifications of
these types. That is there are electrostatic machines,
cyclotrons, linacs, betatrons, synchrotrons or colliders.
We are all rather familiar with modern versions of these
machines, but perhaps not many of us have looked back
at their humble beginnings. In Fig. 1 is shown the very
beginning; namely the first electrostatic machine that was
able to fulfill Rutherford’s dream, which was to achieve
artificial radioactivity.

Looking to the future — and surely — the future will
contain ever-more of the types mentioned; there may well

* This work was supported by the Director, Office of Science, and
Program Office of High Energy Physics, of the U.S. Department
of Energy under Contract No. DE-AC02-05-H11231.
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be two very different accelerators. The first is an
accelerator of muons. True, this may be a linac or a
synchrotron at its heart, and culminate in a collider, but
the handling of the short lifetime muon would seem to
justify considering this a new type of accelerator. Muons
are diffusely produced in hadron collisions, so they must
be captured and “cooled” into a beam; a non-trivial task.
A section of the proposed 2D cooling channel is
incorporated in the experimental demonstration of
cooling: Muon Ionization Cooling Experiment (MICE).
This is an international collaboration and is underway at
the Rutherford-Appleton Laboratories.

The second is the use of lasers and plasmas as
accelerators. Effort is this direction has gone on for
decades, and 1 GeV of acceleration has been achieved,
but much still remains to be accomplished before the
method produces a practical accelerator. Two methods are
under particular study; a wakefield accelerator at SLAC
and a laser/plasma accelerator at LBNL. Of course there
is activity in many other places.

Figure 1: The first electrostatic accelerator. The original
Cockcroft-Walton installation at Cavendish Laboratory in
Cambridge. Walton is sitting in the observation cubicle
(experimental area) immediately below the acceleration
tube.
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APPLICATIONS OF ACCELERATORS

In the remainder of this paper — the largest part of the
paper — I will describe the various applications; i.e., uses
of accelerators. The first to consider, are the uses in basic
science that was, of course, the original driving force that
led to the development and ever-improvement of
accelerators. However, as we shall note, there are really a
great many diverse uses for the very many accelerators in
the world.

High-Energy and Nuclear Physics

In high-energy physics the leading machine is shown
in Fig. 2, which is a view of the LHC at CERN, where the
Higgs was discovered just this year. Fig. 3 is an overview
of RHIC at Brookhaven, the largest machine for nuclear
physics, where many interesting things are being seen in
relativistic heavy ion collisions.

Of course these needs are not ending, and effort is
already going into improving the luminosity — and even
thinking of increasing the energy — of the LHC, and also
the development of electron collisions with ions at RHIC.
I don’t have space to describe the many neutrino
experiments that are searching for effects beyond the
Standard Model. Nor can I describe the work on anti-
hydrogen and on many other aspects of pure science.

Figure 3: The Relativey. eavy Ton bollider (RHIé).

Synchrotron Radiation Source

Sources of synchrotron radiation, electron storage rings
and free electron lasers (FEL), have become vital research
tools in surface science, chemistry, biology and drug
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design for medicine. There are more than 100 dedicated
facilities, serving about 100,000 scientists in more than 20
different countries. In Fig. 4 is shown the large European
Synchrotron Radiation Facility. Even larger facilities
exist in the US and in Japan, while ever-better ones are
under construction. The present generation (4™) of
sources includes FELs such as the SLAC Facility shown
in Fig. 5. This facility produces coherent radiation at 1.5
Angstroms (0.15 nm). FELs are now under construction,
or already operating, in a range of wavelengths and in a
number of different countries.

Figure 4: The European Synchrotron Radiation Facility
(ESRF). The doors were open for users in 1994.

By ""‘_..'.;-' o ot
Figure 5: The SLAC site showing the LCLS, a 1.5
Angstrom Free Electron Laser (FEL).

Spallation Neutron Sources

Spallation sources are a complement to synchrotron
sources. A number of smaller machines have been in
existence for some time. The first of the large new
machines, linac based, is the Spallation Neutron Source at
Oak Ridge, which is shown in Fig. 6. A similar facility is
at JPARK in Japan, and ones are under construction in
China and in Sweden (a European Project), while the
cyclotron based Swiss facility (SINQ) is quite
competitive. Typically, 1 GeV protons are used to spall a
nucleus and produce 30 neutrons. The neutrons are used
to study magnetism, high-temperature superconductors,
biological structures, etc.

Modern trends in accelerators
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Fig. 6: A view of The Spallation Neutron Source (SNS).

Isotope Production and Cancer Therapy

Although reactors are the primary source of isotopes for
short-lived  isotopes medical imaging, near-by
accelerators play an important role in production of
isotopes (that are not the daughters of a longer lived
mother).

A very important role is in the X-Ray treatment and the
external particle beam treatment of cancer. Almost every
major hospital has an accelerator produced — rotating on a
gantry — source of X-Rays. In fact there are more than
15,000 of these devices installed. A typical treatment
facility is shown in Fig. 7. Because there are distinct
medical advantages to treatment with heavy particles an
ever-increasing number of facilities have been
constructed and are, already, treating patients. Ion beams,
up to carbon, are even more effective (i.e., less peripheral
damage associated with killing a tumor) and facilities
with ions are operating in Japan since 1994 and more
recently in Europe.

Figure 7: The Varian Medical System for treating a
patient with x-ray produced by a high-energy electron
beam.

National Security

As far as I know the first use of accelerators in National
Defense was during WWII. The Americans had a betatron
at Los Alamos to help in designing the first atomic bomb
and the British used a betatron to X-Ray Nazi un-
exploded bombs dropped on England. (It is interesting
that the betatron, just after the war was converted into the
very first demonstration of a synchrotron.) Also, of
course, it was on the Berkeley 184 inch cyclotron that
electromagnetic separation of uranium was developed.

Modern trends in accelerators
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This then led to more than 1,000 Calutrons through which
passed all the material used in the Hiroshima bomb.

In recent years, accelerators are still used to study
nuclear bomb implosions as shown in Fig. 8. Of more
pressing concern, is securing borders against terrorist
actions. This has become a very large industry, with many
companies producing scanners of many different types.
See Fig 9.

Figure 8:The ual Axis Radiological Hydrodnamics
Test Facility (DARHT).

Energy and Environment

Accelerators are used just a bit in conventional energy
production from fossil fuels; namely accelerated neutrons
are employed in down-hole well logging. However the
primary use of accelerators is in the nuclear production of
energy.

The use in fission is still in the future. Nevertheless
there has been considerable work, in many different
countries, on accelerator driven reactors. Besides being
safer, but still having many possible fault paths, the
degree of burn up (percentage of uranium) can be larger,
thorium can be used as a fuel (with many advantages)
and, perhaps most importantly, waste isolation from the
environment can be reduced from a few hundred thousand
years to only a few hundred years. Nevertheless the idea
is still at the concept stage.

In fusion the use of accelerators is very real. For many
decades tokomak reactors have had neutral beam drivers.
These injectors supply fuel and current for the fusion
reactors. Neutral beam injectors are planned for ITER.
The other approach to fusion is inertial fusion that
requires a driver. A major effort involves the
development and use of glass lasers, but there are other
approaches such as krypton-fluoride lasers, or pulsed
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power or heavy ions. It is the later that is of particular
interest to our community. One approach is the use of
induction acceleration and an artist’s view of how such a
power plant would look is shown in Fig. 10.

o o

Figure' 10: A conceptuzil vie of a hééVy ion inertial
fusion power plant.

Industrial Uses

The industrial production of accelerators is a large
business (in the range of many B$/year), but here I want
to focus attention upon the wuse, in industry, of
accelerators in the process of producing a commercial
product rather than producing an accelerator. To be
particular, accelerators are widely used for ion
implantation, for electron cutting and welding, for
sterilization, for isotope production, for non-destructive
testing, and for treating material surfaces. In many of
these applications a high current, low voltage (a few
MeV) machines are employed.

Fig. 11 shows a facility employed for the coating of
cables. Another need for accelerators is for the treating of
shrink-wrap. Without accelerator treating we wouldn’t
have, the ubiquitous, shrink-wrap. Other uses in industry
include the hardening of auto tires, making of biologically
compatible components for implantation in humans, and
the treatment of material surfaces on furniture. The list
goes on and on and one can expect ever-more industrial
uses of accelerators.

-
e ——

|l

/il
Figure 11: Electron beam cross-linking of polymers
improves heat resistance of coatings for wires and cables.

Finally, in Fig. 12 is shown a very non-industrial use of
accelerators. This application surely is surprising to some.
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I believe we can look forward to many other “surprising
applications” in the future.

‘ -3,
Figure 12: AGLAE, Accélérateur Grand Louvre d’Ana-
lyse Elémentaire in Paris, is an accelerator facility
devoted to the study and investigation of works of art and
archeological artifacts. The proton beam (4 MeV) probes:
jewels, ceramics, glass, alloys, coins, statues, paintings
and drawings.

CONCLUSIONS

The variety and capability of accelerators has made
them instrumental in a surprisingly large number of
endeavors. Their use can be expected to ever-increase.

It is necessary, and possible, to ever-improve
accelerators. Since the use of accelerators is broad, in
contrast with what it once was (namely almost
exclusively for nuclear and high-energy physics), the
necessary R&D on accelerators must be supported either
from a variety of sources (appropriate to their particular
interest) or by one sponsor (but with an understanding of
the broad applications of accelerators). In most countries
this will require a change in administrative practices.

In the very-long-term accelerators will probably look
very different than now they do. (They may, for example,
be laser/plasma accelerators or collective accelerators.) It
is important that support be given to these activities with
the understanding that some will not work (“If we knew
what we are doing, it wouldn’t be research.”), but some
will revolutionize the field and open up possibilities we
can’t even dream about.
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NICA PROJECT AT JINR

N. Agapov, V. Kekelidze, R. Lednicky, V. Matveev, 1. Meshkov*,
A. Sorin, G. Trubnikov, JINR, Russia

Abstract

The project of Nuclotron-based Ion Collider fAcility
NICA/MPD (MultiPurpose Detector) under development
at JINR (Dubna) is presented. The general goals of the
project are providing of colliding beams for experimental
studies of both hot and dense strongly interacting
baryonic matter and spin physics (in collisions of
polarized protons and deuterons). The first program
requires providing of heavy ion collisions in the energy
range of Vsyy=4+11 GeV at average luminosity of
L=110"cm™>s" for "7Au’" nuclei. The polarized
beams mode is proposed to be used in energy range of
\syy=12+27 GeV  (protons)  at luminosity ~ of
L>110"cm™?s'. The key issue of the Project is
application of cooling methods — stochastic and electron
ones. The report contains description of the facility
scheme and characteristics in heavy ion operation mode,
status and plans of the project development.

NUCLOTRON-M & NICA PROJECT

The Nuclotron-based Ion Collider fAcility (NICA) [1] is
a new accelerator complex (Fig. 1) being constructed at
JINR. It is aimed to provide collider experiments with"”

- heavy ions 'Au”" atVsyy = 4+11 GeV (1+4.5 GeV/u
ion kinetic energy) at average luminosity of
1-10”7 em2s7" (at Vsyy = 9 GeV);

- light-heavy ions colliding beams of the same energy
range and luminosity;

- polarized beams of protons Vs =12+27 GeV
(5+12.6 GeV  kinetic energy) and deuterons
Vsyy = 4+13.8 GeV (2+5.9 GeV/u ion kinetic energy)
at average luminosity > (1+10)-10* em s,

The proposed facility consists of the following elements
(Fig. 1):

— “Old” injector (pos.1): set of light ion sources
including source of polarized protons and deuterons and
Alvarez-type linac LU-20";

— “New” injector (pos. 2, under construction): ESIS-type
ion source that provides '*’Au’'" ions of the intensity of
210 ions per pulse of about 7 ps duration at repetition
rate up to 50 Hz and linear accelerator consisting of RFQ
and RFQ Drift Tube Linac (RFQ DTL) sections. The
linac accelerates the ions at A/q <8 up to the energy of
6 MeV/u at efficiency not less than 80 %.

— Booster-synchrotron housed inside Synchrophasotron
yoke (pos. 3). The Booster (pos. 4) has superconducting
(SC) magnetic system that provides maximum magnetic

*Corresponding author: meshkov(@jinr.ru
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rigidity of 25 T-m at the ring circumference of 215 m. It is
equipped with electron cooling system that allows to
provide cooling of the ion beam in the energy range from
injection energy up to 100 MeV/u. The maximum energy
of "Au’'" ions accelerated in the Booster is of
600 MeV/u. Stripping foil placed in the transfer line from
the Booster to the Nuclotron allows to provide the
stripping efficiency at the maximum Booster energy not
less than 80 %.

— Nuclotron — SC proton synchrotron (pos.5) has
maximum magnetic rigidity of 45T-m and the
circumference of 251.52 m provides the acceleration of
completely stripped '*’Au’" ions up to the experiment
energy in energy range of 1+4.5 GeV/u and protons up to
maximum energy of 12.6 GeV.

— Transfer line (pos.6) transports the particles from
Nuclotron to Collider rings.

— Two SC collider rings (pos. 8) of racetrack shape have
maximum magnetic rigidity of 45T-m and the
circumference of about 400 m. The maximum field of SC
dipole magnets is 1.8 T. For luminosity preservation an
electron and stochastic cooling systems will be
constructed.

— Two detectors — MultiPurpose Detector (MPD, pos. 9)
and Spin Physics Detector (SPD, pos. 10) are located in
opposite straight sections of the racetrack rings.

— Two transfer lines transport particle beams extracted
from Booster (pos. 11) and Nuclotron (pos. 12) to the new
research area, where fixed target experiments both basic
and applied character will be placed.

The NICA parameters (Table below) allow us to reach
the goals of the project formulated above.

One of NICA accelerators — Nuclotron is used presently
for fixed target experiments on extracted beams (Fig. 1,
pos. 7).

This program is planned to be developed further and
will be complementary to that one to be performed at
Collider in heavy ions beam mode operation. The
program includes experimental studies on relativistic
nuclear physics, spin physics in few body nuclear systems
(with polarized deuterons) and physics of flavours. At the
same time, the Nuclotron beams are used for research in
radiobiology and applied research.
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Figure 1: Scheme of NICA facility: 1 — light and polarized ion sources and “old” Alvarez-type linac; 2 — ESIS source
and new RFQ linac; 3 — Synchrophasotron yoke; 4 — Booster; 5 — Nuclotron; 6 — beam transfer lines; 7 — Nuclotron
beam lines and fixed target experiments; 8 — Collider; 9 — MPD; 10 — SPD; 11 — new research area, 12 — cryogenic

plant, 13 — auxiliary equipment

Table 1. Parameters of NICA accelerators

Nuclotron
Acceleration l;:g;;s: proi Status Collider project
roject  (April 2011)
1. Circumference, m 212.2 251.5 503.0
2. Max. magn. field, T 2.0 2.0 2.0 1.8
3. Magn. rigidity, T-m 25.0 45 39.5 45
4. Cycle duration, s 4.0 4.02 5.0 >2000
5. B-field ramp, T/s 1.0 1.0 1.0 <0.1
gérl?if:‘l::ierated/Stored p-"7Au"", pT, dt p-Xe, dT p=""Au™", pT,d?
Maximum energy, GeV/u
Protons - 12.6 - 12.6
Deuterons - 5.87 5.1 5.87
Tons, GeV/u A 04 AUT4S XM 10 AU 4.5
Intensity, ion number per cycle (bunch)
protons 1-10" 1-10" 1-10" 1-10"
deuterons 1-10" 110" 110" 110"
7 Au" 2.10° 2:10° 1-10° (*Xe**) 1-10°

Modern trends in accelerators
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COLLIDER LUMINOSITY

The collider design has to provide the project
luminosity and its maintenance during a long time
necessary for an experiment performance. That requires,
correspondingly:

1) formation of ion beams of high intensity and

sufficiently low emittance,

2) ion beam life time.
Beam intensity is limited, in principle, by beam space
charge effects, which can be estimated by so called “tune
shift criteria”. The first one, and most strong of them
usually, is so called betatron oscillation tune shift (or
“The Laslett tune shift”):

ZZ

r, N C,.
AQ— pVi Ring (1)

R A — k = —°
2 3 bunch > "™bunch ~ .
4 By 47[ggeom 27 - Oy

Here Ze and A are ion charge and mass number, 7, is
proton classic radius, N; is ion number per bunch in the
bunched ion beam, f, y are the ion Lorentz factors, kpyucn
is bunch factor, Cg;,g is the Collider ring circumference,
oy is bunch length (o-value for Gaussian beam), &, is
the ion bunch “geometrical” transverse emittance (do
distinguish with “normalized” one &,,,,, used below). The
second criterion is so called beam-beam parameter that
describes ion betatron tune shift related to scattering of
ion on he electromagnetic field of encountering ion
bunch:

2
E= Z_;M 2)
4npye,

eom

For practical estimates one can use the numerical criterion
for beam stability as follows:
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A0,pq1 = A0 +n:& <0.05. 3)

ngis number of interaction points.

One of instabilities and major problems of the NICA
collider is suppression of intrabeam scattering (IBS) in
intense ion bunches. The last one defines mainly the beam
life time. For this purpose we have proposed to use both
electron cooling [2] and stochastic cooling [3] methods.
In the first case we assume achievement of an equilibrium
between cooling and space charge forces when space
charge tune shift 4Q,,, reaches a resonant value (e. g.,
0.05). We call it space charge dominated regime (SCD
regime). Then using Formulae (1), (2) and well known
expression for luminosity of round colliding beams one
can derive simple relations between parameters:

Lo AQ?{)M[ € geom” fL (Eimz ) fHG > (4)
Ni o AQtotal "€ geom * fN (Eion )’

where E; is ion energy, f;, f, are the functions describing
energy dependence of parameters, f;¢ is hour-glass effect
function. We see that maximum luminosity is achieved if
beam emittance &.,, has maximum, i. e. coincides with
the ring acceptance. At some circumstances the
luminosity can be limited by "not the beam reasons (e. q.,
detector performance). Then one can optimise the SCD
regime decreasing equilibrium emittance and N; (Fig. 2).
Such an optimisation can be done with variation of N,
number. In the case of limited luminosity one can also
avoid SCD regime decreasing ion number and allowing,
by weakening cooling force, the beam emittance keeping
AQyyw below resonant value. We call it IBS Dominated
regime (IBS DR) when equilibrium state is provided with
equality IBS and cooling rates:

R[BS = Rcoal~ (5)
a) b) c)
3 1. 1
\
N, (E) 2 M A 08 L(E) ! /
S 0.6
_Nip.‘(Ei)l Ta .S‘i’t.(Ei)o.zx ~ -L"-t-(Ei) 0.1
0.2 >
705 2 25 3 35 4 45 01 1.5 2 25 3 35 4 45 o0ty 15 2 25 3 35 4 45

i 1

Figure 2: Space charge dominated regime; ion number per bunch (a), beam emittance (b) and luminosity (c) versus
ion energy in two cases: full acceptance if filled with ions (red solid curves) and luminosity is limited (blue dash

curve); the ring acceptance = 40 m-mm-mrad, parameter units: [N;] = 10°, [£] = =-mm-mrad, [L] = 10*” cm s
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Then, at fixed luminosity, similar by to Formulae (4) one
can write

L=const, N; o [L-&qppy '(DL(Ei)’

[ L (6)
AQtotal o < Wy (Ei)< AQmax'
geom

As we see, minimum AQ,,,,; corresponds to maximum
emittance, i.e. full acceptance filling with ions.
Simultaneously, it gives us maximum 7;g at relatively
increased ion number (Fig. 3). One should mention that at
IBS DR ion number dependence of energy is rather weak
— proportional to (N;,,/C) 2.

For NICA parameters, as it follows from Fig. 3, IBS
DR regime can be used at E; > 3 GeV/u where 40 < 0.05.
At the same energy range we plan to use stochastic
cooling. At lower energy electron cooling application is
preferable (if not to say more realizable) [3, 2]. However,
then another problem appears: ion recombination with
cooling electrons. This effect can be significantly
diminished by increase of cooling electrons temperature

[4].

0.1 3
0.075

AQ L(Ei) 0.05

0.025

Figure 3: IBS dominated regime; beam tune shift AQ,,.
(red solid curve) and ion number per bunch V; (blue dash
curve) at constant luminosity L=1-10" cm*s" and
beam emittance of 1.0 m-mm-mrad; [N;] = 10°.

The described approach (SC and IBS dominated
regimes) can be developed even further. One can, for
instance, increase luminosity in low energy range (below
3 GeV/u) by enlarging minimum beta-functions in IP
area. That will be followed by decrease of beta-functions
in the lenses of final focus and lead correspondingly to
increase of the ring acceptance. Those steps are planned
for future development.

NICA CRYOGENIC SYSTEM

The NICA cryogenics (Fig.4) will be based on the
modernized liquid helium plant that was built in the early
90’s for the Nuclotron. The main goals of the
modernization consist of increasing of the total
refrigerator capacity from 4000 W to 8000 W at 4.5 K
and construction a new distribution system of liquid
helium. These goals will be achieved by construction of a
new 1000 l/hour helium liquefier, “satellite” refrigerators
located near the accelerator rings, and a liquid nitrogen

Proceedings of RUPAC2012, Saintl-[Petersburg, Russia

system that will be used for shield refrigerating at 77 K
and at the first stage of cooling down of three accelerator
rings with the total length of about 1.5 km and “cold”
mass of 220 tons.

Collider

Figure 4. The general view of the NICA cryogenic
system. New units for the NICA accelerators: 1 — 1000 I/h
Helium liquefier OG-1000; 2 — 1300 kg/h Nitrogen
liquefier OA-1,3; 3 — draining and oil-purification units; 4
— satellite refrigerator of the collider; 5 — 500 kg/h
Nitrogen re-condenser RA-0,5 of the collider; 6 —
500 kg/h Nitrogen re-condenser RA-0,5 of the Booster; 7
— satellite refrigerator of the Booster; 8 — 6600 N-m*/h
screw compressors Kaskad-110/30; 9 — liquid Helium
tank; 10 — Nitrogen turbo compressors.

CONCLUSION

The status main characteristics of NICA project and
principle problems related to the NICA collider creation
are considered in this report. The NICA project as a
whole has passed the phase of concept formulation and is
presently under development of the working project,
manufacturing and construction of the prototypes.

The project realization plan foresees a staged
construction and commissioning of the accelerators that
form the facility. The main goal is beginning of the
facility commissioning in 2017.
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LASER-PLASMA ACCELERATION - TOWARDS A COMPACT X-RAY
LIGHT SOURCE AND FEL

Andrei Seryi, John Adams Institute for Accelerator Science, UK

Abstract

Advances in many scientific and technical fields
depend on availability of instruments, which can probe
the structure of materials or molecules on unprecedented
levels of spatial or temporal resolution. Many of such
instruments are based on accelerators of charged particles,
with particular examples of synchrotron radiation light
sources and coherent X-ray Free Electron Lasers. The
high cost of such facilities, however, preclude wide
spread of such instruments. Modern accelerator science
witnesses emergence of a new direction — compact x-ray
sources are coming to the scene, enabled by the synergy
of accelerators and lasers, where high gradient laser-
plasma acceleration can significantly reduce the size and
cost of the facilities. Compact x-ray sources will be
developed in the nearest future and will share their
scientific and market niche with large national scale x-ray
facilities. The compact sources will in particular be
suitable for placement in universities and medical or
technological centres. The compact x-ray light sources are
being developed by many centres in UK. Development of
compact x-ray FEL is a promising topic for scientific and
technological collaboration between UK and Russia,
where expertise of partners will cross-fertilize their ability
to solve scientific and technological challenges.

ACCELERATOR SCIENCE AND
TECHNOLOGICAL PROGRESS

Science is a driver for the economy. This is a commonly
accepted statement —however, the mechanisms of the
impact are complicated and their analysis is necessary not
only from a philosophical point of view, but also in order
to optimize research priorities and define the strategy for
technological innovation.

Particle accelerators have already impacted many areas
of our lives via their medical and industrial use, and in
research instruments. Tens of millions of patients receive
accelerator-based diagnoses and treatment each year
around the world, and the total annual market value for all
products that are treated or inspected by accelerators is
more than US$500B [1]. Approximately 30% of the
Nobel Prizes in physics, as well as many in other areas,
are directly connected to the use of accelerators [2].

The ideas that enabled use of accelerators in everyday
life and industry were developed decades ago; therefore,
new ideas will be essential for ensuring the future impact
of this field. Analysis of the mechanisms how accelerator
science affects the economy and technological progress is
needed in order to make predictions and optimise the
future directions of research. In the text presented below
in this section, we follow the approach and views
expressed by the author earlier in [3], [4] and [5].

Modern trends in accelerators

One of the attempts to analyze the model for research
and technology transfer was done by the famous Vannevar
Bush, who, during the WWII, was instrumental in
reorganizing the research and science community
according to the needs of that difficult time. Vannevar
Bush’s post-war report, “Science, the Endless Frontier”,
prepared for the USA President, has defined the post-war
scientific policy in the USA and in many other countries
for decades to come.

In this report, Bush describes what will later be called a
one-dimensional or linear model for research and
technology transfer. In this report, Bush, in particular,
claims that research that is more basic is less applied and
vice versa. According to Bush, applied research invariably
drives out pure if the two are mixed, and therefore basic
research must be completely isolated from considerations
of use.

Correspondingly, the dynamic linear model of
technology transfer looks like a pipeline wherein
government funding stimulates basic research, which then
in turn feeds to applied research, which then results in
technology and product development, with eventual
benefits for the society.

These views of the relationship between basic science
and technological innovation have since then been
analyzed, criticized, and a new model has been
developed.

The contradiction between these linear models and
practice can be illustrated via the example of accelerator
science and technology. The invention of the so-called
“strong focusing” in the fifties was a revolutionary
change in accelerator technology. It enabled numerous
applications. This invention may have come about as a
result of pure fundamental interest— however it was
developed as a result of the pursuit of a certain concrete
goal, and was made possible due to certain technologies
available at that time.

A new model of research and technology transfer was
suggested by Donald Stokes, who worked on the
Advisory Committee on Research for the USA National
Science Foundation. In his report to NSF, and in the book
he subsequently published [6], Donald Stokes argued
against Bush’s linear model and introduced the notion of
use-inspired research, of “research with consideration to
use”, which redefined the paradigm of the relationship
between basic science and technological innovation.

To illustrate his views, Donald Stokes suggested
considering research on a two-dimensional plane, where
the axis are fundamental knowledge impact and
consideration of use.

A characteristic example of a purely fundamental
scientific pursuit is the research works of Niels Bohr on
the structure of nuclei, while the other examples are
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Thomas Edison’s development works. The quantitative
assessments of these examples — or other research placed
on this two dimensional diagram — can be done by the
number of either academic papers or patents, resulting
from a particular research.

Donald Stokes suggested, however, that an optimized
approach should balance the fundamental pursuit of
knowledge with consideration of use, which is illustrated
by the works of Louis Pasteur.

In the field of modern accelerator science and
technology, characteristic examples can be colliders
aimed at exploration of fundamental properties of
elementary particles on one axis, and accelerator-based
devices for homeland security and medical applications
on the other axis.

The criteria suggested by Donald Stokes are universal
and applicable to any scientific and technological area.
Applying these criteria to accelerator science and
technology, we can conclude that the preferred direction
— which balances best the fundamental pursuit of
knowledge with consideration to use — will be the
direction of novel light sources or neutron sources. These
could potentially produce scientific  instruments
applicable to the investigation of protein structures or
materials, which may be almost directly applicable to the
creation of new medicines or metals with controllable
properties.

This analysis also shows that, as many other
disciplines, accelerator science and technology can truly
span the entire range of directions from pure fundamental
science to pure applied development.

The research and technology innovation model is
indeed not just linear, but at least two-dimensional, as
Donald Stokes outlined in his revised dynamic model.

In the 21st century, the driving forces of technological
innovation — as well as the global compact between
science and society — are different now than they were in
the middle of the last century. The revised criteria — as
illustrated in this article via the example of accelerator
science — are universal, and can be applied to any
discipline, which can help us to optimize the impact of
our research investments on our economy and society.

COMPACT LIGHT SOURCES AS
TECHNOLOGY DRIVERS

Armed with the general understanding expressed in the
above section, we can now consider a particular area of
accelerator science — the compact light sources, and
discuss how their development can help the technological
progress of our society.

Conventional accelerators, no matter how advanced, are
primarily based on the acceleration of particles in cavities
— metal vessels shaped to resonate and create accelerating
fields. The ability of metals to tolerate high
electromagnetic fields is intrinsically limited. However,
an accelerating wave can be created when gas is ionised
and exited by an intense beam of particles or by a laser
pulse, becoming plasma — an indestructible medium able
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to withstand a thousand-times
gradient.

The promise of plasma acceleration, indicated by
theory and the first pilot experiments, is actively being
explored. Many laser and accelerator laboratories around
the world have launched plasma acceleration research. In
California, the FACET and BELLA projects were begun
in SLAC and LBNL to study beam-driven or laser-driven
plasma acceleration.

Advanced studies for laser, beam and plasma
interaction are being pursued in many countries of Europe
and Asia. Many universities and research teams in
particular in the UK have made pioneering contributions
to this field and continue to be at the forefront of the
developments.

Accelerator science and technology is on the edge of a
breakthrough enabled by synergy with laser and plasma
physics. The most immediate outcome that this synergy
will enable is the creation of novel, compact X-ray lasers
and light sources. The direct collision of beam and laser
light also opens another opportunity for the creation of X-
ray sources via use of the Compton effect (when visible
light photons are reflected from a relativistic electron
beam and thereby decrease their wavelength down to
Angstrom level).

Science is indeed the driver of our civilisation’s
progress. However, the path from ideas and experimental
demonstrations to widespread commercial applications is
difficult. Various studies performed in different countries
have all found a gap, a so-called ‘valley of death’ in
technology transfer. It is difficult to bridge the middle
range of the technological readiness of ideas. On one side,
the research institutions are usually not positioned to
develop ideas into commercial applications, while on the
other side, the risk is often too high for industry to pick up
ideas that are too fresh and undeveloped.

The challenge originates from different motivations,
methods and timescales of three key players: academic
institutions, industry and investors. Their corresponding
aims and motivations — the front end fundamental
scientific results, development of commercial devices in
foreseeable future, and optimisation of investments versus
risk/return factors — are often incompatible.

Crossing the ‘valley of death’ of technology transfer is
a challenge that often requires a nationwide, coherent
initiative to create both the necessary infrastructure and a
system that stimulates research organisations, industry
and investors while also managing risk.

Accelerators in synergy with lasers and plasma may in
fact offer a solution for the academia-industry-investor
puzzle via simultaneous, parallel work on a portfolio of
three different types of compact X-ray light sources.

The first type, Compton X-ray sources, is now actively
being developed and is a lower-risk investment for
industrial use. Yet a more challenging, but promising,
Compton source requires superconducting acceleration to
allow for a much higher electron beam current and X-ray
brightness. This second option is placed in the middle of
the range for both the projected availability and

higher accelerating
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risk/return. The most challenging, but also the most
promising one, is an X-ray source based on laser-plasma
acceleration — a free electron laser (FEL) that nevertheless
may be less than a decade from realisation.

Properly scheduling the relative progression of the
different stages of research and development of these
three types of X-ray sources, one can balance the typical
risks associated with development of innovative products,
and the opportunities they offer.

UK research institutions have the necessary expertise
and the aspiration to lead — in collaboration with each
other, with industrial partners and with world leading
centres — the work on this portfolio of compact X-ray
sources. This cooperation and technology transfer will
enable widespread use of compact X-ray lasers. Every
university lab will aspire to have and will eventually be
able to obtain an X-ray laser, which will revolutionise
future science and technology yet again — not unlike how
the spread of near-visible light lasers impacted science
and industry in the 20th Century.

COLLABORATION ON LASER-PLASMA
BASED COMPACT LIGHTS SOURCES

The Advances in many scientific and technical fields
depend on availability of instruments, which can probe
the structure of materials or molecules on unprecedented
levels of spatial or temporal resolution.

Many of such instruments are based on accelerators of
charged particles, with particular examples of synchrotron
radiation light sources and coherent X-ray Free Electron
Lasers. The high cost of such facilities, however, preclude
wide spread of such instruments.

Following trends in accelerator science shows that a
new direction is emerging — compact X-ray sources are
coming to the scene, enabled by the synergy of
accelerators and lasers, where high gradient laser-plasma
acceleration can significantly reduce the size and cost of
the facilities.

Compact x-ray sources will be developed in the nearest
future and will share their scientific and market niche
with large national scale x-ray facilities. The compact
sources will in particular be suitable for placement in
universities and medical or technological centres.

The compact x-ray light sources are being developed
by many centres in UK. Some of the major milestones in
laser-plasma acceleration have been achieved by UK
scientists.

Many scientific centres in Russia have capabilities to
contribute significantly to the development of laser-
plasma based compact x-ray sources.

Development of compact x-ray FEL is a promising
topic for scientific and technological collaboration
between UK and Russia, where expertise of partners will
cross-fertilize their ability to solve scientific and
technological challenges.

Joint UK-Russia activity has recently been initiated for
development of compact x-ray light sources, to be

Modern trends in accelerators

MOXCH04

performed by coordinated efforts of several centres in the
two countries.

The aim of the project under planning is to create new
knowledge and new infrastructure, aiming to make
several working compact x-ray light sources, in the UK
and in Russia, and to develop a design that can be
reproduced for installation in many locations.

The project will be carried out by a collaboration of UK
and Russia science centres, where the partners are: the
John Adams Institute for Accelerator Science, an Institute
of the University of Oxford, Royal Holloway University
of London and Imperial College London (UK), the
Institute of Applied Physics (Nizhny Novgorod, Russia),
the Joint Institute of Nuclear Research and the JINR
University Centre (Dubna, Russia), Budker Institute of
Nuclear Physics (Novosibirsk, Russia), Joint Institute for
High Temperatures RAS (Moscow, Russia) and Skolkovo
Nuclear Cluster (Russia).

The collaborative project will engage PhD students,
postdocs and researchers from the participating
institutions, working on experimental facilities enhanced
and enabled by this activity.

The proposed project is aimed at solution of scientific
and technological challenges that haven’t been solved to
this moment. Search for solutions requires investigations
on many fronts, and also requires development of a new
paradigm in research and training — when knowledge of
three disciplines, lasers, plasma, and accelerators, will be
combined. To this moment, experts were trained in each
of these fields separately.

Realisation of the collaborative project will result in
creation of the new scientific experimental infrastructure
in the participating institutions, in creation of new
knowledge, training of young researchers, development of
the exchange programme for young researchers, and
development of designs of X-ray source suitable for
reproduction and commercialisation.
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DESIGN AND SIMULATION OF PRACTICAL ALTERNATING-PHASE-
FOCUSED (APF) LINACS - SYNTHESIS AND EXTENSION IN TRIBUTE
TO PIONEERING RUSSIAN APF RESEARCH

R. A. Jameson, Inst. Angewandte Physik, Goethe Uni Frankfurt, Max-von-Laue Str. 1,
Frankfurt-am-Main, Germany

Abstract

A high fraction of the cost and complexity of
conventional linacs lies in the use of magnetic transverse
focusing. The strong-focusing effect of alternating
patterns (sequences) of gap phases and amplitudes —
known as Alternating-Phase-Focusing (APF) - can
produce both transverse and longitudinal focusing from
the rf field. APF has undeservedly been deemed largely
impractical because simple schemes have low
acceptances, but sophisticated schemes have produced
short sequence APFs with good acceptances and
acceleration rates that are now used in a number of
practical applications. Suitable sequence design has been
difficult, without direct theoretical support, inhibiting
APF adoption. By synthesizing reported details and
adding new physics and optimization technique, a new,
general method for designing practical APF linacs is
demonstrated, using simple dynamics and no space
charge — incorporation of space-charge and more accurate
elements is straight-forward. APF linacs can now be
another practical approach in the linac designer’s
repertoire. APF can be used in addition to conventional
magnetic focusing, and could be useful in minimizing the
amount of additional magnetic focusing needed to handle
a desired amount of beam current.

ALTERNATING PHASE FOCUSING

Particles exposed to an rf field in a gap may receive
focusing or defocusing forces in the transverse and
longitudinal directions, according to the phase and
amplitude of the gap field. Arranging a sequence of gaps
in some particular manner, termed here an “APF
sequence”’, can provide large simultaneous transverse and
longitudinal acceptances with high acceleration rates and
good emittance preservation.

Typical transverse focusing and energy gain per unit
length (dW/dz) forces over the full 360° range of rf phase
(phi) are shown in Fig. 1.

There is no adequate theory for determining an APF
sequence with acceleration. There are some APF linacs
in operation, but their designs were laboriously produced
by hand, and the sequences are short. Further APF
development has also been hindered by a misconception
that APF acceptances are necessarily small.
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Fig. 1. Typical longitudinal acceleration (red) and
transverse focusing forces (blue) over the full 360° range
of phi.

THE APF SEQUENCE, AND SYNTHESIS
OF A GENERAL METHOD

The most sophisticated work was realized in the USSR
during the 1960°s-1980’s [1,2, and culminated in the
“Garaschenko Sequence” [3], a S5Sl-cell synchronous
phase sequence for a 0.0147-1.0 MeV/u (factor 68),
238U7+(qom:1/24), 6.8m, 25 MHz uranium-ion linac
shown in Fig. 2, resulting from a complicated nonlinear
optimization procedure to find the maximum longitudinal
and transverse acceptances. The longitudinal acceptance
was larger than for a typical RFQ.

A nonlinear optimization program must be given good
enough starting points that it can converge to the correct
optimum. Here the preliminary sequence was based on
the extant schemes and a successfully operating APF
linac at Dubna, which set out the general properties of the
sequence in six separate focusing periods of 6-13 gaps
and different spacings in each.

The great value of this paper is not that it helps find a
good initial sequence, but that it shows the form of an
optimized sequence. From this, we can draw very useful
general conclusions. In particular, the full +90° range can
be used for high acceleration rate, and the period is
extended as acceleration occurs to maintain the focusing
strength, as with magnetic focusing.

During the next decades, work continued, especially in
Russia by V.V. Kushin, V.K. Baev, and S. Minaev, who
was a leading practitioner of actual APF designs until his
death in 2010 and who influenced many extent APF
designs. However, Minaev noted in [4] that “there is no
theory for optimization of drift tube array so far” (i.e., for
determining the underlying sequence); this is still the
situation at this date. Summarizing details from the
literature leads to a practical design method [5].

Modern trends in accelerators
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Fig. 2. Garaschenko APF sequence. Phis is measured
from the peak of the wave. Overall the sequence is
quasi-sinusoidal.
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The IH linacs now in operation at NIRS, U. Gunma, and
similar therapy machines under construction in Japan [6],
have an underlying 72-cell quasi-sinusoidal APF
synchronous phase pattern very similar to that of
Garaschenko, expressed by a general 5-parameter
sequence function written as:

fi(n)= fo exp(-an )sin((n-np)/(b exp(cn)), where n is the
cell number. The five parameters were searched, and the
sequence then optimized for small output energy spread
and output matching to the following section.

The well-known smooth approximation method was
used to characterize the stability region, acceptances, and
other features of the sequence [7], allowing sequence
trajectories can be investigated on a transverse stability
chart. The method is not well suited to determining an
actual sequence with acceleration. However, it has an
important utility in the synthesis of the new method.

Alternating both the field phase and amplitude allows
small transverse emittance growth by aligning the
sequence more along a line of constant phase advance on
the stability chart [8].

There should be an offset of 5°-10° in the initial average
value of the synchronous phase [3,8], and it is helpful to
also have a tilt [3] so that the average synchronous phase
tends from ~+5° to ~-5°. A tilt also helps avoid the danger
of emittance equipartitioning via a synchrobetatron
coupling resonance [9].

The first main result of the new method [5] is to extend
the formulation of a general underlying gap synchronous
phase phis sequence to a 7-parameter function:

phisapf = phioffset*radian -
phitilt*radian*ncell +

phiampl*radian*Exp (phiatten*ncell) *Sin[2.*P
i*ncell/

(phiperiod* (1.d0-peratten*ncell)) +
phistart*radian]
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A similar function could be applied to the gap
amplitudes. = The APF linac is then designed by
simulation. A simple chain matrix representing each cell
as a drift and an rf gap can be used. The linac is designed
cell by cell, and thus acceleration is taken into account in
fitting the phase sequence. The cell lengths are irregular,
as determined by the local phase difference across the cell
from the APF phase sequence, and the local velocity beta.
A 7-dimensional grid search over the seven parameters
can be performed quickly for zero beam current with a
fast simulation code, with finer and finer grids. When
parameters are found which give an initial adequate
transmission, the sequence is optimized, using a new
strategy, for the desired beam properties using nonlinear
optimization techniques. The modeling can then be
refined, with more accurate modeling, with space-charge,
etc., and the process repeated.

It is useful for preliminary design work not to insist on
completely realistic conditions. The gap voltage should
be realistic, as determined from the Kilpatrick Criterion
and structure peak field characteristics. However, at first
the aperture should not be a restriction. Zero beam
current and small input beam emittances are useful when
searching for workable sequences.

Initial design of an ~60x energy gain linac by searching
on Eq.(1) resulted in 23 cells, one sequence giving
99.97% best transmission, and another giving 99.47% best

accelerated fraction, Fig. 3.
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Fig. 3. The APF gap phase sequences for the best
transmission (red) and best accelerated fraction (blue)
cases. The linear fits show the effect of the tilt parameter.

Nonlinear constrained optimization directly on the 23
phis’s for minimum emittance growth or output energy
spread was straightforward. However, when a longer
164-cell sequence was explored, this direct method and
others became difficult. The solution is the second main
result of the new method [5]. The local sequence period
at each cell is obtained by applying the sequence formula
(1) at that cell, and computing the ncell ahead for which
the period accumulates by 1. (phase advance of 2m). The
new optimization strategy is then, at each cell
sequentially, to optimize over the local period length,
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with the objective function computed for the whole linac.
This optimization strategy produced large improvements
over the underlying Eq.(1) initial strategy; typical changes
are indicated in Fig. 4.

APF linacs can now be another practical approach in the
linac designer’s repertoire, and can be considered as a
candidate for any application, either alone or in
conjunction with magnetic focusing.

150 : ! !
——phis, optim phis only
—— phis, original sequence
100
50 ] &
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-50 | :
-100 :
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cell #

Fig. 4. Changes to original sequence by optimization on
phis only, £5° bounds.
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STATUS OF ELECTRON-POSITRON COLLIDER VEPP-2000*

D. Berkaev, A. Borisov, Yu. Garinov, A. Kirpotin, I. Koop,
A. Lysenko, I. Nesterenko, A. Otboyev, E. Perevedentsev, Yu. Rogovsky, A. Romanov,
P. Shatunov, D. Shwartz, A. Skrinsky, Yu. Shatunov”
Budker INP SB RAS, Novosibirsk, Russia

Abstract

The main goal of VEPP-2000 construction is to
measure the cross sections of hadron production in e*e”
annihilations and to collect an integral luminosity about
few inverse femtobarns in the energy range 0.4 — 2 GeV.
To reach these goals, the Round Beam Concept (RBC)
was realized at VEPP-2000 collider. RBC requires equal
emittances, equal small fractional tunes, equal beta
functions at the IP, no betatron coupling in the arcs [1].
Such an approach results in conservation of the
longitudinal component of particle’s angular momentum.
As a consequence, it yields an enhancement of dynamical
stability, even with nonlinear effects from the beam-beam
force taken into account.

The first beam was injected in VEPP-2000 machine 5
years ago and RBC was successfully tested at VEPP-2000
in 2008 [2]. Two experimental seasons in 2010-2012 were
performed with two detectors SND and CMD3 in the
energy range between 500 and 1000 MeV. Now, the total
luminosity accumulated at VEPP-2000 is near to the final
result of the VEPP-2M collider. The single bunch
luminosity of 3x10°" cm™s™ was achieved together with a
maximum beam-beam tuneshift as high as 0.15. At
present, the work is in progress to increase the rate of
positron delivery and upgrade the booster ring BEP for
the beam transfer up to the top collider energy of 1 GeV.

ILU
2.5 MeV
Linac

B-3M

eet
convertor

250 MeV BEP
synchro- €,e
betatron booster

825 MeV

COLLIDER OVERVIEW

The VEPP-2000 electron-positron collider has to
operate in the beam energy range 0.2 — 1 GeV. It was
constructed at the place of its predecessor VEPP-2M,
using the existing beam production chain of accelerators:
ILU — a pulsed RF cavity with a voltage of 2.5 MeV, a
250 MeV synchrotron B-3M and a booster storage ring
BEP with the maximum beam energy of 800 MeV (see
Fig. 1). The lattice of VEPP-2000 has a two-fold
symmetry with two experimental straight sections of 3m
length, where Cryogenic Magnetic Detector and Spherical
Neutral Detector are located. Two other long straights
(2.5m) are designed for injection of beams and RF cavity,
and 4 short technical straight sections accommodate
triplets of quadrupole magnets (max. gradient 50 T/m).
To avoid dispersion in the detectors, RF cavity and
injection straights, a pair of dipoles together with the
triplet in between constitute 4 achromats. Chromaticity
corrections are performed by two families of sextupole
magnets located in the technical straight section, where
the dispersion is high.

Design parameters of the collider are given in Table 1.

Figure 1: VEPP-2000 complex layout

* Work supported by Russian Ministry of Education and Science, basic project of BINP SB RAS 13.3.1, Physics branch of RAS project
OFN.1.1.2, Scientific school NS-5207.2912.2 and Grant of the Novosibirsk region Government 2012

# Yu.M.Shatunov @inp.nsk.su
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Table 1: VEPP-2000 Main Parameters (at E = I GeV)

Parameter Value

Circumference, /7 24.39 m

Betatron functions at IP, £ , 10 cm
4.1,2.1

Betatron tunes, V, .

Beam emittance, & 1.4x107 m rad

Momentum compaction, & 0.036
Synchrotron tune, V; 0.0035
Energy spread, O g/k 6.4x10™*
Beam-beam parameters, & 0.075
Luminosity, L 102 cm%s™!

The closed orbit steering and gradient corrections are
done with 1-2% coils placed in the dipole and quadrupole
magnets.

The accelerating HOM-damping RF cavity operates at
the 14-th harmonic of the revolution frequency (172.0
MHz)[6]. It provides for a bunch length of about 3 cm at
the top energy and stability of design bunch current of
200 mA.

Beam diagnostics is based on 16 optical CCD cameras
that register the synchrotron light from either end of the
bending magnets and give the full information about
beam positions, intensities and profiles (see Fig. 2). In
addition to optical BPMs, there are also 4 pick-up stations
in the technical straight sections and one current
transformer as an absolute current monitor.

The density of magnet system components and
detectors environment is so tight that it is impossible to
arrange the beam separation in the arcs. As a result, only
one-by-one bunch collision mode is allowed at VEPP-
2000.

The magnetic field of 2.4 T in the bends is required to
reach the design energy of 1 GeV in the constrained area
of the experimental hall.

LATTICE CORRECTIONS

RBC at VEPP-2000 was implemented by placing two
pairs of superconducting focusing solenoids (max. field
13 T) in the two Interaction Regions symmetrically with
respect to the collision points. This provides equal beta-
functions of the horizontal and vertical betatron
oscillations. There are several combinations of solenoid
polarities that satisfy the round beams requirements. The
simplest combinations (+- +- or +- -+) have been

chosen which satisfied the RBC constrains with the
betatron tunes lying on the coupling resonance v; -v, =2.
The Dynamic Aperture (DA) in this case achieves about

15-20 0, _apart strong resonances. This value is two

times less than the simulated one. Probably, it can be
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explained by the influence of lattice-asymmetry

Z-correctors

Bending

magnets

Figure 2: VEPP-2000 ring

To adjust the Closed Orbit (CO) and machine lattice to
the design regime, an Orbit Response Matrix (ORM)
method is applied. ORM measured from BPM response to
small offsets given to the focusing elements (quads and
solenoids) provides for control and corrections of the CO.
Routinely, a sufficient accuracy (£ 0.2 mm) is obtained
after 2-3 iterations with a Single Value Decomposition
analysis of the taken ORM. In addition, steering coil
currents are minimized. This is important for a DA
optimization, because many dipole correctors, being
embedded in quadrupoles, give rise to strong nonlinear
field components.

The lattice corrections at VEPP-2000 appear a more
complicated task, especially for high energies, taking into
account different saturation of magnetic elements. All the
BPMs are used to measure ORM by the orbit steering
deviations. As a rule, this procedure is done in a few steps
in semi-automatic regime. The resulting setting of the
lattice has to approach designed tunes, dispersion and beta
functions. It is necessary to make 3-4 iterations to achieve
a desirable symmetry of the machine optics including
perfect tuning of the 4 achromats.

The lattice symmetry and zero dispersion in the
Interaction Points are crucially important for the round
beam collision. The residual coupling has not to exceed

2-3x10”. The main source of coupling and symmetry
violations is the CMD detector solenoid (1.5 Tm). To
compensate for its influence on the optics, special coils in
two nearest solenoids are used. Finally, the coupling is
suppressed by a set of skew quadrupole coils which are
embedded in each sextupole magnet of all the 3 families.

Colliders
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BEAM-BEAM STUDY

The result of machine tuning is demonstrated in Fig. 3
showing the design X-Z beam envelopes (curves) and the
measured X-Z beam sizes (points). The beam sizes for
this plot have been measured with €* and e beam currents
below 1 mA. At these currents, a mutual influence of the
colliding beams is negligible. But, already at a few mA
the beam-beam focusing causes a visible perturbation of
the beam sizes. This effect (“dynamical beta-function”) at
VEPP-2000 leads to squeeze of . and at the same time
to an increase in the equilibrium beam emittances [3].
However, the resulting beam size at the IP is left
practically unchanged. The simulation shows such a
behaviour for both colliding round beams [4] up to the
same critical currents Icg.

1M1 1M2 2M2 2M1

B [
oD oo
’
(7% (USRS, KRN S

0.361 0.2‘33 0.215 0.349 0.186 0.470
0.432 0.507 . .42 0.477 0.538

a
b 0.542 0.467

Figure 3. Beam sizes (mm) around the lattice.

Experimentally, a study of the beam-beam threshold
currents was at first done in the “week-strong” mode for
different tunes along the coupling resonance. A result of
such a scan is presented in Fig. 4 at the beam energy of
510 MeV. We can see a resonance dependence of the Icg
on the tunes which is much stronger than mentioned
above machine imperfection resonances v =1/k, For a
few intervals of the tune, the threshold current I-g exceeds
a level of I' = 48 mA, that corresponds to a value of the

beam-beam parameter & = N%TWS =0.1.

It is necessary to remark that apparent strengths of the
resonances in the beam-beam interaction differ day by
day and, of course, vary at different energies. As a rule,
the best working point found in the “week-strong” study,
proves good for the “strong-strong” operation. Only a
local tune scan is needed before starting the data-taking
run with the detectors. A good parameter for quantitative
assessment of the ring performance at collision is the

Colliders
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specific luminosity L = %XI' . For the round beams we

have found that this parameter is constant with equal
beam currents as long as the beam-beam parameter does
not exceed 0.05 (see Fig. 8). There is a reduction of the
specific luminosity for higher currents, but it is not so
dramatic as for the flat beams. [2]

120 ‘ ‘ :
100 —————————————————————— ——————————————————————— ——————————————————————
80
60

40

0.9 0.1 0.2 0.3 0.4
Figure 4: “Week-strong” threshold current vs. tune.

LUMINOSITY MEASUREMENTS

At VEPP-2000, the luminosity monitoring is available
from both detectors. Electrons and positrons from elastic
scattering are easily detected in coincidence by detector’s
calorimeters with an efficiency near 100% and counting
rates about 1 kHz at L=1 10¥em?s7!.

For a “technical” usage, a method for the luminosity
measurement was developed based on the beam size data
from the optical diagnostics. To calculate the luminosity
one should know only the beam currents and sizes at the
IP. As we discussed above, due to the beam-beam effects
the lattice functions and beam emittances show a
significant current-dependent difference from their design
values. Assuming no other focusing perturbations in the
lattice other than those caused by the collision and thus
located at the IP, one can use unperturbed transport
matrices to evaluate beam sizes at the IP from the beam
size measurements by CCD cameras placed around the
ring. 8 measurements for each betatron mode of the both
beams are more than enough to determine dynamic beta-
function and dynamic emittance of the modes The
accuracy of the method degrades at high beam intensities
close to beam-beam threshold, where the beam
distribution deviates from the Gaussian. Data from this
lumi-meter, routinely taken during 1.25 hour at the energy
E=888.25 MeV, are presented in Fig.5. Beta-function in
this run was 8.5 cm at the IP, and the luminosity reached
2.4% 10’ em™s™.

The advantages of this instrument over the SND and
CMD Iluminosity monitors are the higher measurement
speed and lower statistical jitter. Nominally, the accuracy
of the new method is about 3-4% and it does not depend
on the luminosity level in contrast to the detectors’ data.
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On the other hand, the new technique is not sensitive to
possible focusing difference in two IPs. Generally, all the
three luminosity monitors give results coinciding within a
10% accuracy.

_ = NP
o o o o

L x103°cm?2 s

o

o

22000 41000 0
Ts

Figure 5: Luminosity log at the energy E=888.25 MeV.

4000 3000

EXPERIMENTAL RUNS 2010-2012

First of all, it is necessary to say that the existing
beams production system is not able to provide enough
positrons at the energies above 500 MeV. Besides that, a
limitation of the booster ring BEP energy was found. It
comes from insufficient chromaticity correction strength
at the energies above 800 MeV. The strong head-tail
instability arises and limits the positron beam intensity
(50 mA). Another trouble appeared in ramping the VEPP-
2000 ring up and down, between the injection and
experiment energies, with non-separated colliding beams.
A strict requirement to keep the betatron tunes equal to
each other while ramping, and to stay within a narrow
interval far enough from the resonances (see Fig. 7), leads
to slowing the ramp speed down and thus to reduction of
the average luminosity.

These problems have been (partly) resolved in
operation. An appropriate matching of saturated magnets
and solenoids was found, allowing a reasonably fast
energy ramp with £<0.06. It succeeds in a few-minutes
ramping, 10 times shorter than the time between refills
(see Fig. 5). By the way, the luminosity lifetime in Fig. 5
is determined by the luminosity effect: a cross-section of
the single bremsstrahlung for VEPP-2000 conditions is
equal to 2x 10%cm?. So, particle losses in two interaction
points approach to the positron production rate.

It is clear that the most interest of both detector teams
was attracted to the beam energy above that of VEPP-2M.
A few scans in the energy range 0.7- 1.0 GeV with a step
12.5 MeV were carried out during years 2010-2012. A
summary of the whole run is presented in Fig.6, where all
the luminosity measurements by CMD detector are given.
The luminosity accumulated by two detectors at VEPP-
2000 has already approached the VEPP-2M total obtained
during 25 years of its operation.

It is necessary to say that VEPP-2000 experiments were
twice interrupted for half a year shutdowns due to
financial problems caused by a very low state funding.
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Figure 6: Luminosity measurements in the 2010-2012
runs.

Processing of the taken data is in progress at both
detectors. A number of interesting events with multi z-
meson productions are observed. But a more exiting result
is measurement of the cross-section of p-pp,, and n-np,,
pairs production.

Simultaneously with data taking, a part of the machine
time was spent for the beam-beam study. To demonstrate
the luminosity dependence on the parameter &, an analysis
of the SND luminosity data at the energy E=537.5 MeV
has been done. One can see in Fig.7 that parameter &
achieves a record value £=0.15 in the real “strong-strong”
situation. This result coincides with our expectations
based on the computer simulations for round beams [4].
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Figure 7. Luminosity vs the beam-beam parameter .

BEAM ENERGY MEASUREMENTS

One goal of VEPP-2000 is an accurate measurement of
hadron production cross sections in the whole energy
range of 0.4 -2 GeV. This requires a knowledge of the
beam energy with an accuracy of about 10™.

In addition to conventional magnetic field
measurements by NMR probes in each bending magnet,
two methods of the absolute energy calibration are under
development at VEPP-2000.

The first method is the resonance depolarization
technique which originates from VEPP-2M [5]. At VEPP-

Colliders
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2000, the strong solenoids complicate obtaining a
polarised beam. But the present solenoid option allows to
get a polarization degree of about 60% with a polarization
time about 10 minutes at the top energy [6]. This is
enough for observation of a jump in the counting rate of
the intra-beam scattered positrons, when a frequency of
the RF depolarizer coincides with the spin precession
frequency. Figure 8 summarizes data of three
depolarization runs. All together it gives the energy
calibration: E = 750.67 + 0.03 MeV.

106l N (relun.) E
1.04 . \ \ ; \
l ) *'.' '-'f s ,'T.':
1.02)*;§l+'. *Lh ,%.e__h". * \
| vt o ol oLy
Hh ey
098 Saep (KHZ)

3625 3630 3635 3640 3645 3650 3655 3660
Figure 8. Resonant beam depolarization at VEPP-2000.

The second method which is in progress at VEPP-
2000, is the Compton back-scattering of laser photons
with the energy of hm, on the counter electron beam. The
energy of secondary y-quanta hw;=4y*hoy/(1+y°0%) has a
maximum at zero scattering angle (8=0). The y-quanta are
detected by a Ge crystal, which is energy-calibrated
against reference isotope y-sources [7]. It was only
possible to arrange the electron-photon collision point
inside the bending magnet.

The first test of this system was carried out last April.
Figure 9 shows the recorded spectrum at the beam energy
of E=990 MeV.

L i L L 1 i l l 1L I II
1750 1800 1850
E,, keV

Ollillllill

1650 1700

Figure 9. Compton back-scattering spectrum at VEPP-
2000 at the energy of 990 MeV, hwy=0.117 eV.
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Since the collision point in our case is in the magnetic
field, the y-quanta spectrum in addition to a sharp edge at
o=4y’0, clearly indicates an interference of scattered
radiation caused by the bend of electron trajectory [8].

Till now both methods of the energy calibration were
tested separately in different conditions. Our nearest goal
is to match all three methods and get the beam energy
calibration accuracy of 10™*in the whole energy span.

UPGRADE PLANS

The mentioned-above problems of the chronic positron
deficit together with the collider ramping necessity will
be solved soon after completion of the new positron
injector at BINP. A transfer line (200 m long) is also
under construction. It will deliver positron and electron
beams from the damping ring of the positron source to the
booster ring BEP at the energy of 500 MeV.

The booster and beam transfer lines BEP-VEPP will be
upgraded to provide the beam injection into VEPP-2000
at any experiment energy. To do that, the bending fields
of 2.6 T is required in the booster and transport line
magnets.

CONCLUSION

VEPP-2000 is successfully running for data tacking
with 2 detectors. A number of interesting results are
observed. Round beams give the luminosity enhancement.
The space charge parameter achieves value € = 0.15.

Beam energy calibration is in progress to achieve the
accuracy of 10™.

To reach the target luminosity, more positrons and the
upgrade of booster BEP are needed.
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e'e COLLIDER VEPP-4M: STATUS AND PROSPECTS

E.Levichev for the VEPP-4 team [1]
BINP, Novosibirsk 630090, Russia

Abstract

VEPP-4M is an electron-positron collider operating in
the wide beam energy range from 0.9 GeV to 5.5 GeV.
Since 2002 experiments on HEP are conducted at the
collider with detector KEDR. Besides HEP, there are oth-
er scientific programs at the VEPP-4 accelerator complex
including SR experiments, nuclear physics studies with
internal gas target, CPT-theorem verification, accelerator
physics experiments, etc. The paper discusses the recent
results, present status and prospective plans of the facili-

ty.

INTRODUCTION

Starting from 2002 experiments are carried out with the
universal magnetic detector KEDR [2] at the electron-
positron collider VEPP-4M [3]. The VEPP-4M collider
consists of the booster ring VEPP-3 with energy from 350
MeV to 2000 MeV and the main ring operating in the
beam energy range from 0.9 GeV to 5.5 GeV. The phys-
ics program of the detector is focused on the study of y~,
Y-mesons and yy-physics. Precise mass measurements of
J/w, w(2s), y(3770), D mesons and 7 lepton were the goal
of the first series of the experiments. Also electron partial
width for J/yand y’'-mesons were measured.

Table 1: Main Parameters of VEPP-4M.

Values | Units
Parameters
Circumference 366 m
Bending radius 34.5 m
Tunes Oy/Qy 8.54/7.58
Mom. compaction 0.017
Max. energy 55 GeV
Nat. chromaticity C/Cy -13/-20
RF-frequency 181.8 | MHz
Harmonic number 222
RF power 0.3 MW
RF voltage 5 MV
No.of bunches per beam 2

The resonant depolarization (RD) technique [4] was
used for precise instantaneous energy calibration. Contin-
uous energy measurements were performed by determina-
tion of the utmost energy of the j-quanta obtained from
the Compton backscattering of laser photons against the
electron beam [5, 6]. Main parameters of VEPP-4M are
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given in Table 1. The layout of the complex is shown in

Fig.1.
DC Scintillation
cfunters

CBS
facility

Detector

KEDR
Fig.1: The VEPP-4 layout with main HEP experimental

set-up: detector KEDR, Compton backscattering (CBS)
system, gas internal target (ITP), counters (DC) and kick-
ers for precise polarization experiments.

Besides the particles physics, there are other various
experimental programs at VEPP-4 including studies with
the synchrotron light, nuclear physics with polar-
ized/unpolarized internal gas target, extracted test beam
of e or y for methodical goals, etc.

As the scientific program initially planned at 2000 for
the decade is close to completion, it is good time for dis-
cussion of the results obtained and future plans.

HEP PROGRAM

In spite of rather moderate luminosity of the collider
we were able to conduct experiments providing interest-
ing and actual results due to the following factors:

e Wide beam energy span available for experiments that
extends from 0.9 GeV to 5.5 GeV;

e The record-breaking accuracy (~10°) beam energy
calibration that was developed at VEPP-4M with the
help of the RD technique invented at BINP in the
past;

e On-line monitoring of the beam energy during the
luminosity run by Compton backscattering of the laser
photons (accuracy is ~3-107);

e Universal magnetic detector KEDR with LKr calorim-
eter and Cherenkov aerogel counters with characteris-
tics comparable with the best detectors in the world.

Colliders
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Fig.2 depicts a long time stability run when the energy
was measured directly by RD, CBS and determined with
the NMR probe inserted in the main dipole field.
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Fig.2: RD, CBS and NMR calibration of the VEPP-4M
beam energy.

Table 2 lists the particles from the Particle Data
Group booklet with the most precisely measured masses

and two of them (J/ywand ') were defined at VEPP-4M.

Table 2: Accuracy of the particle mass measurement

Particle AM/M (PDG)
p 0.1-10°
n 0.1-10°
e 0.1-10°°
m 0.1-10°
n 2.5-10°
w' 3.0-10°
Jy 3.5-10°
° 4.5-10°

Besides the y~mesons, the mass of the 7 lepton was
determined at VEPP-4M with the world record precision:

M; =1776.81")3; £0.15 MeV
Other recent HEP results from VEPP-4M/KEDR include
D’- and D*- mesons mass measurement, search for nar-
row resonances in e'e annihilation in the beam energy
interval 0.92 GeV-1.55 GeV, study of ¢(3770), y(2s), 7.
and many more experiments presented in detail in [7-12].
The next experimental run will relate to the VEPP-4M
operation with the energy increase, measurement of the
hadron cross-section and yy~physics. In order to prepare
for the run, in 2011 we tested the collider operation with
energy ramp up to 4 GeV. The main goal was to check
performance of all the accelerator systems (PS, SR ab-
sorbers, magnet cooling, etc.) with higher electri-
cal/radiation power and tune the beam parameters for
optimal luminosity, beam lifetime, etc. Fig.3 shows the

testing run log and the luminosity obtained.
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3.7x10% max
2.5x10% mean
Limited by e+e- currents in VEPP-3

Operation at 3.5 GeV

f 7x102 at Uy
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Fig.3: VEPP-4M test run at 3.5 GeV. On the left side of
the plot (end of February 2011) the low energy luminosi-
ty is shown.

The collider performance increase at high energy is
provided by development of the transverse and longitudi-
nal feedback systems installed at VEPP-4M and suppress-
ing the collective instabilities. Fig.4 depicts the ¢ beam
current during the test run.

# Max current (HEP mode):
@ e 20mA, e+: 10 A

Max current (SR mode):

b o 30 mA Feedback On —

In 2x2 bunch operation we hope to have
50-60 mA per beam

ekl = kR 1ar

Fig.4: Electron current in VEPP-4M; a feedback system
ON increases the maximum achievable current.

NUCLEAR PHYSICS

For many years nuclear physics experiments at VEPP-3
with internal gas target (proton or deuteron, polarized or
unpolarized) have been carried out [13]. Advantages of
our installation include easy change of the beam energy,
relatively high current (up to 150 mA of ¢’), precise beam
energy calibration (CBS technique is applied also at
VEPP-3), using of e'e” beams in the same geometry (both
rotate anti-clockwise).

The recent experiments were dedicated to the proton
form factor study. In the late ninetieth it was found that
measurement result of the proton electric and magnetic
form factor by elastic ¢ scattering depends on whether
the electron beam is polarized or not. It is explained now
by contribution of the two-photon processes in the scat-
tering. As this contribution depends on the electron
charge, there is a possibility to estimate the two-photon
contribution experimentally by comparison of e’p and ep
scattering. At VEPP-3 such experiment was performed
initially in 2009 and continued in 2011 according to a
modified kinematic scheme. During the run either e or e
beam is injected and accelerated in VEPP-3, and its elas-
tic scattering at the hydrogen target is registered by a de-
tector. After 15-20 min of the data collection, the beam
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charge is changed. Fig.5 shows the beam charge integral
collection.

Beam Integral Collection day
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Fig.5: The beam integral collection in (e p/e’p) scattering
at VEPP-3.

The experimental data processing is presently under
way; Fig.6 shows the time-of-flight analysis of the de-
tected particles.
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Fig.6: Escaped protons resolution by the time-of-flight

measurement.

EXTRACTED TEST BEAM

To calibrate HEP detectors components, electron or »
beams with well-defined properties are used. In 2010 new
experimental facility aimed for this purpose was devel-
oped at VEPP-4M. High energy electrons circulating in
the accelerator collide either with residual gas atoms or
with a specially inserted tungsten target and produce a
flux of hard y rays, which can be used directly or be con-
verted to the electron/positron beams [14].

The experimental hall equipped with collimators,
magnet spectrometer and detectors is shown in Fig.7.
Parameters of the test y or e” beams are given in Table 3.
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Fig.7: Test beam facility at VEPP-4M.
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The realized experimental set-up allowed us to observe
and measure, for the first time in Russia, focusing of the
Cherenkov radiation from a four-layer aerogel with re-
fraction index changing from layer to layer (Fig.8).

Table 3: Test beams parameters

¢ Y
E, GeV 0.1-+3.0 0.1 3.0
g /E, % 0.5+5.0 ~1
Intensity, Hz 10 +1000 1000
Resolution, mm 0.5 -

it b A
X=Xy MU

Fig.8: A Cherenkov-light ring observed at the VEPP-4M
test beam facility

Width of the focused Cherenkov-light ring (~1 mm)
corresponds well to that theoretically predicted.

Besides, scintillating crystals for detector for the
COMET experiment (JPark, Japan) were calibrated at the
test beam bench in 2011.

SR EXPERIMENTS

Experiments with synchrotron light have been carried
out at VEPP-3 for more than 30 years. Twelve stations
are installed in the experimental hall providing study on
X-ray lithography, high pressure and time resolving dif-
fractometry, EXAFS, X-ray fluorescence analysis, X-ray
microscopy, small-angle scattering and others. One beam
line is intended for stabilizing of the SR ray through a
feedback between light monitors and VEPP-3 steering
magnets. For details of numerous results we refer to [15].

Fig.9: New wiggler installed at VEPP-4M.
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Few years ago experiments in a new hall of VEPP-4M
were started. In 2011 a 7-pole electromagnetic wiggler
was installed at VEPP-4M (Fig.9) to enhance the radia-
tion flux almost by one order of magnitude as compared
to the bending magnet radiation used before. As the wig-
gler magnetic field exceeds the field in the bend, the radi-
ation wavelength decreases. These facts allow starting a
new program on extremely fast time resolution experi-
ments with different explosive materials.

ACCELERATOR PHYSICS

Advanced beam diagnostics and other unique equip-
ment (single-turn kickers/pick ups, Touschek polarimeter,
nonlinear magnets, etc.) allow us to perform different
studies in the area of accelerator science and technique.
Due to the lack of space I can mention here only few of
them.

Precise Polarization Experiments

A new system for extremely precise measurement of
the beam polarization degree based on a Touschek elec-
tron pairs registration was recently applied at VEPP-4M.
Number of counters installed in the ring vacuum chamber
increases the registration efficiency by factor 10 as com-
pared to the previous set-up. The count rate for the scat-
tered electrons is now 1.5 — 2.0 MHz for 2 mA beam cur-
rent. An absolute record accuracy (1.5:10”%) of the meas-
urement of depolarization frequency is achieved. We
hope that this feature will open new horizons for the en-
ergy calibration experiments. Another interesting applica-
tion is a CPT theorem proving by comparison of the e’/
spin precession frequency. Earlier such experiments were
carried-out in BINP at VEPP-4M collider and now we
hope to improve the spin frequency resolution up to 107,

Fig.10 shows the process of a slow depolarization of
electrons due to the extremely precise scanning of a depo-
larizer frequency with the rate corresponding to the ener-
gy shift of 2.5 eV/s.
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Fig.10: Nano-scale resolution of the energy measurement
Bunch Rotation in Longitudinal Phase Space

Generation of the ultra-short electron bunches in stor-
age rings (for ps-time-resolving SR spectroscopy, laser-
plasma acceleration experiments, etc.) is discussed exten-
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sively. Our experiment was based on the method de-
scribed in [16], when the beam rotates vertically due to
the coupling of the vertical/synchrotron motion under the
short coherent kick. A large enough positive chromaticity
(in our case — vertical) should be applied to the beam.
The experimental study relates to the question: if natural
decoherence allows us to see the beam tilt at all? Fig.11
(left) shows the BPM signal as a function of the turn
number while the right plot corresponds to the beam tilt
in the y — s plane. The vertical chromaticity was set as +5
in this measurement.
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Fig.11: The bunch tilt and decoherence after the vertical
kick. Arrows in the left plot show the moment of maxi-
mum beam tilt (~ half of synchrotron oscillation).

y-chromaticity = +5

Experiment has shown [17] that at VEPP-4 this method
works for I, < 1 mA (N < 10" particles). For more
intense beams decoherence of betatron oscillations due to
head-tail interaction becomes important.

Resonance Crossing Observation

Turn-by-turn BPMs measuring the beam centre-of-
charge evolution became a routine diagnostic instrument
at circular accelerators many years ago. At VEPP-4M we
have recently developed a unique synchrotron light moni-
tor allowing observation of the transverse beam profile
turn-by-turn during 2'” revolutions. The Fast Profile Me-
ter is based on a Hamamatsu R5900U-00-L16 Multi-
Anode Photomultiplier Tube with single anode size of 0.8
mm [18]. As an example of the new device potential the
results of the nonlinear resonance crossing as a function
of time are shown in Fig.12.
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Fig.12: The resonance crossing experiment. Upper plot
shows creation of a stable resonance island and particles
trapping. Lower plot shows the beam profile evolution; a
moment of the particle trapping in the island is clearly
seen.
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FUTURE PLANS AND PROSPECTS

The HEP program at the collider VEPP-4M formulat-
ed for a decade in 2000 by the BINP scientific communi-
ty is almost over. The last remaining item from that list is
experiment with energy increase up to 4.5 GeV — 5 GeV,
which relate to measurement of the hadron cross-section
R in the wide energy range and yy-physics. We are ex-
pecting that this experiment will be completed in 2-3
years. The question arises: what kind of future studies can
be carried out at our facility afterwards? The answer is
not simple but one point is clear for us: experimental pro-
grams planning at VEPP-4M must be challenging, inter-
esting and satisfy prospective demands of relevant scien-
tific communities. Among such plans I will mention here
very briefly the following ones:

e Longitudinally polarized e’e” beams and HEP experi-
ments with them. Future super-factories (SuperB in Italy,
SuperCt in Novosibirsk, etc.) will essentially apply longi-
tudinally polarized e'e” beams. But the world experience
on operation with such beams is very poor so production
and study of longitudinally polarized electrons and posi-
trons in circular colliders look rather attractive and actual.
A strong point of the VEPP-4 complex is a possibility to
polarize the beams in VEPP-3 in a reasonable time (~30
min).

e Converting of VEPP-4M in SR source. Several scenari-
os are now under consideration starting from moderate
modernization of the storage ring (say, just insertion of
modern wigglers and undulators) to the deep reconstruc-
tion when all magnets and vacuum components are re-
placed by new ones. In the last case a preliminary study
[19] has shown that one may have 1 nm horizontal emit-
tance at 3 GeV beam energy and 250 mA current.

e A new e'e collider in the VEPP-4M tunnel is now un-
der exploration. The project (with preliminary name Su-
per K-meson Factory) is based on the Crab Waist colli-
sion scheme [20] and is considered as a prototype of the
Super Ct Factory. The double-ring collider allows us to
have the peak luminosity from 10** cm™s™ at the ¢-meson
energy (0.5 GeV per beam) to 5x10** cm™s™ at the y-
meson energy (1.55 GeV per beam).
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TECHNOLOGY DEVELOPMENTS FOR CLIC
H. Schmickler, CERN, Geneva, Switzerland

Abstract

Just after the publication of its Conceptual Design
Report (CDR) the CLIC study has made detailed plans for
necessary technology developments in the coming years.
This program includes the development of fully working
prototypes of several technical subsystems as well as first
pre-series or industrialization concepts of components
needed in large identical quantities. The presentation will
explain the development program and show in particular
fields for potential collaboration.

INTRODUCTION

CERN’’s latest and foremost accelerator, the LHC, will
probe the “terascale” energy region and provide a rich
program of physics at a new high-energy frontier over the
coming years. In this energy domain, it will study the
validity of the standard model and explore the
possibilities for physics beyond the Standard Model, such
as super-symmetry, extra dimensions and new gauge
bosons. The discovery potential is huge and will set the
direction for future high-energy colliders. Particle
physicists worldwide supported by ICFA [1] have reached
a consensus that the results of the LHC will need to be
complemented by experiments at a lepton collider in the
Tera-Electron-Volt (TeV) energy range. The required
beam collision energy range will be better defined
following Physics requirements based on LHC results
when substantial integrated luminosity will have been
accumulated, tentatively by 2013-15.

The highest energy of lepton collisions so far, 209 GeV,
was reached with electron—positron colliding in LEP at
CERN. In spite of the 27 km diameter of LEP, beam
energy was limited by synchrotron radiation losses just
compensated by the most powerful super-conducting RF
system built so far and providing up to 3640 MV per
revolution. Since synchrotron radiation is inversely
proportional to the bending radius and proportional to the
fourth power of the particle mass, two alternatives are
being explored to overcome this limitation and build a
terascale lepton collider:

. use muons with a mass 207 times larger than
electrons. The feasibility of Muon Colliders is being
studied [2] addressing critical challenges specially the
limited muon lifetime and their production in large
emittances requiring developments of novel cooling
methods,

. mitigate bends of particle trajectories in et/-
linear colliders where two opposing linear accelerators
accelerate the particles to their final energy in one pass
before focusing and collision in a central interaction point
inside a detector.

Colliders

Following preliminary Physics studies based on an
electron-positron collider in the multi-TeV energy range
[2,3], the CLIC study is focused on the design of a linear
collider with a colliding beam energy of 3 TeV and a
luminosity of 2.10** cm-2 s-1 at the extreme of the
considered parameter space. A scaled-down design is
deduced at a lower energy, arbitrarily set at 500 GeV with
the same luminosity for comparison with the alternative
ILC technology.

The layouts of a 3 TeV linear collider using the CLIC
technology is displayed in Fig 1.
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Figure 1: Layout of a 3 TeV cms energy linear collider
based on the CLIC specific two-beam acceleration
scheme.

WHY TWO-BEAM ACCELERATION?

In order not to confuse the arguments, no explicit
references are given in this section. All important
Details including further references can be found in the
CLIC Conceptual Design Report [4].
— The main objective is to build at reasonable cost and at
a reasonable size a linear collider for the Multi-TeV
range. This requires a very high acceleration gradient
(100 MV/m), which cannot be achieved with super-
conducting technology.
— For a given breakdown rate there is a very steep scaling
between gradient and RF pulse length, hence the beam
pulse has to be limited to about 150 ns. This short beam
pulse is the fundamental design parameter, which has
major consequences for the physics analysis of the events,
for beam parameters to achieve the required luminosity,
and for the RF power generation.
— In a circular accelerator the counter-rotating beams
collide with a high repetition frequency, typically in the
tens of kHz range. The repetition frequency of a linear
collider by contrast is typically only 5-100 Hz. The
luminosity necessary for the particle physics experiments
has then to be reached with challenging parameters for
bunch charge, beam emittance, and strength of the final
focusing magnets. In the case of CLIC about 300 bunches
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at high bunch charge spaced by only 0.5 ns have to be
accelerated.

- For the generation of very high RF power only
klystrons are currently available as power sources. There
are, however, no klystrons on the market which can
generate the required power for the short RF pulses (some
200 ns, which accounts for the 150 ns beam pulse plus
some filling time of the accelerating cavities). The
available klystrons can only deliver power into pulses
which are about one order of magnitude longer. Hence
klystrons with subsequent pulse compression networks
would have to be used. A klystron powered linear collider
with 100MV/m accelerating cavities would need about 35
000 high power klystrons (about SOMW each) with each
klystron having a factor of five pulse compression.

— The numbers presented for klystron powering are not
feasible in terms of cost and maintenance; they might be
reconsidered as an option in case of a collider with a very
low center-of-mass energy.

— The so-called CLIC scheme foresees the generation of
the necessary RF power through the production of a
second low-energy Drive Beam over a very long pulse
(high-power klystrons are readily available) followed by a
sophisticated compression scheme, in which the RF pulse
is not time compressed, but the generated electron ‘Drive
Beam’ itself is. The time-compressed Drive Beam then
travels along with the Main Beam and generates the
necessary RF power for acceleration by losing its energy
in the ‘decelerator’ in special RF structures (PETS).

TECHNOLOGY DEVELOPMENTS

After publication of the CDR the mandate of the CLIC
study for the next five years will be the development of
all technologies needed for the construction of the
accelerator. The present publication is restricted to a
selected number of technology items, for which the CLIC
study is actively looking for collaboration partners.

These developments cover the following domains:

- Industrial production of x-band (12 GHz) RF
structures for beam acceleration, power extraction or
interconnectivity.

- Test stands for long term high power testing of these
x-band structures. This will need the procurement of
the corresponding power source.

- Development of high efficiency 1 GHZ high power
klystrons. Most likely this will be done in
collaboration with industry.

- Continuation of the present CTF3 experimental
program at CERN.

- Complete engineering integration of all components
for the main beam acceleration and drive beam
power extraction into so called “Two beam
acceleration” modules. (TBM modules)

These (2m long) TBM modules integrate also a number
of other technology development items, such as:

- active quadrupole stabilization against mechanical
vibrations
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- precision alignment system with remote controlled
actuators

- vacuum manifolds

- the x-band RF system

In the following text more details are given.

TWO-BEAM ACCELERATION MODULES

Overview

The CLIC two-beam acceleration configuration
consists of repeated 'modules’ [5]. Each main linac
contains more than 10000 “repeated “modules. The drive-
beam, running parallel to the main linac, regularly powers
two Accelerating Structures (AS) from one Power
Extraction and Transfer Structures (PETS). Each module
contains up to four PETS (see Figure 2), feeding two AS
each, and two drive-beam quadrupoles, as a very dense
lattice is required for the low-energy drive beam. Space
for quadrupoles in the main linac is made by leaving out
two, four six or eight accelerating structures and
suppressing the corresponding PETS.
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Figure 2: Schematic layout of CLIC type 0 module.

The module components are mounted on
alignment girder. The stagger between the two linacs is
made to give the correct relative RF to beam timing. The
module length (2010 mm) is determined mainly by the
length of accelerating structures (230 mm) and the fact
that a PETS feeds two structures (a number which
depends on the high-power capability of the PETS). Drive
linac beam dynamics simulations show that the drive
beam quadrupole spacing must be about 1 m with a
quadrupole length of about 270 mm for sufficient
strength. The remaining space is then available for two
PETS and the BPM which is just sufficient. A 30 mm
length has been reserved for inter-girder connections. A
few modules with main beam and drive beam
quadrupoles only are required in the end sector regions
(about 10 m) where each drive beam is fed into and out of
a drive beam linac sector. The two-beam module design
has to take into consideration the requirements for the
different technical systems. The main components are
designed and integrated to optimize the filling factor and
gain in compactness. Figure 3, shows the 3-D view of a
typical two-beam module, with the main components,
such as AS, PETS and quadrupoles. In this chapter the
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main technical systems are reviewed and the main
technical requirements recalled.
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Figure 3: 3-D view of the CLIC two-beam module.

Quadrupole Stabilization System

One of the required actions to preserve the ultra-low
transverse emittances during the beam transport is the
mechanical stabilization of all 3992 main beam
quadrupoles (MBQ) The integrated Root Mean Square
(RMS) [17] of the vertical absolute displacements of the
magnetic field centre of each quadrupole shall stay below
1.5 nm above 1 Hz. Similarly, it shall stay below 5 nm in
the lateral direction.

To reach such a mechanical stability for the CLIC
MBQ, ground vibration measurements in operating
particle accelerators [6] have shown that a mechanical
stabilization system is needed under each quadrupole. At
each MBQ, the interconnected girders and supports with
accelerating structures will be interrupted by the
independent MBQ support. The MBQ will be supported
by the stabilization system that is supported inside a
magnet girder placed on the eccentric cams of the
alignment system. The MBQ stabilization strategy is
based on a stiff actuating support with stiff piezoelectric
actuators, the measurement of the relative displacement
between the quadrupole and an inertial reference mass
(seismometer) and an active reduction of the
transmissibility of the magnet support at low frequencies
[7]. The main reason for the choice of this strategy is the
robustness against external disturbance forces. The
actuators are mounted in pairs in a parallel structure with
flexural hinges, inclined and in the same plane. Each
actuator pair is mounted inside an x-y guidance that will
allow vertical and lateral motion but will block motion
along and around (roll) the longitudinal axis of the
magnet. A conceptual drawing of the quadrupole
stabilization system is shown in Figure 4.

The displacement range and the stiffness of the
actuators also allows to reposition the quadrupole in
vertical and lateral direction between beam pulses with
steps up to 50 nm in a range of + 5 um.

Beam Instrumentation

The linac module beam instrumentation mainly
consists of Beam Position Monitors (BPM) and Beam
Loss Monitors (BLM).
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The present design of the BLM system is not advanced
enough to be integrated in the mechanical layout of the
module at this stage.

Figure 4: Conceptual drawing of the quadrupole
stabilization system for MBQ type 4 placed on the
alignment stage.

CLIC modules will be produced in large quantities and
the BPM system is extensive. The main beam contains
about 7500 BPMs while the drive beams require about
42000. There will be two drive beam BPMs per module.
In the main beam, there will be a BPM for each
quadrupole.

The main beam BPM consists of two cavities, a
position cavity measuring both X and Y directions, and a
reference cavity measuring beam charge and phase. Both
cavities are resonant at 14 GHz. The reference cavity has
two monopole mode coupling ports which allows for
redundancy of the readout electronic in order to ensure
optimal reliability, as required for the orbit feedback
controller. The main BPM will be connected rigidly to the
quadrupole with no possibility to adjust its position.
Alignment targets are mounted on the top, in order to
measure its relative position with respect to the
quadrupole. The BPM is not connected to the Wire
position system, (WPS). A 3D image of the main beam
BPM is depicted in Figure 5.
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Figure 5: Main beam cavity BPM.

For the drive beam BPM, the current plan is to use
short stripline BPMs, only 25mm long, with position
signals processed at baseband in a bandwidth of 4-40

27



MOYCHO03

MHz. The strip lines are built into the quadrupole vacuum
chamber, as shown in Figure 6.
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Figure 6: Drive Beam BPM.

Alignment System

Pre-alignment of two beam module will take place
when beam is off. It will consist of two steps: a
mechanical pre-alignment, which will pre-align all the
components within +/- 0.1 mm with respect to the
Metrological Reference Network (MRN), and an active
pre-alignment fulfilling the requirements here after. For a
sliding window of 200 m, the standard deviations of the
transverse position of each component with respect to the
straight fitting line must be inferior to a few microns. The
total error budget in the determination of the position of
components has been calculated. It corresponds to 14 pm
for the RF accelerating structures and 17 pm for the main
beam quadrupoles [8].

The determination of the position of the components
will be performed thanks to a combination of two
measurement networks:

1) A Metrological Reference Network (MRN) providing
an accuracy and precision of a few microns over at least
200 m, and consisting of overlapping stretched wires

2) A Support Pre-alignment Network (SPN), associating
to each support proximity sensors (capacitive based Wire
Positioning Sensors (cWPS)) measuring with respect to a
stretched wire, providing a precision and accuracy of a
few microns over 10-15 m. Both networks will perform
measurements with respect to the same stretched wire
alignment reference. Overlapping stretched wires will be
located between the two beams, as illustrated in Figure 7.
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Figure 7: Module and measurements networks.

Several issues must be taken into account concerning
the pre-alignment solution. First, the integration of the
alignment systems must be considered. As a matter of
fact, hydraulic network linking HLS sensors follows the
equipotential surface of the Earth’s gravity field; this will
not be the case of the tunnel which will be straight. So
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every few hundred meters along the tunnel, superposed
sensors will compensate the slope (see Figure 8).
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Figure 8: Configuration of HLS network in a laser straight
tunnel.

A second issue is the constraints on the re-adjustment
system from the other systems, which will apply
additional transversal loads on the actuators and on the
associated mechanics. Some simulations concerning their
impact is under way; these constraints will be studied on
the two beam module prototypes.

Third issue is the difference of temperature foreseen
concerning the components between installation and
operation. Fiducialisation and pre-alignment of the
components on their supports will be performed at a
standard temperature of 20°C, which will be modified
during operation, generating dilatation of the components
on the girders (mainly in the longitudinal direction) and
misalignments. Simulations concerning misalignments are
under way and will be validated on the two beam module
prototypes. Temperature variation in the tunnel will also
imply dilatation of the supports on which the position of
the sensors have been determined. Temperature probes
will be added on each support to correct dilatation effects.
This means that the distance between sensors on their
support and the stretched wire should be minimized. The
sag of the wire could be limited (shorter length of wires,
develop wires with small linear mass and high resistance
to traction). Then, materials with low expansion
coefficient should be used for the sensors supports.

SUMMARY

Using the example of the two beam acceleration
module the complexity of the technologies needed for the
future 3 TeV CLIC linear collider has been demonstrated.
Starting from the published CDR in the year 2012 a
technology development phase of about 5 years has been
launched in order to define all components ready for
construction. This large task is well suited to integrate
international collaboration with institutes and industrial
partners, which are cordially invited to contact the CLIC
study team in order to establish such collaborations.
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STORAGE, ACCELERATION AND SHORT BUNCHED BEAM
FORMATION OF Y"AU" IONS IN THE NICA COLLIDER

A.V. Eliseev, O.S. Kozlov, I.N. Meshkov, A.V. Sidorin, A.V.Smirnov, G.V. Trubnikov,
JINR, Dubna, Moscow Region, Russia
T. Katayama, GSI, Darmstadt, Germany
V.N. Volkov, E.K Kenzhebulatov, G.Y. Kurkin, V.M. Petrov, BINP SB RAS, Novosibirsk, Russia

Abstract

The regimes of high intensity beam of '*’Au'” ions in
NICA Collider are considered. The first stage — ion
storage is proposed to be performed with Barrier Bucket
technique at ion energy of 1 — 4.5 GeV/u. Ion
accumulation at optimum for cooling energy level
accompanied by slow acceleration with the same BB
method to the energy of experiment also considered.
Formation of bunched beam is fulfilled in two steps —
first, at 24" harmonics and then, final formation, at 72th
harmonics of the revolution frequency. The possibility of
achievement of designed bunch parameters is shown.

INTRODUCTION

The goal of the NICA facility in the heavy ion collision
mode is to reach the luminosity level of the order of 10’
ecm™s” in the energy range from 1Gev/u to 4.5 Gev/u.
Collider circumference is 503 m and beta-function in IP is
supposed to be 0.35m. The beam parameters required to
achieve the design luminosity are listed in the Table 1 [1]:

Table 1: '’Au"" beam parameters

Number of bunches 24

Rms bunch length 0.6m

Ion energy, GeV/u 1 3.0 4.5
Ton number per bunch | 2.75-10% | 2.4-10° | 2.2:10°

Rms dp/p, 107 0.62 1.25 1.65

Rms beam emittance, 1.1/ 1.1/ 1.1/
h/v, (unnormalized), 1.01 0.89 0.76
m-mm-mrad

Collider RF systems have to provide:
e Accumulation of required numbers of Ions in the
energy range 1+4.5 Gev/u.
e Accumulation at some optimum energy and
acceleration up to the energy of experiment
e Formation of necessary number of bunches (24)
o Achievement of designed bunch parameters
This can be done with the help of three RF systems:
one broad band type and two narrow-bands. The first one
accumulates particles in longitudinal phase space with
application of RF barrier bucket (BB) technique. By
applying additional voltage meander between barriers it
can be used also for acceleration (inductive acceleration).
Second RF system works on 24-th harmonics of
revolution frequency and is used for formation of proper
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number of bunches. The third RF system is used for the
final bunch formation and maintenance bunch parameters
during collision mode.

All stages of bunch formation as well as collision mode
are accompanied by cooling process either stochastic or
electron. General scheme of beam preparation is
represented in the Fig. 1.

rebucheting in h=72  bunch in collision mode

Figure 1: Scheme of RF cycle in Collider.
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Application of RF barrier bucket (BB) technique
provides independent optimization of the bunch intensity,
bunch number as well as controlling of the beam
emittance and momentum spread during the bunch
formation. In presence of cooling the number of the
injection pulses can be large enough with suitable
stacking efficiency. Intensity of the injected portion
influences on the stacking process duration only and can
vary widely.

Collider rings receive bunch every 4-5 seconds from
Nuclotron. Bunch contains 1+2:10° particles. Its total
length and momentum spread are about 10 m and 107
accordingly. The BB pulses divide the ring circumference
by two zones of equal length: the injection zone (where
the synchrotron motion is unstable) and that one for the
stack (with stable synchrotron motion). Barrier pulse
phase width — /6 rad and voltage amplitude — 2kV.

Numerical simulations of ion stacking with barrier
bucket method have been performed independently by T.
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Katayama [2] and A. Smirnov [3]. Both simulations have
shown a sufficiently high efficiency of the stacking
procedure (Fig. 2).
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Figure 2: Increase of accumulated particle number as a
function of time: up) - T. Katayama (3.5 GeV/u), down)
- A. Smirnov (1.5 GeV/u); step curves: accumulated
particle number vs. time, green lines: accumulation
efficiency vs. time.

It was shown that time duration of approximately 200
seconds is enough for accumulation of required number
of ions in energy range 1+2.5 Gev/u notwithstanding the
substantial dropping of its efficiency with the energy
increase: At 1.5 GeV/u — 92% and at 2.5 GeV/u — 67%.
The equilibrium between cooling and IBS processes
corresponds to the momentum spread of ~2-107*. This
number is used for longitudinal emittance evaluation of
coasting beam after barriers are off. Similar results were
obtained for accumulation process accompanied by
stochastic cooling for the energy 4.5 Gev/u [3].

Acceleration in Collider

There are two main reasons for acceleration in the
Collider:
e Significant dependence of the
efficiency on the ion energy
e Saturation flux density of Nuclotron’s magnets is
about 1.8T while 4.5 GeV/u corresponds to 2.2 T.
The possibility of ion accumulation at “optimal” energy
level and further acceleration up to the energy of
experiment with the help of BB RF system (induction
acceleration) was considered. Design of BB resonator
permits to create an accelerating “meander-type” voltage
up to 300V amplitude. This implies acceleration rate at
0.024 T/s and acceleration time from 1 GeV/u to 4.5
GeV/u- 51 sec.

accumulation
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Beam Preparation for Collision Regime

At collisions the bunch has to have proper longitudinal
emittance (see Table 1.). At 1 Gev/u rms emittance is
equal to 1.25 eV-s while after accumulation its equivalent
portion is about 5 eV-s. Final emittance is lesser then
starting one over the whole energy range thus further
beam manipulations have to be accompanied by cooling.

Preparation of beam for collision occurs in two stages.
Firstly 24 bunches are produced using adiabatic capture
technique: slow increase of RF voltage starting from
“zero” level (ideally). Under cooling the bunch shrinks
not only in its length but in emittance as well. Then the
bunch length becomes short enough it is intercepted into
third collider RF system working on 72" harmonics. Here
it is possible to make a lower estimation of RF2 voltage
needed in collider: emittance at interception must be
equal to the final emittance and its length (£30) just fitted
into bucket of RF3 (Fig. 3).
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Figure 3: RF voltage amplitudes. RF2 — red. RF3 — blue
Vvs. energy.

Although wide variety of scenarios is possible it is
preferable to finish longitudinal emittance formation
before RF3 starts working. In this case total voltage of
RF2 can be limited by 50 kV. Bunch formation continues
until its parameters meet conditions shown in Table 1.
ESME code [4] was used for simulation of bunch
transformation in longitudinal phase space after the
rebucketing. Digest of simulation is represented on Fig. 4.

Figure 4: Bunch transformation after rebucketing

Total time of cooling needed for beam preparation after
its accumulation in BB RF in both harmonic RF systems
was estimated for the stochastic cooling with Palmer
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method at 4.5 GeV/u [3]. The result is about 250 c. Time
needed for e-cooling is of the order of 10 seconds.

RF STATIONS

Preliminary design of all RF stations has been done in
BINP Novosibirsk.

BB Station

Induction accelerator of BB station has 14 sections 12
of which are used for BB accumulation and 2 sections for
acceleration. The total amplitude of pulses gathered on
BB sections is equal to £5 V. Two acceleration sections
create meander shaped pulse of amplitude + 300 V. Other
parameters are: magnetic permeability of amorphous iron
- ~60000, saturation flux density — 1.3 T, maximum
dissipated power of the station — 22 kW.
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Table 2: Parameters of RF2 and RF3 resonators

parameter RF2 RF3
Frequency range, MHz 12.528~+ 37.584~+
14.088 42.264
Characteristic 15.4+173 | 36.9+42.5
impedance, Ohm
Quality 3570+3750 5490+
5820
Shunt impedance, kOhm | 54.8+60.0 252+304
Accelerating voltage, kV 25 125
Dissipated power, kW 4.8+5.7 32.1+
38.6
Number of resonators per 4 8
ring

Figure 5: General view of BB station (up) and design of
a section of the inductive accelerator (down). 1.
Induction accelerator. 2. Contactor within vacuum
chamber. 3. Drive for contactor. 4. Manometric tube. 5.
Vacuum chambers. 6. Vacuum pump. 7. Gates. 8. Box of
electronic keys. 9. Cover. 10. Excitation coil. 11.
Amorphous iron coil

RF?2 and RF3 Stations

Accelerating stations of 2™ and 3¢ RF systems
(Table 2) have similar design and its general view is
represented on the Fig. 6.
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Figure 6: General view of the accelerating resonators of
RF2 and RF3 for the upper collider ring. 1. Resonator. 2.
Vacuum chambers. 3. Generator. 4. Air cooling for
generator. 5. Vacuum pump. 6. Stand

CONCLUSIONS

1. The presented scheme of the bunch formation
based on three RF systems seems to be optimal.

2. The parameters of all RF systems are achievable
with present-day technologies.
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Abstract

Some signal samples acquired from Schottky probes
and beam position monitor during operation were
presented in this paper, and they were observed in the
different operation stages such as during injection, after
cooling and cooling force measurement. These signals
were considered related with the ion beam instability. The
central frequency of ion beam varied with the time. Some
were caused by the ripple of hardware, the other were
created by ion beam itself. The reasons which caused
these phenomena were analyzed. The possible solutions
were suggested, and some necessary upgrade and
improvements were expected. These results were helpful
to attempt the Schottky Mass Spectrometry measurement
in the CSR.

INTRODUCTION

The Cooler Storage Ring of Heavy Ion Research
Facility at Lanzhou (HIRFL-CSR) has been operating
since 2007. The heavy ion beams in the energy range of
few MeV/u to few GeV/u can be produced and delivered
for the mass spectrometry experiments, the cancer therapy
and atomic experiments and so on [1]. The latest results
were reported in many papers and conferences [2-5].

In several machine runs the beam instability
phenomena has been observed in the different operation
stages such as during injection, after cooling and cooling
force measurement. Besides this, the beam loss was also
happened and investigated for electron cooling force
measurements.

The instability resulted in beam loss and emittance
growth, thus the achievable beam intensity and
experimental precision is however limited. The instability
of electron cooled beam has been studied in the different
accelerators and reported by several laboratories in the
world [6-9]. In this paper, the instability phenomena of
electron cooled beam observed at HIRFL-CSR was
described, and the Schottky spectra were analyzed.

The Schottky Mass Spectrometry (SMS) [10-12]is one
of the high precision mass spectrometers based on storage
ring with 10 or higher precision [13,14]. At HIRFL-CSR,
the ultimate relative frequency spread Af/f of about 5X10°
7 and about 1000s long-term beam stability are necessary
for high precision mass measurements.

In order to improve the stable increasing beam intensity
at HIRFL-CSR, and prepare the condition for SMS
experiments, the mechanisms of instability have to be
investigated and different cures methods should be tested.

BEAM ACCUMULATION IN CSRM

The main goal of the electron cooler application at
HIRFL-CSR main ring is to increase the beam intensity
with the help of stacking-electron cooling procedure at
the injection energy [15,16]. A typical longitudinal
Schottky signal during stacking-cooling procedure was

shown in Fig. 1.
v
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Figure 1: A typical Schottky spectrum of ion beam
accumulation in CSRm under electron cooling.

For an effective electron cooling, the ion beam and
electron beam have to overlap coaxially, and in principle
the relative velocity of the ion beam and electron beam
should be zero in the particle reference frame. It’s
obviously in Fig. 1 that the ion beam was symmetrically
cooled down to the central frequency, which means that
the injected ion energy, the electron beam energy, the
magnetic field of dipole and the RF frequency were
matched well. In addition, the deep colour of Schottky
signal means the beam intensity increased step by step.

The cooling time obtained from Fig. 1 is corresponding
to the simulation result, and there is no obvious sideband
signal between the neighbour harmonic. It demonstrated
that the HIRFL-CSRm was operated at reasonable work-
point settings. The average velocities of electron and ion
were almost equal. Further more, the central frequency
shifted to left at the end of stacking procedure because of
the changing of beam orbit at injection point.
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INSTABILITY OF ACCUMULATED
HIGH INTENSITY BEAM

The betatron oscillation of high intensity cooled beam

was observed in several cooling storage rings [17-19]. Fig.

2a was shown the analog signal from one of the BPM
electrodes. After few seconds, the signal suddenly
becomes very strong. It’s clearly demonstrating the
transverse oscillations of the high intensity cooled beam.
Exactly at the same time the fast beam losses were
observed in the DC current transformer. This was the
factor which limited the attainable beam intensity. The
corresponding beam current signal was shown in Fig. 2b.
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Figure 2a: The signal from one electrode of beam
position monitor(BPM) during beam instability.

5500
5000

4500
4000

Z 3500 ?
g 3000 !. { \r
ézsnn 7 Lf
-5 z00o

1500 rl,r l\.f

1000

500 M

D_I
10:53.35
2010-6-3

10:59:45
2010-6-3

Figure 2b: The corresponding beam intensity signal from
DC current transformer during beam instability.

The ion beam intensity during accumulation was not
always increased linearly with the continuous injection.
The stored beam seriously lost suddenly at some certain
beam intensity, but not lost completely. A part of stored
beam was remained in the ring. The intensity increased
again with coming injections, and the beam loss happened
again when the accumulated intensity achieved that
certain value. The loss-increase-loss indicated some
iterative character.

The space charge fields created by the stored ions in the
beam influence its motion and changed the betatron tune
value. For designed betatron tune value of CSRm
(Qx/Qy=3.63/2.61), the difference resonance would
appears and produce the serious beam loss during
stacking procedure. The further work should be focused
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on the investigation with the tune value measurement and
some simulation work.

INSTABILITY DURING INJECTION AND
ACCUMULATION

In order to increase the intensity of the stored ion
beams, a betatron stacking method in the horizontal phase
plane is used at CSRm [20]. The closed orbit at injection
point is distorted by means of four bump magnets. From
the very beginning the bump is as large as pass close to
the septum and then it is gradually reduced to zero within
few milliseconds. The electron cooling device was turned
on in the whole stacking procedure. The behavior of
longitudinal Schottky signal during stacking was shown
in Fig. 3. It’s clearly that the frequency shift was
happened at the beginning 0 injection.

[E

Figre 3: The chottky scraa complet accumu-
lation and injection under electron cooling. Left - whole,
Middle - beginning of injection, Right - end of injection.

SIDEBAND DURING ACCUMULATION

Generally in the synchrotron, the frequency of
transverse oscillation of the beam for each signal turn
(usually called betatron tune or just “tune”) is one of
fundamental controllable knobs to avoid the instability
phenomena. One of the most popular methods to measure
the tune is using the sideband of the transverse Schottky
signal with help of the beam exciter [21]. Fig. 4 shows the
sidebands around the revolution frequency without any
external exciting source. It seems that the transverse
oscillation of cooled beam is large enough to make
obvious sideband

) kH;

Figure 4: The Schottky spectrum with obvious sideband.
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BEAM INSTABILITY AFTER
ELECTRON COOLING IN CSRE

The ion beam with higher energy was injected into
CSR experimental ring after accumulation and
acceleration in CSR main ring, it was cooled again by
electron at higher energy level in CSR experimental ring.
The related physics experiments such as internal target
one and ion-electron recombination etc. was carried out in
the experimental ring. In the case of lower stored particle
number, some investigation on the beam crystallization
will be performed [22]. The high precision Schottky mass
spectroscope will be carried out in the CSR experimental
ring with the help of new developed resonance Schottky
probe [23], the high beam instability was necessary to get
so high required precision. The Schottky spectrum of
200MeV/u "Kr*®* jon beam after cooling equilibrium in
CSR experimental ring were demonstrated in Fig. Sa,
obvious instability was observed from these spectra. The
frec41uency shift range was about £25kHz/243MHz=1£1X<
10™.
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Figure 5a: The Schottky spectra of ion beam after cooling
equilibrium in CSR experimental ring.

24 d Hz|
Figure 5b: The Schottky spectrum of ion beam in the
absent of electron cooling at the isochronous operation
mode in CSR experimental ring.

The possible reason caused the beam instability were
the stabilities of dipole field, quadrupole field, correction
dipole field, and the electron energy. Due to lack of the
corresponding synchronous beam and field monitoring
system, the instability relationship between ion beam and
the fields was not correlated with each other, and the
source of instability identification was difficult. A special
data acquisition system was expected to establish in order
to synchronously monitor the ion beam intensity,
magnetic fields and the high voltage of electron cooler,
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obtain the relation between the changes of these
parameters, built the contact each other, This system will
be helpful to search the reason of ion beam instability.

The Schottky spectrum of 434.8MeV/u *°*Kr’®* ion
beam in the absent of electron cooling at the isochronous
operation mode in CSR experimental ring was shown in
Fig. 5b. From the picture the ion beam instability was
observed without electron cooler, but the amplitude was
smaller than the above description. The reason maybe
came from the operation mode of storage ring, magnetic
field level of dipole and the time of data acquisition. Due
to the magnets and their power supplies of CSR were not
placed the constant temperature circumstance, the
temperatures of storage ring channel and power supplies
space varied with natural entironment in the different
seasons, and also varied with day and night. The stability
was higher in the early morning and winter than in the
later morning and summer. By the way, the external
disturbance of electrical power network had also the
influence on the ion beam.

PHENONEMA DURING COOLING
FORCE MEASUREMENT

In order to study the difference of electron cooling
force between hollow profile electron beam and solid,
several experiments was carried on the two cooler storage
rings at HIRFL [24]. A typical Schottky spectrum of
cooling force measurement process is shown by the left
figure in Fig. 6a in measuring the cooling force of
400MeV/u '*C®" at the experimental ring CSRe. It can be
noticed that when cooling action and heating by various
factors attains balance, the spectrum peak width and area
of cooled ion beam will keep nearly unchanged, i.e. the
momentum spread and stored ion number will keep
almost invariable. When the electron beam jump to other
new energy, the ion beam will be slowly pull away and
follow the electron beam for new equilibrium. With a
vertical angle existing between ion beam and electron
beam in the cooling section in cooling force
measurement, Fig. 6a shows the process of electron beam
energy jumps from 221.3keV down to 220.9keV by the
middle spectrum and from 220.9keV up to 221.3keV by
the right one.

It can be seen from the two spectra that: when an angle
between the two beam exists, only a certain amount of ion
beam was pulled away normally for new equilibrium
point while the other part appears unusually slowly shift
and tails. The possible causes is that: (1) beams
uncoaxiality cause ion beam was only partly pulled away;
(2) the distribution of ion beam may be layered or
cylindrical, not normal Gaussian, which makes a certain
amount of ions subject to a small cooling force; (3) higher
transverse temperature of electron beam exists, which
makes electron cooling less effective.

Another phenomenon is shown by Fig. 6b in the
cooling force measurements of 200MeV/u X at
CSRe. The left one shows a normal cooling force
measurement process with an optimized toroid field,
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while the middle and the right spectra correspond to the
measurement with a smaller toroid field than the
optimized one and with the electron energy jump from
108.96keV to 109.16keV and from 108.96keV to
109.16keV respectively. It is shown by the middle and
right spectra that only a small part of ion beam was pulled
away with the conventional manner and cooled down for
the new equilibrium while the other part moves
exceptional slowly and contribute to the broadening of
attainable momentum spread at new equilibrium. This
phenomenon can be explained by the increased transverse
electron temperature which was caused by the change of
toroid magnetic field from optimized one. The
temperature affects the attainable momentum spread at
the new equilibrium.

Figure 6a: The Schottky spectra of 400MeV/u “C**
during cooling force measurement in CSR experimental
ring. Left---zero angle between ion and electron beams,
Iexe=1.0A, Icye=3.0A. Middle---with an angle in vertical
direction, Icxg=1.0A, Icye=3.4A. Right---with an angle in
vertical direction, opposite electron energy change,

Texe=1.0A, Teye=3.4A.

Mark

Figure 6b: The Schottky spectra of 200MeV/u X
during cooling force measurement in CSR experimental
ring. Left---optimal toroid current, I;;q=602.3A, 108.96-
--109.16keV. Middle---  I,ig=584.24A, 108.96---
109.16keV. Right--- I;,,,;3=590.27A, 108.96---108.76ke V.

THE ACTION OF RF MODULATION ON
THE ION BEAM

A trapezoidal frequency modulation was applied to 200
MeV/u °C® ion beam at the experimental ring CSRe by
RF station during its performance test [25]. The
modulation wave is shown in Fig. 7, of which the voltage
is 1 kV, both the rising and falling time are 5s, the plateau
time is 50 s, and the center frequency is 6.60895 MHz
with a frequency modulation relative width of
Af/ff=3x10"". The Schottky spectra at the left in Fig.8
indicated that the whole ion beam changes its revolution
frequency by closely following RF modulation waveform.
But the enlarged momentum spread of ion beam shown
by broaden spectrum peak indicates that ion beam is not

10 ki
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well cooled down longitudinally. This can be ascribed to
regular velocity mismatch between ion beam and electron
beam. The 60 seconds periodically RF modulation brings
ion beam a regular velocity change in longitudinal and
can be used as a reference of slowly change, analyzing the
change in other experiments. This experiment also shows
that ion beam can be changed just following the action
character of external force.

6.612 T T T T
Af/f=£0.002MHz/6.609MHz=+3*10"

6.611 |
N
L 6610
=
>
o
S 6.609
3
o
o
w
T 6.608 8
o

6.607 |- b

= =
50sec
6.606 L L . 1056?
0 50 100 150 200 250

933 M-z Span: 50 k

under the

Figure 8: The Schottky spectra of ion bea
action of external factor. Left---the action of the change of
RF frequency. Middle--- the unilateral change of electron
energy. Right--- the bilateral change of electron energy

THE ACTION OF ELECTRON ENERGY
MODULATION ON THE ION BEAM

In order to carry out experimental research on electron-
ion recombination at CSR, electron beam energy
modulation module was added to CSRm electron cooler
[26]. Fig. 9 shows the modulation process of electron
beam acceleration voltage under optimal cooling and
accumulation at CSRm with a rise-time of 20us, plateau
time of 100-1000ms, time interval of 1-2s, and amplitude
of 5-1500V. As a typical Schottky spectra of unilateral
modulation of electron beam energy, the middle figure in
Fig. 8 shows that ion beam shifted its energy quickly
corresponding to the change of electron beam energy,
however such a plateau like the RF action in previous
section was not observed. The right one in Fig. 8, as
typical Schottky spectra of bilateral electron beam energy
modulation, shows that only small part ions followed
closely up to the change of electron beam energy while
the majority was still far from new equilibrium location
even at the next beginning of reverse direction
modulation. The lag of majority ions leads to a
momentum spread expansion of ion beam after several
modulation cycles. This modulation is always taken as a
fast change example.
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Figure 9: Waveform of electron beam energy modulation.
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SUMMARY AND PROSPECTS

The beam instability phenomena related with electron
cooler in HIRFL-CSR were briefly described and roughly
analyzed in this paper. The described phenomena should
be carefully investigated seriatim both theoretically and
experimentally in order to understand their mechanism
and causes. The monitor system will be established for
measuring these instabilities in the near future. From the
measurement results, the reason and characters will be
revealed. The solution for alleviation and suppression
should be considered from the technical point of view.
The proper and effective methods of instability
suppression should be proposed and developed hereafter.
The wuseful and constructive information should be
provided for machine improvement and upgrade in the
interest of providing the high quality heavy ion beam
satisfied the various requirements for high precision
physics experiments.
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Abstract

Discussions on physical requirements and technical
design of the 2 MeV electron cooler for the synchrotron
COSY began in 2002.

In 2009 contract for cooler production was signed. In
this report results of cooler commissioning with electron
beam at BINP are discussed.

INTRODUCTION

The new generation of particle accelerators operating in
the energy range of 1-8 GeV/u for nuclear physics
experiments requires very powerful beam cooling to
obtain high luminosity. For example the investigation of
meson resonances with PANDA detector requires
momentum spread in antiproton beam, which must be
better than 10™. To obtain such a momentum spread
cooling time in the range of 0.1- 10 s is needed. The 4
MeV electron cooler at the RECYCLER ring (FNAL) [1]
achieves cooling time about 30 min. The new cooler for
COSY should provide a few orders of magnitude more
powerful longitudinal and transverse cooling that requires
new technical solutions. [2] The basic idea of this cooler
is to use high magnetic field along the orbit of the
electron beam from the electron gun to the electron
collector. In this case high enough electron beam density
at low effective temperature can be achieved in the
cooling section [3].

The basic parameters of the COSY cooler are listed in
Table 1. The length of the cooling section is given by the
space available in the COSY ring.

Table 1: Basic Parameters of the 2 MeV electron cooler.

Energy Range 0.025 ... 2 MeV
High Voltage Stability <10*
Electron Current 0.1..3A
Electron Beam Diameter 10 ... 30 mm
Length of Cooling Section 2.69 m
Toroid Radius 1.00 m
Magnetic Field (cooling section) 0.5..2kG

Vacuum at Cooler 10? ... 107" mbar

The calculation of cooling of a 2GeV proton beam with
high density electron beam is shown in fig.1 The beam
on each turn passes hydrogen target with density 10"
1/cm”™*. Magnetic field in the cooling section was taken as
B=2 kGs.

*Work supported by the Ministry of Education and
Science of the Russian Federation
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Figure 1: Cooling of 2 GeV proton beam .

From fig.1 one can clearly see that cooling shrinks the
proton beam to small emitance and just 0.2 A suppressed
the scattering on target. The equilibrium emittance
decreases with increasing electron current by the more
powerful cooling.

MAIN COMPONENTS OF COOLER

. The main features of the cooler are [2]:

1. The design of the cooling section solenoid is similar
to the ones of CSR (IMP) and LEIR (CERN) coolers
designed by BINP [3]. However, for the 2 MeV cooler the
requirement on straightness of magnetic field lines is so
high (A6 < 107) that a system for control of magnetic
field lines in vacuum becomes necessary.

2. For suppression of high energy electron beam losses
at IMP and LEIR coolers electrostatic bending was used
[4]. The shape of the 2 MeV transport lines, however,
dictates a different approach. The collector (inside the HV
terminal) is complemented by a Wien filter to suppress
return electron flux.

3. Both acceleration and deceleration tubes are placed in
the common high voltage tank.

4. The high power cascade transformer is installed
around high voltage column for powering solenoids for
generation of magnetic field along electron beam
trajectory( Fig.2).
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cooling

section

Figure 2:Sketch of 2 MV cooer for COSY.

The high voltage tank is shown in fig 3.

Figure 3:The high voltage tank of the cooler.

High Voltage Experiments

The high voltage tank was filled with SF4 gas. Fig.3
shows the corona current versus high voltage for different
pressures. Most of the time the cooler was operated at 6
bar (+5 atm). This pressure allows for electron beam with
energy up to 1.5 MeV. The corona current decreased with
time but once happened jump with increasing corona
from nominal value 15 mkA on 1 MV to 100 mkA by
destroy the aluminium scotch used for smoothing inner
rough surface of tank. Small pane of aluminium rise
perpendicular of surface. For stable operation cooler
(without sparking) the pressure 7-8 bar (6-7 atm) can be
used.
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Figure 4: Corona current versus voltage for different SF¢
pressures.

Electron Gun

The electron gun design is based on the concept of the
“hollow” electron gun [4]. It uses a ring-shaped near-
cathode electrode (grid electrode) for changing the profile
of the electron beam. The new feature is splitting the ring
in 4 sectors. This allows generating four AC beams with
different position relative to the centre.

Figure 5: A is a photo of the cathode with four sector
gridelectrodes, B is parabolic shape beam with maximum
at centre C is “hollow” beam with minimum at the centre,
D is AC component of beam with RF voltage applied to a
single sector.

This design can be used as diagnostic tool for space
charge of electron beam along the cooler. The pick-up
monitors can  detect position of this AC
fractions(components?) (4 sectors and centre when the
same AC voltage is applied to all 4 sectors) of the
electron beam. The space charge (including ions
accumulated in the electron beam) generate rotation of
AC fractions around the beam axis. The experiments with
clearing ions from the main electron beam demonstrated
changing of this rotation.

Electron Collector with Wien Filter

The high voltage cooler produces high level of
radiation in case of high electron current to ground. In
order to avoid this, efficiency of recuperation (which is
equal to the efficiency of collector) should be as high as
possible.

Efficiency of the collector in the cooler is improved by
suppression of the secondary electron flux by crossed
transverse electric and magnetic fields (Wien filter). For
primary beam influence of electric field is compensated
by magnetic field, but for secondary beam, which moves
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in opposite direction, electrostatic and Lorenz forces act
in one direction and the beam is shifted (deflected away
..7) from primary beam and absorbed by special electrode
(secondary collector).

On fig. 6 scheme of the collector with filter and part of
magnetic screen with permanent magnets are shown.
Electron beam comes from the acceleration tube (1) to the
vacuum chamber of Wien filter (2), which contains
electrostatic plates (3) for production of transverse field in
the filter. After the filter the beam goes to the collector
(4), which is cooled by oil. Combination of magnetic
screen shape (5) and current in coils of solenoid (6)
distributes electrons across the internal surface of the
collector. Solenoid is also cooled by oil through the holes
in one plate of the solenoid screen (8). Transverse
magnetic field in the filter is produced by a set of
permanent magnets (9). Diaphragm (10) provides sharper
edge of transverse magnetic field distribution.
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Figure 6: Collector with Wien filter inside solenoid
magnet(s) (left) and magnetic screen of the solenoid with
permanent magnets (right)

Clearing Electron Beam System

The BINP low voltage coolers used electrostatic
bending electrodes that simultaneously remove
secondary ions generated by ionization of residual gas
from the electron beam . It is a good solution for low
energy cooler. However for 2 MV the electric field for
compact bending with 1 m radius requires electric field of
24 kV/cm resulting in +-100 kV on the bending plates .
These values were considered impractical.

For COSY cooler clearing electrodes installed in toroid
magnet are used. At strong magnetic field B the low
energy electrons and ions move across magnetic and
electric fields. Radius of drift oscillation in electric field E

E mc®
equal to: R = ?

is very small.
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Figure 7: The principle of system for clearing the
electrons and ions from main beam.

For electric field of 60 V/em (+-300 V on electrodes)
electron Larmor radius is only 8*10°cm and proton
Larmor radius is 0.15 cm. For easier clearing conductive
glass is installed between electrodes so that equipotential
lines cross the glass where electrons and ions are catches.
Fig 7. shows that using clearing electrodes decreased
losses of electron current by almost factor of 2 from 0.7
uA to 0.4 pA.

Magnetic System

The main component of the magnetic system is the
cooling solenoid where electron and proton beams move
at (on?) the same orbit. To satisfy the requirements on
straightness of the magnetic field, the cooling solenoid is
assembled from numerous short coils. The required field
quality is achieved by mechanically adjusting the angles
of individual coils. Dipole magnets are installed along the
proton orbit for compensation of the vertical field action
on protons by the toroids. For better compensation of
transverse components of magnetic field generated by
current leads, two types of coils with opposite direction of
winding are used. Magnetic field measurement along the
electron beam orbit from gun to collector was performed
by a set of calibrated Hall probes, which were located on
a carriage. Representative parts of the magnetic system
were selected for measurements. The carriage passed step
by step through selected part on rails. Longitudinal,
normal and binormal magnetic field components were
measured. Each component is measured at four different
points that gives information about dipole and gradients
of these field components???.

Discontinuities of field arise at joints of different parts
of magnetic system (solenoid — toroid, bend — solenoid
etc). Profiles of curvature of longitudinal field Bjyng(s) of
bends and toroids and profiles of their bending fields
Biend(s) do not coincide and centrifugal drift counteracts
only on average. From here resonant dependence arises
between electron energy and values of magnetic fields for
passing of electron through magnetic system without
heating. Fig.8 shows longitudinal and bend component of
magnetic fields along the beam orbit for 1.5MeV
electrons. Joints are marked by x.
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Figure 8: Bending and longitudinal components of
magnetic field on path from cathode to collector

Beam orbit optimizations for different electron energies
were made by computations of corresponding values Biong
and Bbend-

Dynamics of Electron Motion in the Magnet
System

High energy electrons can reach high amplitudes of
oscillations while moving along magnetic field with small
variations. This can occur at edges of solenoids with
different diameter of coils. The criterion of low energy is
small length of spiral in comparison with length of
perturbation (Ib) in magnetic field B according to

me’ By
qB

energy electron (1MeV) is excited to high amplitude
oscillation.

equation A = << [b. Fig. 9 shows that high
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Figure 9: Passing of 10% variation of magnetic field by
0.2 MeV and 1MeV electron.

To obtain low amplitude of this oscillation in the
cooling section a short dipole magnet is used to
compensate the rest amplitude. Figure 10 shows the
rotation amplitude in the cooling section for different
amplitudes of vertical and horizontal dipole kick.

TUXCHO01

Figure 10: Larmor rotation of electron beam for different
horizontal and vertical kick generated by the short dipole
corrector. Energy of electron is 1MeV.

We see that radius of Larmor circle changes from 2 mm
to 0.1 mm.

ELECTRON BEAM EXPERIMENTS

First experiments with electron beam were started
November 23, 2011. A 30 keV electron beam was
transferred along the magnet system and captured in the
collector.
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Figure 11: Experiment with 30 keV electron beam.
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Figure 12: Measuring efficiency of collector capture at 30
keV.

The collector efficiency was about J/Je= 3.0E-3 and
Wien filter suppressed reflection current to Jj,s/J=2E-6
as shown in figl2. The main source of losses are the
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secondary ions generated by ionisation of residual gas. An
increase of electron current causes a rise of residual gas
pressure. For this condition exists a maximal steady
current.

Jlnss = (a+a*p)*']e
p=py+b*J
Where a describes losses generated by ionization of
residual gas and b describes the increase of residual gas
pressure due to bombardment the vacuum chamber by
lost particles. At a*b*Je>1 stable recuperation is not
possible. Extended conditioning of vacuum surfaces with
electron beam helps increasing electron current. This

behaviour is explained by lower desorption efficiency
(coefficient b).
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Figure 13: Experiment with 1000 keV electrons.

The experiments at high energy (fig.13) show very
similar behaviour. At current values close to maximum,
losses were a few times higher.

Table 2: Parameters measured during beam experiments

Energy  Current Losses Rad
keV A mA Sv/hour
30 0.9 0.0015 0

150 0.6 0.0075 0

1000 0.5 0.002 0.001
1250 0.35 0.004 0.002
1500 0.2 0.01 0.01

The main limitation was lack of time for cooler
conditioning in radiation regime. The hall where the
cooler was commissioned was also used by many other
teams. While personel were working in the experimental
hall the cooler could not operate at high voltage.

Proceedings of RUPAC2012, Saintl-[Petersburg, Russia

CONCLUSION

Successful commissioning of the electron cooler
demonstrated that scientific and engineering solutions
were well chosen for the task. Some parameters were
limited by using temporary equipment that did not fully
fulfil the requirements. For example, for the high voltage
tank an old vessel from industrial accelerator was used.
The final vessel with smoother inner surface had to be
manufactured in Germany due to limitation imposed by
the pressure vessel code. Older ion pumps were used.
Those will be replaced by the modern ones in Jiilich. At
time of commissioning it was found that level of pollution
of cooler with small pieces of wire was too high causing a
few short-circuits. However using cascade transformer
along acceleration column showed high efficiency and
opened the path for the next magnetized cooler operating
at higher energy.
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NEW DEVELOPMENTS IN HIGH ENERGY ELECTRON COOLING

J. Dietrich#, TU Dortmund and Helmholtz Institut Mainz, Germany

Abstract

Electron cooling of hadron beams is a powerful
technique by which accelerator facilities achieve the
necessary beam brightness for their physics research. An
overview on the latest developments in high energy
electron cooling (electron beam energy higher than 500
keV) is given. Technical feasibility for electron beam
energy up to 8 MeV is discussed.

INTRODUCTION

The use of electron coolers in the range of electron beam
energy lower 400 keV is well established and state of the
art. For higher electron energies there exists up to now
only one machine — the Recycler Electron Cooler (REC)
of Fermilab with a terminal voltage of 4.4. MV [1]. The
cooler was successful installed into the Recycler during
the summer of 2005 and was operating until end of 2011
when the Tevatron was shut off. The cooling opened the
possibility for several times higher, record luminosities.
The REC overcame not only the great challenge of
operating 4.4 MV pelletron accelerator in the
recirculation mode with up to 1A beams, but also
resolved the hard issue of high quality magnetised beam
transport through non-continuous magnetic focusing
beamline [2]. The next unique high energy electron cooler
-the 2 MV COSY electron cooler- is now under
commissioning in the Budker Institut in Novosibirsk and
will be installed in the Cooler Synchrotron COSY in
spring of next year [3]. Development of high energy
electron coolers is a technical challenge due to the
engineering problems like high voltage generation, power
transmission to the gun and collector in the accelerator
“head” and the power transmission to the magnetic coils
at the accel/decel tubes for magnetised electron beam
transport. Today there is a need for further development.
In the high energy storage ring HESR for antiprotons in
the FAIR facility in Darmstadt a 4.5 MV electron cooler
is planed [4]. The proposed concept of a polarized
Electron-Nucleon Collider (ENC) integrates the 15 GeV/c
HESR of the FAIR project for protons/deuterons and an
additional 3.3 GeV electron ring [5]. A new 8.2 MV
electron cooler is an essential part in this concept. In the
NICA collider project of the JINR Dubna a 2.5 MV
electron cooler is foreseen with one electron beam per
each ring of the collider [6]. There are some special
features of high energy cooling. The cooling rate
decreases with y°. To obtain a maximum friction force
the “waveiness” of the magnetic force line should be as
small as possible to get a smaller contribution to the
effective electron velocity [7]. To get a high cooling rate
magnetised electron cooling is necessary. All low-energy
(3-400 keV) electron coolers are based on magnetised

# juergen.dietrich@tu-dortmund.de

cooling. The electron beam transport and alignment of
electron and ion beam is done with continuous magnetic
field. Strong magnetic field completely suppresses
transverse temperature of electron beam, so that
effectiveness of cooling is determined by a very low
longitudinal temperature of electrons. Non-magnetised
cooling relies on the fact that rms velocity spread of
electrons is comparable or smaller than the one of ions
which need to be cooled. For the REC (non-magnetised
case) cooling times of about one hour was sufficient. The
new coolers for COSY and the new future projects should
provide a few orders of magnitude more powerful
longitudinal and transverse cooling. This requires new
technical solutions. The basic idea of the new COSY
cooler and for the future HESR and NICA collider coolers
is to use a high magnetic field along the orbit of the
electron beam from the electron gun to the collector.
Faster cooling times are essential for the future projects.
The technical problems for electrostatic accelerator at 8-
10 MV and needed electron beam currents up to 3 A look
too hard. An alternative can be a low frequency linac with
bunched electron beam. Today this system achieved
electron peak currents of about 10 A [8].

ENGINEERING PROBLEMS OF HIGH
ENERGY ELECTRON COOLERS

The engineering problems are listed in the following:

High voltage generators (< 10 MV).

High voltage performance.

Limiting performance of accelerator tubes.

Power transmission to the accelerator “head” (gun,

collector).

Power transmission to the magnetic coils (at accel/decel

tubes).

Electron current and high voltage stability (1-3 A, 107).

Electron beam formation, transportation and

recovering.

Magnetic field measurement system in the cooling

section.

Magnetic field straightness in the cooling section

(< 107).

Electron beam diagnostics.
Power transmission in commercial available pelletrons is
realised by isolated rotating shafts combined with
generators located on high voltage level. In case of
magnetised coolers, where additional power is needed for
the magnetic coils around the accel/decel tubes this
method seems to be too complicated. Another solution is
cascaded resonant transformers and proposed turbines on
high voltage level or combinations of both. The technical
solution is strongly influenced by the location of the
magnetic coils at the accelerator/ decelerator tubes. Due
to the difficulties the magnetic coils (superconducting) in
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the NICA collider electron cooler project are arranged out
side of the high voltage vessel.

HIGH VOLTAGE SYSTEMS

Overview

There exist different high voltage generators, which are
possible candidates for the high voltage system of a high
energy electron cooler. The REC of Fermilab is based on
a 4.4 MV electrostatic accelerator (pelletron [9]) which
works in the energy recovery mode (i.e. electrons are
decelerated and captured in the collector after they
interact with the antiprotons in the cooling section). The
pelletron is a well-tested electrostatic accelerator, which
has been built for voltages as high as 25 MV. The
pelletron is commercial available. In the Upsalla design
for the 4.5 MV electron cooler for the HESR a
commercial pelletron is foreseen [10]. The accelerator can
be adapted to the inclusion of a longitudinal magnetic
field, but the problem of the thermal cooling of the
solenoids needs a solution. The pelletron is constructed in
a modular way. A future increase of the high voltage to at
least 8 MV seems possible. The Cockcroft—-Walton (CW)
generator (or Greinacher multiplier) is an electric circuit
which generates a high DC voltage from a low voltage
AC or pulsing DC input. This is proposed for the 2.5 MV
electron cooler in the NICA project in Dubna. A compact
cyclotron to accelerate negative hydrogen ions up to 8
MeV is proposed as optimal solution to the problem of
charging the high voltage terminal of the 8 MV electron
cooling system for the High Energy Storage Ring at FAIR
[11]. A Dynamitron uses capacitive coupling to the
individual stages of the accelerating/decelerating columns
for the generation of the high voltage. This technique is
difficult to adapt to the requirement of a longitudinal
magnetic field in the accelerating/decelerating columns
and is not modular. However, Dynamitron accelerators
for Accelerator Mass Spectroscopy have demonstrated a
high voltage stability of < 107, which meets the
requirements for the HESR electron cooler. The industrial
electron accelerators of ELV type are constructed on the
base of the cascade generator with a parallel feed of
cascades. These accelerators are manufactured in the
Budker Institute of Nuclear Physics (BINP) in
Novosibirsk[12]. The electron beam power for ELV-type
accelerators is up to 400 kW. Beam energy range is 0.3
MeV to 2.5 MeV. The distinguishing feature of cascaded
rectifier circuits is the method of coupling ac power to all
of the rectifier stages. These methods may be classified as
inductive or capacitive with series or parallel coupling.
With series-coupled systems, the rectifier stages nearer to
the input ac power supply must transmit ac power to the
farther stages. This increases the internal impedance of
the system and the voltage droop under load. With
parallel-coupled systems, all of the rectifier stages receive
the same input ac power, which reduces the internal
impedance and reduces the voltage droop under load. For
the COSY high energy electron cooler the high voltage
(up to 2 MV) and power for the magnetic coils (of about
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300 W per coil pair) at the accel/decel tubes are generated
by a cascaded resonant transformer.

A novel idea from Budker institute is to use small
turbines. They are used for high voltage generation,
power for the magnetic coils in side the high voltage tank
and for power of gun and collector in the terminal.

Figure 1: Commissioning of the 2 MV electron cooler at
BINP, Novosibirsk [3].

High Voltage System of the 2 MV COSY
Electron Cooler

The high voltage terminal is supported by a column
consisting of 33 identical high voltage sections (HV
sections) [3]. The whole assembly is placed inside a
vessel filled with SFg under pressure up to 10 bar. Each
HV section contains two coils providing guiding magnetic
field for acceleration and deceleration tubes and the high
voltage power supply generating up to 60 kV. Total
power consumption of one section is about 300 W. The
key problem of the accelerating/decelerating column is
the transfer of the energy to 33 sections and to gun and
collector, which are located at high voltage potential. The
concept of the power supply is based on idea of a high
frequency cascaded resonant transformer (20 kHz, 40
kW). The system consists of 33 transformers with
cascaded connection. The electrical energy is transmitted
from section to section from the ground to high-voltage
terminal. Along this way the energy is consumed by the
regular high-voltage section. The main problem of such
decision is leakage inductance of the transformers. They
are connected in series and the voltage from power supply
is divided between inductance leakage and a useful load.
In order to solve this problem the special compensative
capacitance is used. The impedance of leakage inductance
is decreased significantly on the resonance frequency.

Gas Turbines

In the last years the COSY Juelich-BINP Novosibirsk
collaboration was studying prototype elements for a
magnetised cooler [13]. The turbine electro generator
driven by compressed gas was tested. This gas is used to
produce power for individual high voltage sections and, at
the same time, to cool the 500 Gauss coils (Fig. 2). For
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experiments with HV sections in pressurized SFq gas the
vessel of a 1-1.5 MV industrial accelerator of ELV type
was used (Fig. 3). The height of a single HV section
equals 4 cm while the gap between them is 2 cm. The
voltage between sections at SFq pressure of 1.6 bar is
shown in Fig. 4. The HV stability was measured using an
ADC installed in the HV terminal. The relative HV
stability is about 10”°. The concept of turbines looks very
promising. But now there needs further development to
increase efficiency and reliability of the turbines. One
idea is to use more powerful turbines (SkW, commercial
available) and combine it with small cascaded resonant
transformers [14].

Figure 2: High voltage section with turbine and magnet
coils around the acceleration and deceleration tubes [13].

Input gas
Monometer
Output gas

+ Resistive load

Box with turbine |  Optic fiber

— Section with electronics

39 MOhm
39 MOhm

Flange [— Empty sections

Gas from turbine

} Input gas for turbine

Figure 3: HV sections scheme of experiments.
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Figure 4: Voltage between sections (SFg 1.6 bar).

The prototype of a turbine operates at BINP at the
accelerator mass spectrometer (AMS) few years at the
high voltage terminal (1 MV) to produce power for
magnet and stripper target [15].

BEAM DIAGNOSTICS

The new proposed relativistic electron cooling devices
have special needs and demands on the beam diagnostics.
The cooling beam and the cooled beam have to overlap
and propagate with the same velocity to ensure a small
cooling time. This matching is done e.g. for cooling of a
proton beam by optimising the H’ signal. In this case the
protons of the cooled beam are recombining with the
electrons of the cooling beam. The resulting Hydrogen
atoms are neutral. They are not deflected by magnetic
fields and can be detected after the next bending magnet.
For the cooling of antiprotons in the HESR there is no H’
signal which could indicate a good cooling rate. Due to
this fact special beam diagnostics in the cooling section is
necessary. One challenge for the electron cooler design is
beam alignment between electrons and antiprotons along
the long interaction cooling section (e.g. of about 24 m
length for HESR cooler). The deviation of the electron
beam relative to the antiproton beam should be smaller
than 107 radians rms to fulfil the beam quality and
lifetime demands of the antiprotons [10]. To minimise
deviations of the electrons relative to the antiprotons,
beam-based alignment would be preferable. Then the
offset of the electron beam relative to the antiproton beam
is measured and corrected using additional corrector
windings. This requires beam position monitors in the
cooling section with a resolution of 1x10° m. The
diagnostic has to be non destructive because of the high
beam power. It should also not affect the magnetic field
flatness of the solenoids inside the cooling section. There
are already several non destructive beam diagnostic
methods established. They are wused in different
accelerators like a scintillation profile monitor [16], [17]
or the Laser wire scanner at the synchrotron source
PETRA 1II [18]. These methods can be adapted for the
use in relativistic electron cooling devices.

Beam Profile Monitors

Beam profile measurements are vital for the machine
operation, in particular for setting up beam cooling.
Profiles have to be measured without affecting the
circulating beam. A joint effort by the beam
instrumentation groups at GSI Darmstadt and COSY,
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Juelich resulted in an ionization profile monitor (IPM)
being operational at ESR [19] and COSY [20]. The IPM
was designed to become a standard profile monitor for the
future FAIR [21] machines. The IPMs real time
performance together with high sensitivity and resolution
make it a very valuable instrument. However, high cost
and presence of components prone to aging in vacuum
triggered the search for alternative methods. A profile
monitor utilizing scintillation of residual gas offers a
viable alternative to an IPM for certain beam conditions
[22, 23]. The gas atoms and molecules are excited by the
beam particles and emit visible light shortly after the
excitation [24]. After passing a vacuum window the light
is focused by an optical system and is detected by a multi-
channel photomultiplier or an image intensified camera.
Measuring the photon distribution allows reconstructing
the initial beam profile. The method is also applicable for
the electron beam. To increase scintillation light intensity
for the scintillation profile monitor (SPM) a local pressure
bump is introduced for the duration of profile
measurement. Nitrogen injection is done by means of a
commercially available piezo-electric valve. At 4x10™
mbar and beam intensities of the order of 5x10° protons
in the ring reasonable S/N ratio is achieved. The
temporary pressure bumps did not have any impact on
machine operation. Fig. 5 shows the measured beam
profiles (top plot) as the proton beam was being cooled.
The lower plot shows the beam current. The injection
occurred at t = 5s and was followed by 10s of electron
cooling (accompanied by beam losses). The beam was
then accelerated and slowly extracted from the ring to an
external experiment. Profile data was recorded during
electron cooling at injection energy only (5.9s — 15.3s).
Beam shrinking due to cooling is clearly seen. SPM
performance was verified by comparing measured
profiles with the IPM results. This measurement shows
good agreement between SPM and IPM data.
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Figure 5: Horizontal beam profiles measured with the
SPM (top plot), vacuum reading (centre plot) and beam
current (lower plot) [25].
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Electron Gun with Variable Beam Profile

The electron gun design is based on the slightly changed
gun previously used for electron coolers in Lanzhou
CSRe, CSRm and LEIR [26]. The only difference is the
four-sector control electrode with separate feeding of all
sectors via additional feed throughs (Fig. 6). This small
change opens a new possibility for non-axially
modulation of the electron beam profile, which could be
used in some applications. Combined with beam position
monitors this feature of the gun provides beam shape
monitoring when it passes the transport channels.

Figure 6: A -photo cathode with grid electrodes,
B - parabolic shaped beam with maximum at centre,
C - “hollow” beam with minimum at centre, D - AC
component of beam with RF voltage on single sector [27].

Thomson Scattering

Thomson scattering describes elastic scattering of a
photon on a free electron. It is the low energy limit of the
Compton scattering process. In 1987/1988 a pioneer
experiment demonstrated the feasibility of Thomson
scattering for electron beam diagnostics [28], [29]. At that
time, however, the signal to noise ratio suffered from the
low power and repetition rate of the Laser system. A
revision of this approach make sense due to the enormous
developments in Laser technology since that time. The
proposed setup (Fig. 7) uses 90 and 180 degrees angles
between laser and electron beam like a Laser wire scanner
[30]. In this case the rate of the scattered photons only
depends on the electron density in the electron beam. By
moving the Laser beam through the electron beam a
profile measurement can be done. Due to the low cross
section, mostly dominated by the classical electron radius
squared, the necessary Laser power is very high and it is
only reasonable for high electron densities. Another
advantage of the Thomson scattering method is the
possibility to measure the electron energy. This can be
realised with the same setup which is used for the beam
profile measurement. In this case a frequency analysis of
the scattered photons is needed instead of the scattering
rate (e.g. realised with a Fabry-Perot interferometer). This
can be very interesting for the cooling of antiprotons.
With a good energy measurement the adjustment of the
electron beam can be done faster and in a more efficient
way.
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Figure 7: Schematic view of the setup at Mainz [30].

CONCLUSION

The gained experience of the 4.4 MV REC at Fermilab
and the 2 MV COSY electron cooler at FZ Juelich will
push the development of future relativistic electron
coolers for HESR at FAIR Darmstadt and NICA at
Dubna. The idea of using turbines for the high voltage
system of electron coolers looks very promising and
should be developed further. A combination of turbines
and small cascade transformers could be a technical
solution for the next high voltage magnetised electron
coolers. An improved beam diagnostics for the hadron
and electron beam will help to optimise the cooling
process.
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Abstract

With the use of S-LSR, an ion storage and cooler ring
at ICR, the approach to attain a low temperature beam has
been continued. With electron cooling one dimensional
ordered state has been realized for 7 MeV proton beam,
resulting in an abrupt longitudinal temperature jump from
2K to 0.3 K at a particle number ~2000. A transverse
temperature at a particle number of 4000 at the
observation point with a beta-function of =1.7 m is
estimated to be 12 K. Laser cooling has also been applied
to *Mg" ion beam with a kinetic energy of 40 keV. The
lowest longitudinal temperature of a coasting beam was
limited at 3.6 K for a beam intensity of 4 x 10* due to
intra-beam scattering (IBS) and residual gas scattering,
while a transverse temperature is reduced to =500 K by
IBS for a beam intensity of 2 x10, which is accompanied
by the increase of the longitudinal temperature to 11K. In
order to actively cool down the transverse temperature,
synchro-betatron resonance coupling (SBRC) has been
applied to a bunched beam. By reduction of the beam
intensity with scraping, the average transverse beam
temperature has been cooled down to <15-50 K and 7-15
K for the horizontal and vertical directions, respectively,
by SBRC for the beam intensity of 1 x 10°.

40keV #Mg*

i B
S €am
s %%-

i1 H. Scraper 2
H. Scraper 1

for cooling w i
Electron Pickup
I‘lm. Cooler

Fig.1 Layout of S-LSR and its beam monitoring and
scraping apparatuses.
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Table 1 Main Parameters of S-LSR

Ton species (energy) H' (7 MeV), *Mg" (40 keV)

Cooling Methods Electron beam cooling,
Laser cooling

Circumference 22.557m

Average radius 3.59m

Length of straight section | 2.66 m (including Q mag. parts)

Number of superperiods 6

Betatron tune (vy, vy)

Electron cooling (1.64,1.21)

Laser cooling (2.07,1.12)
Bending magnet H-type

Maximum field 095T

Curvature radius 1.05m

Gap height 70 mm

Pole end cut Rogowskii cut + field clamp

Deflection angle 60

Weight 4.5tons
Quadrupole magnet

Core length 0.20 m

Bore radius 70 mm

INTRODUCTION

A lot of efforts to approach to the low temperature
states of a beam have been continued in these two
decades so as to improve the beam characteristics which
is usually in a gaseous state. At ICR, Kyoto University,
an ion accumulation and cooler ring, S-LSR had been
constructed and it became in operation in 2005. In Fig.1
and table 1, its layout and main parameters are shown.
Originally it was oriented for the realization of compact
ion accelerator for cancer therapy by combination of RF
accelerator technology and laser plasma interaction [1].
After the successful demonstration of effective electron
cooling of a hot ion beam with a relative velocity sweep
between the ion and electron beams [2] utilizing TSR at
MPIK [3] and S-LSR, the main experimental researches
are oriented for the realization of lower beam temperature
by application of beam cooling utilizing such a special
characteristics of S-LSR lattice satisfying the so-called
maintenance condition given by the following relations
[4.5],

V<Vr

(7 : the transition gamma)

(M
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max(v,,v,) < ——

2
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where Ny, vgand vy are the super-periodicity of the
lattice, betatron tunes in the horizontal and vertical
directions, respectively.

In the present paper, approaches to low temperature
states of the circulating beam at S-LSR with the use of
electron cooling and laser cooling are described.

ONE DIMENSIONAL ORDERING OF
PROTON BEAM BY ELECTRON
COOLING

Stimulated by the report from NAP-M at BIMP [6],
particle number dependence of momentum spread of the
circulating beam has been studied vigorously in the world
and one dimensional ordering has been realized for multi-
charge ion beams such as U, Au”, X, Ke*%, Ni¥,
Ar'* Ne'”, C® at ESR of GSI [7] and for Xe**" at
CRYRING of MSL [8]. Because of a smaller cooling
force due to the single charge, the phase transition to the
ordered state of a proton beam, had not been observed
until its realization at S-LSR with a rather large super-
periodicity of 6.

In Fig. 2, the dependence of momentum spread on the
particle numbers obtained at S-LSR for 7 MeV protons is
given, which shows a sharp jump at the particle number
around 2000 [9]. The momentum spread below the
transition is estimated to be 1.4 x 10, which is close to
the minimum longitudinal electron temperature of 1.2 x
10°. The beam radius at the transition is 17 pm [9]
indicating magnetization of the electron beam first
pointed out by Derbenev and Skrinsky [10] and
experimentally observed at ESR [11].

The longitudinal, T, and transverse, T,, temperatures
can be estimated utilizing the following relations [7, 12].
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Particle Number
Fig.2 Particle number dependence of the momentum
spread (1o) of 7 MeV proton beam, electron cooled at S-
LSR with three different electron currents [9].

TUXCHO03
ks T y=myc* B ( Py, 3)
kBTu
= m,c’ B’ ! 27rv , “4)

where my, ¢, B, &, (u represents either h : horizontal or v:
vertical direction) C and v, are mass of the ion, velocity of
light, the ratio of the ion velocity to the light velocity, the
circulating beam emittance in u direction, the
circumference of the ring and transverse betatron tune (u
=H,V), respectively.  The longitudinal temperature was
abruptly changed from 2K to 0.3 K at a particle number
~2000, which is considered to be the evidence of ordering.
Transverse temperature with the particle number of 4000
at the observation point with beta -function of =1.7 m is
estimated to be 12K.
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Fig. 3 Reflection probabilities observed for the 1-
dimensional phase transition (borrowed from ref.[9])

With the use of the definitions, given by [13]

(I)- (i) (1) o

(I, =T, +T,)

the  dimensionless

parameters, the normalized

temperatures, 7, and T | are obtained as shown in Fig.
3 together with the data of other heavier ions measured at
ESR [11]. Our data for a 7 MeV proton beam shows that
the transition had occurred at a lower reflection
probability around 60 %.

The above results are obtained for coasting beams.
The importance of such a study to check the capability of
similar transition for bunched beam was pointed out [14],
which is one item to be studied at S-LSR in the near
future.

Particle dynamics in accelerators and storage rings, cooling methods 49



TUXCHO03
250 . . . : :
1 % 10° particles With cooling
200l (initially stored) T=3.6K
(lo)
1501

1001 Without cooling
T)=6.9x10'K

50} (lo)

0

-4 -3 -2 -1 0 | 2 3 4
Momentum spread ( X 1073 )
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and without laser cooling.

LASER COOLING
Longitudinal Cooling of Coasting Beam

The laser light co-propagating or counter-propagating
with the ion beam can only accelerate or decelerate the
ion in the longitudinal direction and can cool down the
temperature of the longitudinal direction. Utilizing the
heat transfer due to IBS, it was demonstrated that the
transverse temperature is also cooled down by performing
longitudinal laser cooling. [15, 16] Transverse laser
cooling, solely based on single-particle interaction of
the ion beam with a laser beam, was also demonstrated.
The scheme utilizes the dependence of the horizontal
position of the ion on the longitudinal momentum, in
combination with a transverse gradient of the light force
("dispersive cooling”) [17].

Laser cooling with the use of a ultra-violet laser light
(280 nm) co-propagating with the ion beam has been
applied to the **Mg" beam with an energy of 40 keV at S-
LSR in ICR, Kyoto University. For the counteracting
force with the laser cooling force, an induction accelerator
was utilized which can generate a decelerating field of 6
mV. In Fig. 4, the momentum distribution of the coasting
Mg ion beam with and without the application of laser
cooling at an initial beam intensity of 1 x 10° is shown.
The cooled longitudinal temperature was 3.6 K with a
reduced beam intensity of 3 x 10* due to IBS and residual
gas scattering. IBS effect reduced the transverse
temperature to =500 K resulting in a higher longitudinal
temperature of 11 K at a beam intensity of 2 x 107[18].

Indirect Transverse Laser Cooling with SBRC

The degrees of freedom between the longitudinal and
horizontal directions can be coupled by accelerating the
ion beam at the position with finite dispersion function by
the operation point satisfying the following relation
(SBRC) [19]:

Vy —V, =m (integer). (6)

Further the horizontal and vertical coupling can be
realized with the condition:

vV, —V, =n (integer), @)
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Fig. 5 Time variation of the horizontal beam size for
various synchrotron tunes observed by a CCD camera.

satisfying the difference resonance utilizing a solenoidal
or a skew magnetic field. Thus the laser cooling force is
well expected to be extended to 3 dimensions.

At the first step, the indirect transverse laser cooling
with the use of SBRC is experimentally demonstrated as
shown in Fig. 5 [20], which gave a rather long cooling
time as 101 sec. for a beam intensity of 1x 107 due to IBS
heating. In Fig. 6, synchrotron tune dependences of
cooled momentum spread (red) and the horizontal beam
size (blue) are shown. Clear local minimum and

maximum appear in these graphs at the SBRC condition.
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Fig.6. Synchrotron tune dependence of the

momentum spread (red) and observed horizontal
beam size (blue) after laser cooling.

Controlled Beam Scraping to Suppress IBS

In order to reduce the heating effect by IBS and to
increase the efficiency of the indirect transverse laser
cooling by SBRC, reduction of the beam intensity with
the use of scraping has been proposed [21]. The initial
horizontal beam size of 3.9 mm corresponding to the
averaged temperature of 8400 K, was cooled down to 1.3
mm and 1.8 mm for SBRC on and off conditions,
respectively for a beam intensity of 9 x 10° ions. By
reducing the beam intensity, the IBS heating is expected
to be reduced, however, the signal to noise ratio has also
been reduced, which disabled us to perform beam size
observation with the use of a standard fluorescence based
techniques by a CCD camera described in Ref. [22]. So
we utilized another scraper (Horizontal Scraper 2 or
Vertical Scraper) to measure the beam profile in addition
to the one (Horizontal Scraper 1) to control the beam
intensity [23]. By detecting the beam survival ratio at
various scraper positions, we could observe the beam
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profile as shown in Fig. 7. We measured the beam sizes
for various beam intensities from 1x 10° to 1 x 10* by
changing the insertion position of the first scraper (H
Scraper 1 in Fig. 1) which moves in the horizontal
direction and after arriving a certain pre-determined
position, returns back to its original position, which is 15
mm inner side from the beam center.

In Fig. 8, the beam intensity dependence of the
horizontal beam size measured by H scraper 2 (Fig.1), is
shown for a laser irradiation power of 8+1mW. By
scraping to the intensity of 1 x 10*, the cooled horizontal
beam size was reduced to 0.17-0.30 mm and 0.55-0.61
mm for SBRC on and off, respectively. Taking into
account the fractional momentum spread (Ap/p)
measurable by a Post Acceleration Tube (PAT) [24],
somewhat smaller horizontal beam size is expected,
which, however, is not yet obtained experimentally for
such a low intensity at the moment. Horizontal beam size
uncorrected for this effect is utilized below, standing at
the safety side. Thus the horizontal emittance is estimated
to be 3.0-9.3 x 10® nm-rad for SBRC condition which
corresponds to the average temperature of 16-50 K
through Eq. (4). It is shown that the horizontal beam
size reached by indirect transverse laser cooling is

Horizontal
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Fig.8  Ion number dependence of the horizontal beam
size measured 3 sec. after the start of the indirect
transverse laser cooling with the irradiated laser power
of 8+1mW.
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Fig. 9 Time variation of the horizontal beam size
after the start of the laser cooling observed with a

scraper for the beam intensity of 9 x 10* [23].

reduced by reduction of the beam intensity due to
suppression of IBS, resulting in an increase of the
indirect laser cooling efficiency. In Fig. 9, the time
variation of the horizontal beam size indirectly laser
cooled with the scraped beam intensity of 9 x 10* is
shown, which gives us a cooling time of 2.6 sec, more
than one order of magnitude shorter compared with the
beam of the intensity of 1 x 10”. It, however, seems to be
still not so good enough to be able to realize the transition
to a beam string. Further reduction of the beam intensity
attaining enough S/N ratio might be needed for phase
transition to a string state.

In Fig. 10, similar beam intensity dependence of the
vertical beam size is shown. In the present case, the
operation point of (2.07, 1.12) does not satisfy the
difference resonance condition given by Eq. (7) and
neither a solenoidal nor skew field was applied. So no
coupling between the horizontal and vertical motions
other than IBS is expected. The vertical heat is
considered to be transferred mainly to longitudinal
direction through IBS. As is known from Fig.10, the
initial vertical beam size of 3.9 mm corresponding to the
emittannce of 4.1 m mm-mrad is reduced to 1.9 mm and
3.3 mm by application of indirect transverse laser cooling
for 3 sec. for beam intensity of 9 x 10° with and without
SBRC condition, respectively. With SBRC condition on,

Vertical
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Fig.10 Ion number dependence of the vertical beam size
measured 3 sec. after the start of the indirect transverse
laser cooling with the irradiated laser power of 8£1mW.
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Table 2 List of transverse temperatures attained by the indirect transverse laser
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beam size becomes 0.30-

cooling 044 mm and 0.6 mm for

Year | Method Ion | Kinetic | Intensity | T, Ty Ty Ref SBRC on and  off,

Energy respectively. These values

1996 | IBS 9Bet | 7.3MeV | 20x10" |15 4000 500 [15] correspond to the vertical

1998 | Dispersive | 9Be* 7.3MeV | 1.0x 10 few ~500" ~150° | [17] emittances of 2.4-5.2 x 107

cooling tens nm-rad and 9.6 x 10° n m-

2001 | RFQ #Mg* | 1eV 18x10° | <3m T, <0.4 [25] | rad, respectively. Thus the

2008 | IBS 2Mg* | 40keV | 1.0x10_ | 11 - 500 (18] | average vertical temperature

2009 | WSBRC | 24Mg* [ 40keV | 1.0x 107 |27 220° [20] | has come down to 7-15 K

2009 | WO SBRC | 2iMg* | 40keV | 1.0x 10" [ 16 [20] | with SBRC on for the beam
2012 | WSBRC | 2¢Mg* | 40keV | 1x10° - <16-50 | 7-15 [ [23] | intensity of 1 x10".

2012 | WO SBRC | 24Mg* | 40 keV 1x10° - <150-190 | 30 [23]
(unit of the temperature is K, **estimated from the data in the figures of the reference [17] As shown in table 2,

and [20], respectively. * laser size is too small to give the correct beam size.)

the horizontal beam size is cooled down rapidly
compared with the off case and the line density of the ion
becomes larger, which results in more efficient cooling of
the vertical beam temperature by increase of IBS. For
scraped beam intensity of 1 x 10* ions, cooled vertical

SUMMARY AND DISCUSSION

We have tried to attain the lowest possible
temperature of a **Mg" ion beam with the kinetic energy
of 40 keV with the use of laser cooling technique to
extend a strong laser cooling power for 3 dimensions.
Experimental demonstration of SBRC has been
performed at S-LSR and an intensity reduction with the
use of controlled scraping results in the reduction of the
transverse temperature down to 16-50 K for the horizontal
direction and 7-15 K for vertical direction, which is the
lowest temperature ever realized through laser cooling at
storage rings with rather high energy. The longitudinal
temperature at our experiment, however, remains at rather
high level higher than a few tens K for the intensity of 1 x
10" as shown in Table 2, obstructed by the limitation of
the available laser power.

Computer simulation assuming S-LSR lattice predicts a
formation of a string for the 35 keV **Mg" ion beam at a
intensity of 10° (10 ions per bunch for harmonic number
of 100) [26], which, we hope will be demonstrated in a
near future experimentally at S-LSR by improvement of
the laser power and sensitivity of the beam observation
system.
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BEAM COOLING AT NICA COLLIDER
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Abstract

At the heavy ion collider NICA presently promoted at
the JINR, the beam cooling will play the crucial roles to
attain the designed performance. The primary goal of the
collider is to achieve the high luminosity ~1e27 /cm?/sec,
preventing the IBS diffusion effects by beam cooling to
keep the luminosity during the experimental period. The
other purpose of the cooling is to accumulate the required
beam intensity up to several times 1el0 from the injector
Nuclotron with use of the barrier bucket method. After
the BB accumulation the coasting beam is adiabatically
bunched with the help of RF field and the beam cooling.
In the present paper the detailed simulation results are
presented for the above process mainly in the longitudinal
freedom.

INTRODUCTION

The heavy ion collider proposed at the JINR aims to
achieve the head-on collision of 1-4.5 GeV/u, '”’Au”" ion
beam with the luminosity of ~le27/cm*sec. [1] The
number of bunches in the collider is 24 and each bunch
contains the ion number of ~1e9, depending upon the
operation energy. Thus totally around ~2.4el0 ions
should be accumulated in the collider ring. The injector
for the collider is the existing superconducting
synchrotron, Nuclotron, which could provide the beam of
1-4.5 GeV/u with the intensity of le8-1¢9/cycle of the
cycle time 5 sec. The bunch length of the beam from the
Nuclotron is around 1/3 of the circumference, 300 nsec.
(2,3]

In the present scenario, the bunch is transferred to the
collider without any manipulation for the short bunch
formation in the Nuclotron which allows us much easier
operation of the Nuclotron. The long bunch is transferred
in the longitudinal injection area which is provided by the
barrier voltages, and is accumulated with the assistance of
stochastic cooling for the high energy and the electron
cooling for the low energy, say below 2 GeV/u.

Thus accumulated heavy ion beam is the coasting beam
condition, and then the large RF voltage is applied
adiabatically as well as the beam cooling. The beam is
gradually bunched to the required rms bunch length for
the collision experiment ~2ns (rms). The bunch length is
the equilibrium state of RF field, beam cooling, Intra
Beam Scattering (IBS) and space charge repulsion.
Especialy at low energy, the IBS diffusion and space
charge force could affect the beam motion at the short
bunch condition.

The detailed analysis of the beam dynamics for the
stochastic cooling application was reported elsewhere [4]
and here the main emsphasis is given on the electron
cooling and space charge problem.

STOCHASTIC COOLING

The operation energy of the collider is from 1 GeV/u
to 4.5 GeV/u where the ring slipping factor is drastically
changed. In Table 1 the ring slipping factor, transition
gamma being fixed as 7.09 and the local slipping factor
from the stochastic cooling PU to Kicker are tabulated.
The distance from PU to kicker is assumed as 170 m. The
coasting equivalent particle number is given as the
product of bunch number/ring, number of ions /bunch and
the bunching factor. Thus obtained coasting equivalent
particle number is corresponding to the condition that the
peak intensity of the bunched beam are populated as the
coasting beam in the ring.

Table 1. Beam parameters for various energies

Energy (GeV/u) 1.5 2.5 3.0 4.5
Ring slipping factor | 0.1268 | 0.0537 | 0.0350 | 0.00949
Local slipping 0.1173 | 0.0442 | 0.02546 | -5.4e-5
factor
Particle 3.0e8 1.50e9 | 2.50e9 | 6.0e9
number/bunch
Coasting equivalent | 7.26e10 | 3.63ell | 6.05e11 | 1.45¢12

particle number

The bandwidth of the stochastic cooling system is
preferably as wide as possible because the cooling time is
inversely proportional to the bandwidth. On the other
hand the momentum acceptance of the cooling system is,
in general, becomes narrower for the wider bandwidth.
Also the momentum acceptance is closely related with the
ring slipping factor as well as the local slipping factor. In
the present scenario the Palmer cooling method is
envisaged where only the local slipping factor limits the
momentum acceptance. Presently two bandwidth, 2-4
GHz and 3-6GHz are candidates.

Barrier Bucket Accumulation with Stochastic
Cooling

The beam accumulation is designed to use the fixed
barrier bucket method whose concept was experimentally
verified at the POP (Proof Of Principle) experiment at the
ESR GSI.[5] It should be noted that the POP experimental
results are in well agreement with the simulation results.
[6] The parameters of the barrier voltage as well as the
stochastic cooling in the collider are tabulated in Table 2.

In the present simulation, the PU and kicker
structure is assumed as the classical A/4 electrode
structure. In the meanwhile the new structure is being
developed [7] which has the larger sensitivity and then the
small number of electrode could be enough. Then the
parameters of stochastic cooling system could be slightly
changed in the construction phase.
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The particles are injected in the unstable area
between two barrier voltages and they are flowed into the
lower potential region, stable area within the cycle time of
10 sec. The particle distribution after 30 pulse stacking is
represented in Fig. 1 for 3.5 GeV/u ions. Details of beam
simulation code are given in the reference paper [8].

Table 2. Parameters of Stochastic Cooling

& Barrier Voltage
Particle 7 Au""
Ring circumference 503.04 m

Number of injected particle 1e9/cycle

Injected momentum spread 3e-4 (rms)

Injected bunch length 300 nsec

Ring slipping factor 0.00845

Dispersion at PU & Kicker 50m & 0.0 m

Band width 2 -4 GHz or 3-6 GHz
Number of PU & Kicker 128 or 64

PU Impedance 50 Ohm

Gain 120 dB

Atmospheric temperature 300 K

Noise temperature 40K

Barrier voltage 2 kV

Barrier frequency 2.5 MHz (T=400 nsec)
Injection kicker pulse width 500 nsec

Transverse emittance 0.3 7 mm.mrad

#p taufsec] Energy [eV] at 0.000000¢+00 [5]

% Unstable Area

AE [MeV/u]

|_revolution timé,;

nergy [eV] at 3000000402 [s] Cooling

) Stable A rea

Stable Aneg

AE [MeV/u]

Fig. 1. Phase space mapping of the particles at the 1%
injection (top) and after 30 stacking (bottom). The
particles are represented with red dots and the barrier
voltages are blue line. The injected beam is located in the
central unstable area. lon energy is 3.5 GeV/u.

The increase of the accumulated particle number is
given as a function of time in Fig. 2 where also the
accumulation efficiency is given. The accumulation
efficiency is defined as the ratio of accumulated particle
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number to the total injected particle number. It is
gradually decreased to 90 % after 50 pulse injection. The
cooling system gain should be reduced against the
increase of particle number so as to suppress the Schottky
noise. The required microwave power is 800 Watt at the
beginning of gain 115 dB.

Accumulated Particle Number & Efficienc

Se+10

4e+10 1

3e+10 [
4 80
2e+10

Required particle number

Accumulated Particle Number
Accumulation Efficiency (%)

le+10 |
e+ 1 60

, | , ,
0 100 200 300 300 500"
Time (sec)

Fig. 2. Increase of accumulated particle number as a
function of time. Red line: accumulated particle number.
Green line: accumulation efficiency. Energy is 3.5 GeV/u.

Short Bunch Formation with Stochastic Cooling

The process of short bunch formation can be separated
in two steps. At the first step the 200 kV RF voltage of
harmonic number equal to the required bunch number
(h=24), is adiabatically applied to the coasting beam. In
parallel the stochastic cooling system is applied of which
the gain is gradually decreased. Thus pre-bunched beam
has the bunch length of 3 ns (rms) and 4p/p of 6e-4 (rms).
In the 2™ step, this bunch is re-captured by the 500 kV RF
field of harmonic 96 or 120. The gain of stochastic
cooling system is kept constant as 80 dB in the 2™ step
during further bunching.

The evolution of bunch length and the relative
momentum spread during the 2nd bunching process are
given in Fig. 3. When the stochastic cooling is applied,
the equilibrium values of bunch length is attained at 1.2
nsec and Ap/p (rms) is 8e-4 while they are increased
gradually due to the IBS heating effects without cooling.

The RF hardware for these beam manipulation is now
being designed [9].

ELECTRON COOLING

For the lower energy less than 2.5 GeV/u the
stochastic cooling could not work well as the slipping
factor becomes so large (see Table 2). For such low
energy operation, obviously the electron cooling is
effective. The designed electron cooler parameters are
given in Table 3.
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Bunch Length (nsec)

0.0014

0.0012

0.001

Rms value of Dp/p

0.0008

0.0006

0 20 40 60 80 100

Fig. 3. The evolution of rms bunch length (top) and the
Ap/p (bottom) are illustrated as a function of time. Red:
with stochastic cooling, Green: without stochastic
cooling.

Table 3. Parameters of electron cooler for NICA collider

Cooler length 6 m
Electron current 1A
Electron diameter 2 cm
Effective electron temperature 1 meV
Transverse electron temperature 1eV
Longitudinal magnetic field 0.1 T
Beta function at cooler section 16 m

Typical cooling process is illustrated in Fig. 4 where
the beam energy is 2 GeV/u and the particle number is
3ell as a coasting beam equivalent. The equilibrium
values are attained after 25 sec cooling as the transverse
emittance of 0.12/0.09 (H/V) n mm.mrad and Ap/p=3.7e-
4, respectively where the IBS effects are included. In the
present analysis, the electron cooling force is derived
from the Parkhomchuk empirical formula.

Tramsverse E

Fig. 4. Evolution of emittance (red: horizontal, green:
vertical) and 4p/p (blue) of 2.0 GeV/u ions with electron
cooling. The IBS effects limit the equilibrium values.
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In order to estimate the cooling time for several
energies, the cooling process are calculated without IBS
effects as in Fig. 5. The rough estimation of full cooling
times are 3 sec (1 GeV/u), 200 sec (2 GeV/u), 70 sec (3
GeV/), 200 sec (4 GeV/u) and 300 sec (4.5 GeV/u),
respectively. Thus it could be concluded that the electron
cooling would not help enough beyond the energy 2.0
GeV the cooling mechanism of the barrier bucket
accumulation method with cycle time 10 sec as the
cooling time is much longer than the cycle time.

0.001 .

00006 § ©

00004 ff

Relative Momentum Spread

0.0002

0 L - L
50 100 150 200 250 300 350

Time(sec)

Fig. 5. Evolution of momentum spread for 1.0 (red), 2.0
(green), 3.0 (blue), 4.0 (pink) and 4.5 GeV/u (light blue).
The IBS effects are not included. Initial values are, 1.0
© mm.mrad (transverse) and 1.0e-3 (4p/p).

Barrier Bucket Accumulation with Electron

Cooling

The energy of ion is 1.5 and 3.5 GeV/u, and the
initial Ap/p is assumed as S5e-4 (rms). Injected particle
number is 1e9/shot with cycle time 10 sec. The calculated
increase of accumulated particle number and the
accumulation efficiency is given in Fig. 6.

2.5e+10

g

2e+10
98
15e+10
96

1e+10
94

Accumulated Particle Number
Accumulation Efficiency (%)

S5e+09
< 92

0 100 150 200 2! 090
Time (sec)

Te+09

6e+09
5e+09
4e+09 60

3e+09
40
2e+09
20
1e+09

20 40

Accumulated Particle Number
Accumulation Efficiency (%)

60 Timesgsec) 100 120 140 160

Fig. 6. The increase of accumulated particle number (red)
and accumulation efficiency (green) during 25 times
injection. Top: 1.5 GeV/u and bottom: 3.5 GeV/u
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The accumulation efficiency is around 90 % after 25
times injection at 1.5 GeV/u while it becomes as low as
40 % at 15 times injection at the energy of 3.5 GeV/u.
The summary of simulation results of barrier bucket
accumulation are tabulated in Table 4.

Table 4/ Summary of barrier bucket accumulation with
electron cooling

Energy Rms Efficiency (%) | Rms Beam Rms

(GeViu) | Ap/p & Particle Size at 150 | Ap/p at
(le-4) | Number at 150 sec (mm) 150 sec

sec (1e-4)

1.5 5 98/1.5e10 0.3~1.0 1.0

1.5 10 87/1.4e10 0.4~1.2 2.5

2.5 5 68/1.1e10 0.8~1.2 2.0

2.5 10 54/8¢e9 1.0=1.5 5.0

3.5 5 28/5¢9 1.5~2.2 4.5
SPACE CHARGE EFFECTS

In the previous chapters, results of longitudinal beam
dynamics are given without taking account the space
charge effects. In the present chapter, the space charge
fields are included in the simulation of beam
accumulation and short bunch formation. In order to save
the computing time the IBS effects are not included in the
present study. The energy of ion is selected as 1.5 GeV/u
because the space charge effect is proportional to 7 and
the lowest energy is most sensitive to the space charge
effects.

The particle tracking including the space charge field is
performed with use of the scheme of Particle In Cell (or
Cloud In Cell) method. [10]

The longitudinal electric field due to the space charge
is given by

g 2
E(2)=—
42 dre,y oz 6))

where g is the geometric factor, p(']) is the line charge
density, z is the longitudinal position. From this electric
field the energy variation of ions per unit time is derived
and the synchrotron motion is represented by following
equation.

dAE  ZV,
dr - A ]-(v) cool

§ dp
dme,y” dt

z
A

2)
Here the V,, means the external RF field, £, the cooling
effects and the 3rd term in the right hand side shows the
space charge effects. Z is the charge state of ion and A4 the
mass number. The accompanying phase equation is given
as usual as

dt [)’2 E, (3)

The geometric factor is simply given by
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g=1+2.0In(b/a) 4)

where « is the bunch radius and b is the radius of beam
pipe.

The beam accumulation process can be performed
using the equations (2) and (3). The parameters are as
follows; ion energy 1.5 GeV/u, injected ion number
1e9/shot, cycle time 10 sec, ring slipping factor 0.1268,
initial momentum spread S5e-4(rms). Barrier voltage=2
kV, barrier frequency=2.5 MHz, injection kicker firing
time=0.6e-6 sec.

2e+10

g

1.5e+10

©°
®

le+10

Accumulated Particle Number
r 8
Accumulation Efficiency (%)

5e+09

°
>

(=]
S

50 100 150 2
Time (sec)

Fig. 7. The accumulated particle number (red) and the
accumulation efficiency (green) up to 20 times injection
including the space charge effects. Energy is 1.5 GeV/u

Comparing with the result without space charge
effects (in Fig. 6), the accumulation efficiency is slightly
decreased.

The space charge potential after the accumulation of
ions are illustrated in Fig. 8 where the particle density is
given in red colour and the space charge potential with
green colour. In the central area the injected particle
density is shown while two flat areas at left and right
sides show the accumulated particle density. The space
charge potential arises at the central part due to the
derivative of the injected particle density and two sharp
peaks are observed at the edge of accumulated area. The
space charge potential after 20 times accumulation
reaches to +/- 150 Volt while the space charge potential
due to the injected particle (1e9 ions) is +/- 10 Volt.

It is clear from these results that the space charge
effects do not affect the beam accumulation process as the
barrier voltage is large enough 2 kV comparing with the
space charge potential.

The next step is the short bunch formation with
application of 200 kV RF voltage of harmonic number 24
and electron cooling force.

The comparison of space charge potential and the
external RF voltage at the short bunch formation are
illustrated in Fig. 9. Just at the starting of bunch formation
the space charge potential is less than +/- 1 kV while it
reaches to +/- 20 kV at the equilibrium state of bunch
length +/- 3 nsec after 100 sec cooling.
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Fig. 8. Accumulated particle density (red) and space
charge potential (green). From the top to the bottom, time
is 50 (5 times injection) and 200 (20 times injection) sec,
respectively.

RF Voltage (kV)
Space Charpe Potential (kV)

Fig. .9 Comparison of external 200 kV RF (red) & space
charge potential (green). From the top to the bottom, time
is 1 and 100 sec, respectively. The ion number is
1e9/bunch.

CONCLUSIVE REMARKS

We have performed the simulation work on the barrier
bucket accumulation and short bunch formation with
stochastic cooling and electron cooling at the operation

TUYCHO02

energy from 1.5 GeV/u to 4.5 GeV/u. It is found that the
stochastic cooling well works at the energy beyond 2.5
GeV/u while at the less energy the momentum acceptance
of stochastic cooling system becomes too narrow due to
the large slipping factor. On the other hand below 2.5
GeV/u the electron cooling could work to accumulate the
beam as well as the short bunch formation. In this sense,
both cooling method are perfectly complimentary each
other.

The space charge potential becomes around +/- 20
kV at 1.5 GeV/u at the bunch length of +/- 3 nsec while at
the higher energy the potential becomes small value.
Considering the external RF voltage, 200 kV-500 kV, this
space charge problem could be minor effects to the short
bunch formation.
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A.V.Ivanov, Budker Institute of Nuclear Physics SB RAS, Novosibirsk
A.A Filippov, M.P.Kokurkin, N.Yu.Lysov, M.M.Pashin, AREI, Moscow

Abstract

The 2.5 MeV electron cooler for the NICA collider is
being designed at JINR [1]. The conceptual design of the
electron cooling system has been developed and working
design has been started. The 250 kV prototypes of the
high voltage (HV) generator of the cooler has assembled
and being tested.

DESIGN OF THE COOLER

The electron cooler (Fig. 1) consists of three tanks filled
with SF6 gas under pressure of 8 at. The tanks 1 and 3
contain acceleration tube and electron gun for one of the
electron beam and deceleration tube and electron collector
for opposite direction electron beam. HV generator is
placed in the tank 2.
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Fig.1. General view of the electron cooler (working
design). 1, 3 — tanks with electron gun and acceleration
tube and deceleration tube + collector for electron beam
of opposite direction, 2 — tank with HV generator, 4 —
beam transportation solenoids, 5 - electron cooling
section.

MAGNETIC SYSTEM

The magnetic field is formed by a set of straight and
toroidal solenoids (Fig.1). The solenoids forming the
magnetic field in the region of acceleration/deceleration
tubes are placed outside the tanks that resolve the problem
of the high voltage insulation (Fig.2).

yakoven@jinr.ru

Table 1. Cooler parameters

Electron energy, MeV 0.5+25
Electron beam current , A 0.1+1,0
Beam diameter, cm 1,0
solenoid magnetic field, T 0.1+0.2
HV PS current, mA 1
Collector PS, kW 2%x2

HV PS stability, AU/U 1x10™
SF¢ gas pressure, at 5+8

To form 2 kG magnetic field the solenoids have to have
the next parameters: linear current density of 1.6 kA/cm;
height of 2500 mm; diameter of 2100 mm. Comparing
warm and superconducting solenoid parameters (cost,
weight, power consumption, a.e.t), we have chosen the
last one for tanks region (Table 2).

5780

Fig.2. 1 - electron gun, 2 - electron collector, 3-
acceleration/deceleration tubes, 4 - the SC solenoid in
cryostats with iron shields.
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HIGH VOLTAGE GENERATOR

High voltage (HV) generator placed in one of the tank of
the cooler (Fig.3) is based on the principle of the cascade
scheme [1]. The power transmition to the high potential
will be done with rotating rods (shafts).

The 250 kv prototypes of the high voltage generator of
the cooler (fig.4) has assembled and being tested.

Table 2. Superconducting solenoids parameters

Magnetic field, T 0.2
Operating current, A 200
Solenoid height, mm 2500
Solenoid inner diameter, mm 2300
Number of winding layers 2 Fig.4. HV generator prototype U = 250 kV, Ii = 1 mA.
Number of turns 2000
Inductance, H 8.35 CONCLUDING REMARKS
Mass of superconductor, kg 50 The testing of the 250 kV prototype of HV cooler is in
progress. The design and fabrication of HV generator and
Superconductor cost, M$ 0.07 the design of the superconducting solenoids have been
Cryostat, mandrel, current leads etc| 0.47 started.
M$
Power consumption, MW 0.03 REFERENCES
— [1] E.V. Ahmanova, et. al./ “Electron cooler for NICA
Electricity cost per 5000 hours, $M 0.017 collider”, http://accelconf.web.cern.ch/accelconf/

COOL”11, TUPS13, p.125-128.

Fig. 3. Design of power supply of 2.5 MV.
1- cascade generator, 2 - gun and collector power supply,
3 - power transmitters to high potential (“shafts”)
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LONG TERM BEAM DYNAMICS SIMULATION
WITH THE BETACOOL CODE

A.O.Siodrin, A.V.Smirnov”, JINR, Dubna, 141980, Russia

Abstract

General goal of the BETACOOL program is to simulate
long term processes (in comparison with the ion
revolution period) in the ion storage ring leading to
variation of the ion distribution function in 6 dimensional
phase space. The ion beam motion inside a storage ring is
supposed to be stable and it is treated in linear
approximation. Results of the numerical simulation of the
beam dynamics for new project NICA (JINR, Russia) are
presented.

APPLICATIONS OF BETACOOL CODE
OVER THE WORLD

The idea of the BETACOOL code was appeared about
18 years ago for the simulation of the beam dynamics
under action of the electron cooling. BETACOOL means
that simulations take into account the beta function in the
cooling section.

In the present time the BETACOOL code includes
different models of a few physical process which are
usually exist in the storage rings [1]: electron, stochastic
and laser cooling, intrabeam scattering, scattering on
atoms of the residual gas and different types of internal
target, colliding regime and particle losses, etc.

The BETACOOL code was elaborated in the
collaboration with different scientific centres in the world
where was benchmarked on the existing experiments and
used for the simulation of new accelerator projects:

e Benchmarking of IBS and electron cooling models:
CELSIUS (TSL) [2], ESR (GSI), TechX (Colorado),
RHIC (BNL) [3], Recycler (FNAL), COSY (FZJ)
[4], S-LSR (Kyoto Univ.) [5];

e Luminosity preservation in colliders: MUSES
(RIKEN) [6], RHIC-II (BNL) [7], PAX (FAIR) [8],
NICA (JINR) [9];

e Simulations of experiments with internal target:
PANDA@HESR (FAIR) [10], WASA@COSY (FZJ)
[11], ESR (GSI) [12];

e Beam ordering (crystalline beams): S-LSR (Kyoto
University) [13], NAP-M (BINP), COSY (FZJ) [14],
ESR (GSI) [15];

e Simulations of cooling-stacking process: LEIR
(CERN), HIRFL-CSR (Lanzhou), NICA Booster
(JINR) [16];

e Low energy electron cooling: TSR [17] and USR
(MPI) [18], ELENA (CERN);

e RF burrier bucket system: Recycler (FNAL) [19],
ESR (GSI), NESR and HESR (FAIR) [20], NICA
Collider (JINR).

#smirnov@jinr.ru

Basic algorithms and software structure are described
in details in BETACOOL guide [21]. The possibilities of
the BETACOOL application for optimization of a storage
ring operational regimes are illustrated in this report on
example of the heavy ion mode of the NICA collider
operation mainly. The beam cooling (both — electron and
stochastic) at the NICA collider has two relatively
independent goals: beam stacking using barrier bucket
technique and luminosity preservation during collisions.

PARTICLE ACCUMULATION WITH
RF BARRIER BUCKET SYSTEM

RF barrier bucket system was proposed for the particle
accumulation in the NICA collider in order to provide
required beam intensity independently on intensity of the
bunch at single injection [22]. In the ion energy range
from 1 to about 3 GeV/u the beam stacking is planned to
be realized using stationary burrier pulses with the
electron cooling of the injected beam.

RF barriers divide a ring circumference on two parts:
one of them corresponds to unstable synchrotron motion,
in the second one the motion is stable. After injection into
the unstable region the particles are cooled down with the
electron cooling and accumulated between barriers in the
part opposite to the injection region. At the next injection
all the particles located in the injection region are killed
by the injection kicker pulse. The NICA collider RF
barrier bucket system is designed to provide the barriers
of rectangular shape. Example of the stacking process
simulation with BETACOOL is presented in the Fig.1.

o™
[=]
(=]
=]
B
% \,o \,; . # “
o = &, Ed % sthae
% . Y
5° B G SERRSE
o ¢
o~ %,
(=]
=
@
275 315 0 1375 275
S - 50 [m]

Figure 1: Longitudinal phase space after second
injection for the ion energy 1.5 GeV/u: dots — model
particles, red line — barrier bucket potential distribution in
the momentum deviation units.

The stacking efficiency is determined by the ratio
between the injection repetition period and the cooling
time. The working cycle of the NICA injection chain is
equal to about 5 seconds and it provides single bunch of
about 10° Gold nuclei. Even accelerated bunch is injected
into the first collider ring the odd — into the second ring. It
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means that for each collider ring the injection repletion
period is about 10 seconds. Dynamics of the stacking
process simulated with the BETACOOL is shown in the
Fig. 2.
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Figure 2: Particle accumulation with barrier bucket and
electron cooling: black line — particle number, green —
accumulation efficiency. Ion energy 2.5 GeV/u.
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The accumulation efficiency decreases with increase of
the the ion energy. It is equal to 92% for ion energy 1.5
GeV/u and 66% for 2.5 GeV/u. For the ion energy more
than 2.5 GeV/u the electron cooling times are much
longer than the injection repetition period (Table 1) and
the stacking efficiency decreases very fast.

Table 1: Beam stacking in the NICA collider

Ion ring

Ion energy, GeV/u 1.5 2.5 4.5
Particle number per injection cycle 10°

Initial emittance (h/v), t mm mrad 1.1/0.9

Initial momentum spread 5%10™
Barrier bucket voltage, kV 2

Electron cooling

Cooler length, m 6

Electron current, A 1

Electron beam radius, cm 1
Magnetic field, kG 1

Beta function at cooling section, m 16
Longitudinal cooling time, sec 3 12 80
Accumulation efficiency, % 92 66 34

TUACHO02

voltage shape introducing small accelerating (or
decelerating) voltage in the unstable region keeping the
integral over circumference equal to zero. The cooling
efficiency can be also increased with the deviation of the
electron energy.

For instance, the particle accumulation with electron
energy shift (AP/P=10") and nonzero voltage at the
injection region (+10 V) increases the stacking efficiency
by about 10% at the ion energy 2.5 GeV/u (Fig.3).

0.002

dP /P

0.002

-250 125 125 250

0
S - 50 [m]
Figure 3: Longitudinal phase space after 160 sec with
electron energy shift (AP/P=10"*) and nonzero voltage at
the injection point (+10 V). Ion energy 2.5 GeV/u.

LUMINOSITY PRESERVATION WITH
ELECTRON COOLING

The bunch parameters in the NICA collider are chosen
near thermo dynamical equilibrium between all three
degrees of freedom in the total energy range. At this
condition the intrabeam scattering (IBS) heating times are
equal to each other for transverse and longitudinal planes
(Table 2). Role of the cooling during the collisions is to
compensate the IBS heating and to stabilize the bunch
parameters during long period of time. General problems
at electron cooling application are the ion recombination
with the cooling electrons and formation of specific shape
of the ion distribution function. Electron cooling leads to
formation of small dense core of the beam and long tails
which are not cooled practically. One of the way to avoid
both problems is to use so called “hollow” electron beam:
the beam with very small electron density in the central
part.

Table 2: Colliding regime

These results are in good agreement with independent
simulations presented in [23].

The BETACOOL provides tools for optimization of the
RF and electron cooler parameters in order to improve the
situation. The beam losses during injection are related
with the already circulating particles having very small
momentum deviation in the unstable region. Such
“frozen” particles are not affected practically by the
cooling and they can move through the unstable region
during a few hundreds of seconds. To push out them from
the injection region one can slightly modify the barrier

Bunch number 24

Bunch length, m 0.6

Beta function at colliding point, m 0.35

Ion energy, GeV 1 3 4.5
Particle number per bunch, 108 2.7 24 22
Momentum spread, 10~ 062 125 165
Emittances (hor/ver), 1 mm mrad 1.1/1  1.1/0.9 1.1/0.8
Luminosity, 10?7 ecm? sec™! 0.01 1 1
Inrabeam scattering time, sec 186 702 2540
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The BETACOOL provides a possibility to simulate the
cooling process at arbitrary shape of the electron
distribution over the radial coordinate. In the simplest
case the hole has to be chosen equal to the ion beam
radius in the cooling section corresponding to required
emittance. The electron density inside the hole is chosen
to stabilize the ion momentum spread (Fig. 4).

0.02

0.02

0.02 0 0.02
x[ml]

Figure 4: Hollow electron beam with the hole radius of
0.5 cm: black dot — particle distribution in real space, red
lines — distribution of the electron beam density.

At optimum choice of the electron beam parameters the
ion momentum spread and transverse emittances are
practically stable during long period of time (Fig.5a). The
slight increase of the luminosity (Fig.5b) is explained by
the deviation of the transverse beam profiles from
Gaussian shape. However the sharp central peak typical
for electron cooling is not formed. The recombination rate
is determined by the electron density inside the hole
which is about in one order less than in the outer layer.
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Figure 5: Evolution of beam parameters for ion energy
4.5 GeV/u and electron current 0.33 A: a) green line —
momentum spread, blue and red — horizontal and vertical
emittances, b) luminosity.
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CURRENT PLANS FOR BEAM COOLING AT FAIR

M. Steck, C. Dimopoulou, A. Dolinskii, O. Gorda, T. Katayama, S.A. Litvinov, Yu.A. Litvinov,
F. Nolden, C. Peschke, Th. Stéhlker, GSI Darmstadt, Germany,
J. Dietrich, R. Maier, D. Prasuhn, R. Stassen, H. Stockhorst, FZ Jiilich, Germany

Abstract

The improvement of the quality of secondary beams by
beam cooling is an essential component in the scenario of
the Facility for Antiproton and Ion Research (FAIR).
Beam Cooling is applied to match the secondary beams,
antiprotons and rare isotopes, which are produced in thick
solid targets, to the needs of experiments. Pre-cooling in
the Collector Ring, accumulation and preparation for
experiments in the High Energy Storage Ring are the
main tasks of the Cooling Systems. Many of the beam
cooling concepts for FAIR are studied experimentally in
the existing Experimental Storage Ring ESR which has
been operated at GSI over more than two decades and
which will also be available for beam physics
experiments in the coming years.

INTRODUCTION

The construction of the international Facility for
Antiproton and Ion Research (FAIR) [1] is presently
focussed on the Modularized Start Version (MSV). The
funding of this first stage of the project is secured and the
goal is to provide beams for all major experimental
programs. The scientific programs cover research with
high energy antiprotons in the PANDA experiment,
Compressed Baryonic Matter (CBM), nuclear structure
and related astrophysics, and atomic and plasma physics
and applications. Already in the MSV, all the various
types of experiments expect unprecedented possibilities
for their research field. The programs with secondary
beams are largely based on beam cooling which will be
used for phase space reduction of antiprotons, rare isotope
beams and highly charged ions.

The MSV of the FAIR project comprises various
existing, but even more new accelerator systems. The
program with heavy ion beams requires the existing
UNILAC linear accelerator and the heavy ion synchrotron
SIS18 as injector chain. By the addition of the
synchrotron SIS100 [2] the heavy ion beam energy can be
increased according to the higher rigidity of 100 Tm,
alternatively lower charge states can be accelerated
gaining in beam intensity by abandoning intermediate
stripping with associated intensity reduction. With a new
70 MeV proton linac a source of intense proton beams is
under construction which serves as injector into the chain
with SIS18 and SIS100 which will result in 29 GeV
protons for the production of antiprotons.

The high energy, high intensity beams after SIS100 will
produce either highly charged ions, rare isotope beams by
projectile fragmentation, or antiprotons from a primary
proton beam. The antiprotons exit from a nickel
production target where antiprotons at 3 GeV are selected
in a magnetic separator for injection into the new

Collector Ring (CR) [3]. For Rare Isotope Beams (RIBs)
the new large acceptance superconducting fragment
separator SuperFRS [4] will conduce to the production of
high intensity secondary beams which can be used for
fixed target experiments or for injection into the CR in
order to apply phase space compression.

With respect to beam cooling the CR will be the key
accelerator to improve the quality of secondary beams,
both antiprotons and RIBs. For both species the primary
beams in SIS100 will be compressed into a short single
bunch with a length of 50 ns. The secondary particles
after production in the target basically retain this time
structure, however, with an increased momentum spread.
Immediately after injection of the short bunch a bunch
rotation system reduces the momentum spread and
subsequent stochastic cooling will allow a fast reduction
of the momentum spread providing a high quality
secondary beam for transport to a subsequent storage ring
where it is stored and prepared for the experiment. In the
MSYV the High Energy Storage Ring (HESR) [5] will be
the exclusive user of pre-cooled CR beams. It is mainly
designed for the storage of antiprotons and experiments
using the PANDA set-up. Recently plans for the operation
of the HESR with ion and rare isotope beams were
discussed and are being worked out in detail.

As a continuation of ongoing GSI activities and in view
of the delay of the RESR and NESR storage rings which
are postponed within the FAIR project, the operation of
the existing ESR storage ring [6] will be continued. Since
it is equipped with a stochastic and an electron cooling
system, it can be used as a test bed for FAIR
developments. The option to decelerate heavy ions to 4
MeV/u opens already now the field of low energy beams
foreseen in the FAIR project. Further deceleration with
the HITRAP [7] decelerator and the plan to install the
CRYRING [8], which is a contribution to the FAIR
program with low energy antiprotons and ions, will allow
accelerator and experimental developments for a low
energy physics program at FAIR.

PRE-COOLING IN THE COLLECTOR
RING CR

The Collector Ring CR is a large acceptance storage
ring for the storage of secondary particles. The production
of the secondary beams in a thick solid target results in a
large emittance increase, both transversely and
longitudinally. The large transverse acceptance of the CR
allows efficient use in the capturing of secondary beams
emerging from the target. Different optical modes will be
used for antiprotons and ions. This is a consequence of
the requirements of stochastic cooling for proper mixing
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conditions of the particles. The increase of the
longitudinal momentum spread in the target is minimized
by forming a short bunch of the primary beam which is
directed to the production target. The bunch length is
virtually unchanged in the target and mainly the
momentum spread is increased. To be matched with the
incoming bunch the CR has large momentum acceptance.
However, the cooling time of the beam with the stochastic
cooling system in the CR can be reduced by reducing the
momentum spread. A dedicated rf system is designed to
provide a reduction of the momentum spread by bunch
rotation and adiabatic debunching of the incoming bunch.
This results in a nearly coasting beam with reduced
momentum spread for the subsequent application of
stochastic cooling. The main goal is the production of
good beam quality in shortest time. For antiprotons the
cooling time limits the average production rate, whereas
for RIBs the access to short-lived isotopes is determined
by the time needed to prepare the beam parameters to
values which are useful for the experiment.

The cooling time depends on the ring parameters and
the choice of the cooling system. For longitudinal cooling
the momentum slip factor of the CR has been optimized.
The different velocities of antiprotons and ions (B = 0.97
and 0.83, respectively) are matched by the optical setting
of the ring magnets with optimized momentum slip factor,
both locally and averaged over the ring. In addition, the
ring lattice has to be designed for proper phase advance
between the pick-ups and kickers of the two transverse
cooling systems and for their installation in dispersion-
free sections. All these aspects, which are relevant for
stochastic cooling, were considered in the ring lattice and
combined with the requirements for large acceptance
which is further optimized by a dedicated sextupole
correction scheme [9]. Another more recent consideration
came from the necessity to transfer beam directly from
the CR to the HESR resulting in a new extraction point.

The actual stochastic cooling system for the coasting
beam after bunch rotation was designed on the basis of
analytical estimates and numerical simulations. Design
issues were the choice of the system bandwidth 1-2 GHz,
both for the longitudinal and the transverse cooling
systems and the decision for notch filter cooling [10]. For
RIBs the notch filter cooling needs additional pre-cooling
with a Palmer cooling system which has to be added due
to band overlap in the injected hot secondary beam and
the relatively large momentum slip factor of the lattice for
RIB operation.

The ring installations of the stochastic cooling system
consists of horizontal and vertical pick-up and kicker
tanks, all four located in the dispersion-free straight
sections with proper phase advance between respective
pick-ups and kickers. The signals of both transverse
systems are also used in a sum mode for the longitudinal
notch filter cooling and the correction signals are sent to
the kicker electrodes. Each tank accommodates two times
eight electrode arrays of the slot line type on both sides of
the beam. The slot line electrodes are well suited for
operation in the velocity range which is defined by the
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velocity of ions (3 = 0.83) and antiprotons (B = 0.97). The
low signal to noise ratio for antiprotons and the necessity
of fast cooling have resulted in two additional features.
The pick-up electrodes can be cooled during operation to
20 K in order to reduce thermal noise and can be moved
synchronously with the reduction of the beam size in
order to provide optimum pick-up signals.

The electric parameters of the electrodes have been
measured on the test bench and their design has been
optimized [11]. The measurements also provide the input
for the design of the electric circuit and for computer
simulations of the cooling process. A new optical notch
filter was developed for application in the cooling circuit.
After extensive measurements in the laboratory, the
expected performance was demonstrated with beam in the
ESR. The present funding of the stochastic cooling
system foresees installation of a total rf power of 8 kW,
an upgrade to higher power with corresponding increase
of the cooling rate is an option, if additional funding is
available.

Table 1: Main Parameters for the stochastic cooling of
antiprotons in the CR.

ring circumference C 221.45m
revolution frequency 1.315 MHz
slip factor ring total n/ pickup-kicker np -0.011/-0.033
distance pickup-kicker / C 0.378

1x 10
45 mm mrad

antiproton number
initial rms emittance

initial rms momentum spread 3.5x10°
system bandwidth 1-2GHz
pick-up/kicker impedance 11.25/45Q
number of longitudinal pick-ups/kickers 128 /128
number of transverse pick-ups/kickers 64/ 64
total installed power at kickers 8 kW

The feasibility of the required fast cooling was studied
in computer simulations. The most important parameter is
the momentum spread after cooling. It determines the
requirements for the efficiency of the transfer to the
HESR, due to the limited momentum acceptance of the
HESR. The simulations were performed with an existing
CERN code which was adopted and optimized for the CR
calculations. It calculates the rms momentum spread as
the second moment of the distribution function applying
the Fokker-Planck equation to the longitudinal degree of
freedom and solving it numerically. In the first
calculations the cooling of antiprotons was studied. Many
parameters of the storage ring and cooling system were
taken into account in great detail as listed in Table 1. The
simulations were performed not only for notch filter
cooling, but also for Time-Of-Flight (TOF) cooling [12].
TOF cooling offers larger momentum acceptance, but no
noise suppression [13]. Notch filter cooling is more
powerful with a reduced momentum acceptance which is
determined by the shape of the notches. According to the
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simulations, notch filter cooling is able to reduce the
initial momentum spread of 3.5x10” (rms) with the
planned rf power in less than 10 s to a momentum spread
below 5x10* (Fig. 1). This complies with the
requirements of efficient antiproton production and
transfer to the HESR. A further increase of the cooling
rate can be expected by an increase of the installed rf
power, which would allow an increase of the antiproton
production rate.

3.5%x107

Gain=144 dB, P,_=0.16 kW-

30010 Gain=150 dB, P__=0.66 kW |
. Gain=154 dB, P__=1.6 kW

e | Gain=158 dB, P__=3.9 kW |

0.0} i : i '
00 25 50 75 100 125 150
t(s)

Figure 1: Simulation of the reduction of the momentum
spread of a beam of 10° antiprotons after bunch rotation
in the CR for different gains of the stochastic cooling
system.

Similar simulations are needed for the cooling of RIBs
from the SuperFRS, where much shorter total cooling
times (below 1.5 s) are expected due to the higher charge
of the ions. The simulations are crucial for the design of
the various subsystems which will be installed in the
frame of the MSV and are presently prepared.

HIGH ENERGY STORAGE RING HESR

Storage of antiprotons for experiments with an internal
hydrogen target as part of the PANDA physics program
was the main motivation for the construction of the high
energy storage ring HESR. A magnetic bending power of
50 Tm allows a maximum antiproton energy of 14.1 GeV.
Two 132 m long straight sections in the circumference of
575 m provide comfortable space for experimental
installations and beam cooling systems. The injection
system is designed for antiprotons of 3 GeV energy as
provided from the CR, or in a later stage after
accumulation in the RESR. After injection the antiprotons
can be either accelerated to any energy between 3 and
14.1 GeV or decelerated to a minimum energy of 0.8
GeV. The ramping rate is limited to 0.025 T/s due to
available rf voltage and the ramp rate of the main power
converters of the ring magnets.

In the MSV the accumulator ring for antiprotons RESR
is missing. Therefore an alternative scheme for the
accumulation of antiprotons in the HESR by a
combination of barrier buckets and cooling was proposed.
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For antiprotons the stochastic cooling system appears
more promising than the planned electron cooling system.

The lack of stored ions and RIBs in the new storage
rings constructed within the MSV of the FAIR project
triggered a feasibility study of ion beam storage in the
HESR [14]. The injection scheme can follow the concept
of the injection of antiprotons from the CR. The magnetic
rigidity should be 13 Tm as for antiprotons using the
same magnetic components with reversed polarity.
Changing the polarity is not a severe issue, as the time
scale for switching between antiproton and ion operation
will be weeks to months. As for antiprotons,
accumulation of ions with barrier buckets and cooling is
an option, if beam intensities higher than available in a
single transfer from the CR will be requested. The
available intensities will vary over a large range
depending on the ion species. Energies in the range 0.2 to
5 GeV/u, depending on the ion species, can be achieved
by acceleration or deceleration in the HESR.

The main cooling system of the HESR considered from
the very beginning is stochastic cooling [15]. The cooling
system operates in the frequency band 2 — 4 GHz. Special
slot coupler rings were designed as electrodes which
provide signals for all three phase space planes. The pick-
up tanks are designed for cryogenic cooling to 20 K by
cold heads. The expected performance of the slot coupler
structure could be demonstrated with beam in COSY [16].
Similar to the CR, also in the HESR longitudinal cooling
by the TOF-method and by notch filter cooling will be
available. The low level rf system components including
optical delay lines as well as the power amplifiers are
studied and designed for integration into the cooling
system. Originally designed for antiprotons above 3 GeV,
studies have shown that stochastic cooling can also be
used at energies below 3 GeV, which is particularly
valuable for the plans to operate the HESR with ions [17].
The system will be able to compensate the heating by the
internal hydrogen target, but depending on the target
thickness an additional rf system will be needed to
compensate the energy loss in the target.

A proposed high energy electron cooling system for the
HESR which could cool antiprotons up to 8 GeV, and
after an optional upgrade up to the full antiproton energy
of 14.1 GeV, was shifted to a later stage of the project.
Nevertheless, a detailed design study was preformed for
this high energy electron cooler [18]. As a less expensive
alternative an electron cooling system is now under
construction at the Budker Institute, Novosibirsk, which,
for antiprotons, can cover the energy range below the
injection energy of 3 GeV [19]. In this energy regime
electron cooling is still powerful and can provide high
quality beams and can efficiently compensate the heating
by the internal target. The electron cooling system
presently passes the final commissioning with electron
beam at the Budker Institute, where it also was designed
and manufactured.

After successful commissioning at the Budker
Institute, the electron cooling system will be shipped to
Jiilich for installation in the COSY storage ring. In the
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COSY the performance can be studied with a proton
beam and optimized over the full energy range which will
be relevant for cooling in the HESR, both at the
antiproton injection energy and nearly the full range of
ion energies. Thus this electron cooling system will be of
high importance in the operation of the HESR with stored
ions. It can be used for accumulation but more
importantly for the preservation of good beam quality
during operation of an internal target. This situation was
studied in simulations with the BETACOOL code [20].
Assuming realistic parameters of the electron cooling
system even with a hydrogen target in the range 10'*-10'°
hydrogen atoms/cm” electron cooling provides emittances
below 1 mm mrad and a momentum spread in the low
10" range (Fig. 2).
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Figure 2: Transverse emittance and longitudinal
momentum spread of a cooled beam of 1x10® stored U%*"
ions at 740 MeV/u for various densities of the internal
hydrogen target as a function of the electron current.

The ion beams for the HESR will be provided along the
same line as the antiprotons. They will be injected from
the CR with a magnetic rigidity around 13 Tm. The
primary ion beams will be accelerated in the synchrotron
SIS18 and, if necessary, in the synchrotron SIS100. They
can be stripped to a high charge state or sent to the target
of the SuperFRS for the production of rare isotopes.
Similar to the production scenario for antiprotons, a short
bunch from SIS100 is needed, The CR bunch rotation and
debunching rf system is also applicable to ions reducing
the momentum spread of the short bunch for subsequent
stochastic cooling.

Proceedings of RUPAC2012, Saintl-[Petersburg, Russia

Stable beams of primary highly charged ions can be
transported without stochastic cooling in the CR. In case
that cooling is required, it has been checked that for up to
1x10® ions the cooling time does not exceed 1.5 s, for
larger particle numbers the cooling time increases with
the particle number. The emittance and momentum spread
after cooling should be sufficiently small for injection
into the HESR.

The experiments with ions in the HESR will focus on
an internal target. Simulations have confirmed that the
lifetime even in the unbaked HESR vacuum system with
an average pressure in the low 10™ range will be much
longer than the lifetime due to the dense internal target
which is expected to be in the order of minutes [14]. The
ion optical properties are well suited for the detection of
projectile-like particles which are used as signature of the
interaction of circulating ions with target atoms. The high
beam energy could even allow the interaction with a very
thin fibre target with efficient use of the stored beam.
Another option is the use of lasers for experiments with
the stored beam, the long straight sections of the HESR
provide long overlap regions between ion and laser beam.

ESR OPERATION FOR ACCELERATOR
DEVELOPMENT

The existing ESR storage ring [6] was operated at GSI
over more than two decades allowing both accelerator
development and physics experiments. In the full version
of the FAIR project it was planned to stop ESR operation
and use various ESR components in the Recuperated
Experimental Storage Ring (RESR). In the full version of
the FAIR project the main ring for physics experiments
with stored ions was the New Experimental Storage Ring
(NESR). Both new rings, RESR and NESR, are not
included in the MSV. Therefore it was decided to
continue ESR operation. With the large experience in
ESR operation, the various operation modes and the
advanced diagnostics techniques, the ESR is an ideal test
bed for beam physics experiments and the exploration of
new concepts and techniques required in the FAIR
project.

One of the important concepts in the FAIR project is
beam accumulation supported by beam cooling.
Originally proposed for the accumulation of RIBs in the
NESR, the combination of barrier buckets and cooling is
now the proposed method for antiproton accumulation in
the HESR. In the NESR electron cooling was proposed,
for the HESR stochastic cooling is preferred. The
accumulation by barrier buckets and cooling first was
studied in the ESR with electron cooling [21], as required
for the NESR, and later also with stochastic cooling [22]
as needed with antiprotons in the HESR. The successful
experiments confirmed the predicted benefits of the
accumulation methods and allowed benchmarking of the
simulation tools which are applied to predict the
performance in the new FAIR storage rings [23][24].
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Very recently the stochastic cooling system of the ESR
was modified to test the optical notch filter which is under
development for the CR. The signals of the Palmer
cooling pick-ups are used in sum mode, sent through the
notch filter and after amplification applied to the beam.
The cooling by the notch filter method was studied with a
400 MeV/u Ar'™® ion beam. The performance of the
standard Palmer cooling was compared to filter cooling
and TOF cooling which was realized by opening the delay
line of the notch filter. The comparison proved that notch
filter cooling is more powerful resulting in shorter cooling
time, but TOF cooling can capture particles with a larger
momentum spread at the cost of longer cooling time (Fig.
3). A combination of pre-cooling by the TOF-method and
notch filter cooling might offer optimized cooling of hot
secondary beams with large momentum spread.

Al
£61.25 us O frame

Canber: 224 B7SE54 MHE

Seary: SO0 kHe

Figure 3: Longitudinal Schottky signal measured
during stochastic cooling of a 400 MeV/u Ar'*" beam.
TOF cooling (upper picture) evidences a larger capture
range in longitudinal momentum, whereas notch filter
cooling (lower picture) cools the beam in shorter time
with a reduced capture range and smaller final momentum
spread.

Another important feature of the ESR is the
deceleration of highly charged ions. In the FAIR project
deceleration of antiprotons in the NESR was proposed.
The original CRYRING [8], formerly operated at the
University of Stockholm, was proposed as a second stage
for the deceleration of antiprotons. As the CRYRING is
available already now, but the NESR will not be
constructed in the MSV, a scenario was worked out to
install the CRYRING behind the ESR and use it with
decelerated highly charged ions and RIBs from the
existing GSI facility. Electron cooling will be applied
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both in the ESR and in CRYRING to prepare beams of
small phase space volume and to improve the efficiency
of deceleration and will again be crucial for optimum
performance of the deceleration cycle. The combination
of the two rings allows the study of some aspects of the
decelerator chain in preparation of future FAIR operation.
The CRYRING with a dedicated injector chain, similar
to the one used in Stockholm, will be operated as a small
scale test facility for the FAIR accelerators and various
aspects of new diagnostics and the new control system
can be developed. This will bridge a gap in the operation
of the GSI accelerators caused by the inevitable
modification of the existing accelerators for FAIR.
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Abstract

In this paper we treat the problem of beam dy-
namics optimization as a control theory problem. We
consider different mathematical models of optimiza-
tion. The approach to solving optimization problem
for charged particle dynamics in accelerators includes:
construction of mathematical model of controlled dy-
namical process; choice of control functions or param-
eters of optimization; construction of quality function-
als, which allow efficient evaluation of various charac-
teristics of examined controlled motion; analytical rep-
resentation of the functional variations, which allow to
construct various methods of optimization for quality
functionals; construction of methods and algorithms
of optimization. Problem of statement is considered
on the pattern of RFQ channel.

INTRODUCTION

Mathematical methods of modeling and optimiza-
tion are extensively used in many fields of science and
technology. Development of specialized software for
various applications is of more and more importance.
A special class of tasks attracting attention of numer-
ous researches includes the problems associated with
the beam dynamics optimization in accelerator [1-13].
There are not the general methods of accelerating and
focusing structures optimization. However as the de-
mand to output beam parameters are progressively in-
creasing it is needed to develop a new approaches and
methods to solve these problems. In the paper the dif-
ferent mathematical control models describing beam
dynamics are presented. Especially we consider the
problems related to charged particles interaction. In
this case we investigate the controlled dynamic pro-
cess described by a system of integro-differential equa-
tions. The optimization methods are developed for
the different functionals concerned with the quality of
beam [3-12]. They are used for solution of various
beam dynamics problems in. In particular, we investi-
gate the optimization problem of a radial matching
section in RFQ channel. We consider the problem
of construction self-consistent distribution for charged
particle beam in magnetic field too [14-19].

MATHEMATICAL OPTIMIZATION
MODELS

The problem of beam control of interacting par-
ticles, which dynamics is described by integro-

differential equations, is considered. Let us assume
that evolution of particle beam is described by equa-
tions

dx/dt = f(t,z,u) (1)
ft,z,u) = fi(t, o, u)+
+ f2(t,z ye)p(t, ye)dye, (2)
My o
dp

O 4 2 gt ) + pdive (a0 =0, (3)

ot
z(0) = zo € Mo, p(0,2) = po(x). (4)

Here t is is the time; x is n-vector of phase coordi-
nates; u = u(t) € D is r-dimensional control vector-
function; D is the set of admissible control functions;
p = p(t,x) is the particle distribution density in the
phase space; f; is n-dimensional vector-function de-
termined by external electromagnetic fields; fo is n-
dimensional vector-function associated with the par-
ticle interactions; the set M; ,, is the cross-section of
the trajectory set. It is obtained by time shift of the
initial set My through solutions of equation (1) with
given control u = u(t). The set My is a given set in
the phase space, which describes the set of initial states
for a charged particle beam at the initial time moment.
The function pg(x) is a given function describing the
particle distribution density at the moment t = 0. The
equations (1)-(2) can be considered as Vlasov equa-
tions. We meet with these equations if interaction be-
tween particles, for example the Coulomb repulsion, is
taken into account. Let us introduce a functional

T
I(U) = / / QD(t,l't,p(t,l't),U)dﬂftdt-i-
0 My,

)
M~

characterizing the dynamics of the process. Here ¢
and g are given non-negative functions, T is fixed.
Consider the minimization problem of functional (5).
Analizing various systems which are designed for accel-
eration, focusing and transporting of charged particle
beams, it should be noticed that electrical and mag-
netic fields can be treated in a certain structural and
parametric form. Thus certain components and pa-
rameters of electromagnetic fields and geometric sys-
tems of accelerating or focusing can be taken as control
variables. The developed approach can be applied to
another kind of functionals:

1,1 1,7 n,n
I(u) = oY, By (6)

g(zr, pr(T,x7))der — ggB’ (5)

su
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where

po? = /M (w5 — Ta)* (x5 — 75)° plt, wp)dae,  (7)

T, = / xip(t,xe)dre, i,5=1,...n, j>1i, (8)
My o
or

I(u)= max  max @t z,p(t,z)) = min. (9)

teTNE[0T] €My . ueD

OPTIMIZATION OF RADIAL
MATCHING SECTION FOR RFQ
CHANNEL

Consider the radial matching problem in RFQ ac-
celerator. Let ellipse matrices G4 (t, ¢o) and Gy (t, o),
depending on time ¢t and phase ¢q , describe beam dy-
namics in radial matching section. Suppose, that t =0
corresponds to the entrance into the radial matching
section, and ¢ = T corresponds to the entrance into the
regular part of accelerator. Suppose also, that accep-
tances of the regular part of the accelerator are known,
i.e. the following matrices are given:

Go(T,p0) = Go1(0), Gy(T,p0) = Gy (o). (10)

The optimization problem for the radial matching sec-
tion is to find a function a(7), i.e. law of the radius
change along the matching sections, providing under
the conditions (10) the maximum possible overlapping
of families of ellipses at the entrance of the radial
matching section [3,6,7].

METHOD OF SOLUTION

Let’s consider the following functional which char-
acterizes the quality of the matching section by mis-
match of ellipses G (0, ¢o) and G,(0, o) with given
ellipses B, and B,:

(1)

J(a) = max A} ' (¢o) + max A, (o),
$o Po

where
)‘;1(500) =" (Gm(o, 800)7 Bz)v

Ay (90) = A7H(G4 (0, 00), By).

Here A = min(A1, A2) is a minimum eigenvalue of a
cluster of quadratic forms generated by a pair of el-
lipses with the matrices G and B:

x(A1) = x(A2) = 0. (14)

The value of the inverse minimum eigenvalue charac-
terizes the degree of mismatch pairs of ellipses. In the
case of fully identical ellipses, this value is equal to
unity. So always A~! > 1.

(12)
(13)

X(A) =det(G — AB) =0,
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Figure 1: Acceptance without radial matching section,
(z,dz/dz, E; = 0.050892 7- cm- mrad)

Figure 2: Acceptance without radial matching section
(y,dy/dz, E, = 0.052122 7- cm- mrad)

Matrices B, and B, describing the desired phase
portrait of the beam at the beginning of the matching
section.

The problem of minimizing the functional (11) is the
minimax optimization problem.

The analytical representation [6,7] of the variation
of the functional (11) were used to find geometric pa-
rameters of radial matching section of the RFQ accel-
erator of protons (initial energy 95keV, output energy
5 MeV, intervane voltage 100kV, RF field frequency
352 MHz, initial cell length 6.06 mm). Several of the
possible choices of the law of variation of the channel
radius along the radial matching section are presented
in Fig. 5, 8, 11. In Fig. 1, 2 the RFQ acceptances
without radial matching section are shown. The illus-
trations of effect of the radial matching sections (with
channel radii presented at Fig. 5, 8, 11) are shown
in Fig. 3-4, Fig. 6-7, Fig. 9-10 (correspondingly). The
first variant (Fig. 3-5) is rather usual and requires con-
verging ellipses at the entrance of the radial matching
section. But the two others give us unusual results
with neutral and divergent input ellipses: Fig. 6-8 and
Fig. 9-11.
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Figure 3: Acceptance with radial matching section
(x,dzx/dz, E,; = 0.18393 7- cm- mrad)

Figure 4: Acceptance with radial matching section
(y,dy/dz, E, = 0.16571 7- cm- mrad)

Figure 5: Radius of channel in radial matching section

SELF-CONSISTENT
DISTRIBUTIONS

Consider nonrelativistic cylindrical beam in uniform
longitudinal magnetic field. Assume that particles are
distributed uniformly on the longitudinal coordinate z,
and have the same longitudinal velocity. Such beam
can be described by four-dimensional particle distribu-
tion in the phase space of the transverse motion. The
well-known example is the Kapchinsky-Vladimirsky
distribution [20].
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Figure 6: Acceptance with radial matching section
(x,dz/dz, E; = 0.17945 - cm- mrad)

Figure 7: Acceptance with radial matching section
(y,dy/dz, E, = 0.16955 7- cm- mrad)

Figure 8: Radius of channel in radial matching section

Additionally assume that particles are evenly dis-
tributed on azimuthal angle ¢ and on phases of
their trajectories #. Then instead of four-dimensional
distribution in the phase space, we can consider
two-dimensional distribution in some two-dimensional
cross-section of the phase space corresponding to the
fixed values of ¢ and 6.

Let us take integrals of the transverse motion

M2
M:’I"Q(L(.)O‘i’sb), H:?*2+w27"2+r—2,
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Figure 9: Acceptance with radial matching section
(x,dz/dz, E,; = 0.18023 7- cm- mrad)

Figure 10: Acceptance with radial matching section
(y,dy/dz, E, = 0.16834 7- cm- mrad)

Figure 11: Radius of channel in radial matching sec-
tion

as coordinates in this cross-section. By this reason,
we will regard this cross-section as the space of the
integrals of motion. Here w? = wi — epp/(meo),
wo = eB,/(2m), e and m are charge and mass of the
particles, gy is spatial density of the particles inside
the beam cross-section, ¢g is electric constant, B, is

longitudinal component of the magnetic flux density.
If beam is radially constrained, r < R, where R
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is beam radius, the possible values of M and H are
bounded. For uniformly charged beam, the set Q) of
permissible values M and H is described by inequali-
ties [14-19]

2w|M| < H < M?/R* + w?R?, (15)

The set ) is shown on Fig. 12.

>
M

Figure 12: The set Q for the uniform beam. The curve
1 represents the upper boundary of the set Q : H =
M?/R? + w?R?. The segments 2 represent the lower
boundary of the set 2 : H = 2w|M]|.

The simplest known distribution is the Brillouin
flow [21]. For this distribution, all particles have the
same values of integrals M and H : M =0, H = 0.

If we specify particle density f(M, H) in £, we get
some self-consistent distribution.

When particles are uniformly distributed on seg-
ment AB, we get well-known Kapchinsky-Vladimirsky
distribution. For this case, distribution density in the
space of motion integrals is the simple layer which sup-
porter is segment AB.

Another example is so called "rigid rotator distri-
bution” [22]. In this case, particles are uniformly dis-
tributed on some segment A’B’ which is tangent to
the upper boundary (15). KV distribution is a partic-
ular case corresponding to zero slope of segment A’ B’.
The mean angular momentum of the "rigid rotator
distributions” is not equal to zero, except for the KV
distribution. This can be seen from Fig. 12 where the
parts of the segment A’ B’ lying on the left and on the
right of the axis H are not equal.

The beam is uniformly charged for all these distri-
butions. By this reason, if we take any linear combina-
tion of these distributions, we get uniformly charged
beam. It is easy to take such combination, that the
mean angular momentum of particles will be equal to
zero. Therefore such distribution can be taken as a

Particle dynamics in accelerators and storage rings, cooling methods 71



TUZCHO02

model of a real beam, which is launched with the zero
mean angular momentum.

Beam with slowly varied radius can be described
analogously [17-19]. In this case, we take another in-
tegral of motion I instead of H. Integral I can be ex-
pressed through dynamical variables of a particle and
the beam envelope. For this case, the set of permissible
values of M and I looks like the set 2 on Fig. 12.

CONCLUSION

Mathematical models for beam dynamics optimiza-
tion were presented. They may be applied to different
dynamical systems.The optimization approach to find-
ing geometric parameters of radial matching section is
considered. It should be noted, that the proposed ap-
proach can be applied to optimize the transverse dy-
namics in accelerators if the dynamics is described by
linear or nonlinear equations. In the case of nonlinear
equations it is needed to consider RMS characteristics
of the beam. In particular, this method can be used
to minimize the growth of the effective emittance in
the accelerators.
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TRANSIENT BEAM RESPONSE IN SYNCHROTRONS WITH A DIGITAL
TRANSVERSE FEEDBACK SYSTEM

V. M. Zhabitsky, JINR, Dubna, Russia

Abstract

The transient beam response to an externally applied im-
pulse force in synchrotrons with a digital transverse feed-
back system is studied. Experimental data from the LHC
on damping of coherent transverse oscillations excited by
the discrete-time unit impulse are analysed. Good agree-
ment on the measured and theoretically predicted decre-
ments has been obtained. A method of feedback fine tun-
ing, based on measurements of the bunch response to the
harmonic excitation impulse, is discussed.

INTRODUCTION

Transverse feedback systems (TFS) in synchrotrons (see
Fig. 1) are used for damping coherent transverse oscilla-
tions caused by injection errors and for suppression of co-
herent transverse instabilities [1]. The transverse momen-

Figure 1: TFS Layout

tum of a bunch is corrected by the damper kicker (DK) in
proportion to the bunch displacement from the reference
orbit at the location of the beam position monitor (BPM).
The digital signal processor (DSP) module allows to obtain
optimum damping by adjustment of the TFS parameters in
agreement with the beam time of flight from BPM to DK
and the corresponding betatron phase advance.

Coherent oscillations can be originated by DK or a spe-
cialised driving kicker K (see Fig. 1). For example, the
kicker can be fed with the discrete-time unit impulse or the
harmonic excitation impulse. The beam response observed
by BPM in this case can be used for tuning the TFS.

The transient beam response to a driving force is an-
alyzed below in framework of the discrete transforma-
tion approach developed in [2, 3] for describing transverse
beam dynamics in synchrotrons with a digital TFS.

BASIC NOTIONS

Let the column matrix X [n, s] describe the bunch state
at the n—th turn and in point s on the reference orbit (see
Fig. 1). Its first element z[n, s] is the bunch deviation from
the orbit and the second one z’[n, s] is the angle of the
bunch trajectory. Let the driving kicker K located in point
sp change the angle of the bunch trajectory on Az [n]. For

the bunch states at two consecutive turns after passing the
damper kicker DK located in point sy one can write [2, 3]:

Xn+1,s)=X[n,s+C| :]\/J\(S)J?[n,s]
+ A2 [n, s MyE + Az [n] MuE, (1)

where C' is the circumference of the reference orbit; ele-
ments E :/O\and FE5 = 1 in the column matrix F. Here
2 x 2 matrix M (s2|s1) for passage from s to s is used [4]
so that: M\(s) = ]\/Z(s + Cls), M, = ]\/4\(3 + Clsk),
M, = M(s + Clsp).

Az'[n, s¢] is proportional to output voltage Vot on the
amplifier in a feedback chain and linearly depends on input
voltage Vi,:

Az'[n, s¢] =Sk Vout[n] = Sk Kout Kin X

X Y h[m]Vialn —G—mluln—g—m|, (2
m=0
where Sy is the DK transfer characteristic; Kj, and Kgut
are voltage gains of the output and input amplifiers (see
Fig. 1); u[n] is the Heaviside step function; h[m] are co-
efficients of a finite impulse response (FIR) digital filter in
DSP; N is the FIR filter order. The total delay 7qelay in the
signal processing of the feedback path from BPM to DK
adjusts the timing of the signal to match the bunch arrival
time. If 7 is the time of flight of the particle from BPM
to DK and Tyey = 1/ frev is the particle revolution period,
then Tqelay = Tex + ¢ Trev.
Vin voltage linearly depends on x[n, s,| displacement:

Vin[n] = (z[n, sp] + ) Spuln], 3)

where 0z, is a deviation of the BPM electrical centre from
the reference orbit, S, is the BPM transfer characteristic.

Let the driving force be the discrete-time unit impulse
with amplitude a,, at the n,, turn so that

Azl n]\/ Bofe = Vo = apd[n —ny), 4)

where 3; = B(Si) is the Twiss beta function [4]. In
the case of harmonic excitation impulse of Q) fyc, fre-
quency, Ny}, duration and ¢, phase one can write: V;, =
ap sin (27T(n —np)Qp + qu) (u[n —np] —uln—n, — ND]).
The system of linear difference equations (1), (2), (3)
and (4) can be solved using unilateral Z—transform [6]:

y(z,8) =Z{yln,s]} = Y _yln,s] 27", ©)
n=0

yln.s] =2 {y(z.5)} = 3 Res [y(z.5) =" 2]
k
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For X(z,s) = Z{X|n, s]} one can obtain the following:

o~ A— /\_1 M —~ A~
R(z,) = A =M detM (Z{Am;[n]}MDEJr
det (z] — M)
_ - .
+2X[0, 8] + —22 K(z) oz, MKE>, (6)
(1 - Z_l)(BKBP)1/2KO

where T is the identity matrix; K(z) = KouH (2)Kin
is the transfer function of the feedback circuit; H(z) =
Z{hn]}: g = (BefBe)/?KoSiS, is the feedback gain
where Ky is determined in such a way (see further) that
g > 0 corresponds to damped oscillations. Matrix M is

92 "K(2)
(BKBP) 1/2 KO
where T is 2 x 2 matrix in which T51 = 1 and other el-
ements are equal to zero. Eigenvalues zj, at a, = 0 are
solutions of equation det (zf - 1/\\/1(2, s)) = 0, that is:

—_ o~

M = M(z,s) = M(s) + M, T M(s]s),

—q
22— (2 cos(2m@Q)) + gszIj(Zk) sin(2mQ — 1/1m<)> 2k
—q
+1- L5 KK(Zk) sin b = 0, (7
0

where () is the betatron number of oscillations per turn
and vy is the betatron phase advance from BPM to DK.
If g = 0 then 21 2 = exp(£j27Q), that is a well known
result for free betatron oscillations. If g # 0 then the num-
ber k > 2 of eigenvalues z; depends on N and §. The
bunch state X[n,s] = J\/Z(s|sK))?[n7 sk] can be calculated
from components X [n, s¢] after passing DK in accordance
with (5) as the sum of harmonics with A;,/3/2 amplitudes,
O, phases, ap = —In|zg| logarithmic decrements and
2m{Q} = arg z;, phase shifts per turn so that

o] = 3 Ay e @i o
k

It can be done if |z;| < 1 and

~

lim X[n,s] = lim(z — 1) X(z, s) = 0.
z—1

n—oo

Consequently K(z = 1) = 0. Thus, all poles z, of func-
tion X(z, s) should lie inside the unit circle, and influence
of §z, in )A((z, s) function should be excluded. The later
condition is reached by using the feedback circuit with the
notch filter whose transfer function is Hy:(z) = (1 —z71).
If g < 1 and K;,(w)Kout(w) depends weakly on fre-
quency then from (7) one can obtain the following:

1LCH

m 2K, in Wy, (8)
K(wm
{Qm} = {Q} - %IL;O” cos Wy,

W = e + 27”1@ - argK(Wm) s
K(wm) = Kin(wm) Kout (W) H(z =l 2’TQ) ,
|K0| = |K(wmin)|7 Ko sin ‘IIPK(wmin) >0,
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where w,,, = 27(Q+m) frev and m is a positive or negative
integer. For the fractional tune {Q} the following definition
is used: —0.5 < {Q} < 0.5. The |Ko| value is equal to
the gain transfer characteristic of the feedback circuit at the
minimal frequency of w,,,. The sign of K is chosen in such
a way that g > 0 corresponds to the damped oscillations.

The optimum damping corresponds to phase balance W
of | sin Wy | = 1, so that {Q,,} = {Q}.

Hence, it is necessary to tune the TFS in such a way
to provide two conditions: the BPM signal should corre-
spond to the decay amplitude mode and zero frequency
shift ({Qm} — {Q})frev should be tuned for optimum
damping.

BEAM RESPONSE TO DRIVING FORCE

From Eq. (6) for X(z, s) it is clear that the bunch state
X|[n, s] in accordance with Egs. (5) depends on initial con-
ditions X [0, ], the deviation 0, of the BPM electrical cen-
tre from the reference orbit and the driving force. In the
case of damped oscillations after some time the bunch state
is determined by the driving force only. N

If the driving force is the d[n — ny,] function then X (z, s)
includes the term Z{Az/[n]} = ap 2™ /(3:5)"/? that
leads to damped oscillations starting at the moment 1,7 e
with decrements and frequencies in accordance with zj
from the characteristic equation (7). Fig. 2 (left) shows
an example of the beam response signal at BPM in the
case of two d-kicks at different gains g. Calculations were

x[n, 5,/ a,

10

0 ! Zl‘)O ! 4‘00 ! 6&70 - XbO ‘(/Th 0 ! 2(‘!” ! 4(‘)0 ! (,im ! t T‘H
Figure 2: Beam response signal (solid blue lines) and its
envelope (dashed red lines) on two d-kicks (left), harmonic
impulse (right) and damped injection oscillations at t = 0

done according to (1), (2), (3) and (4) at optimum damp-
ing, x[0, sp] = ag, 2'[0, s3] = 0, dz, = ag, Q@ = 59.31,
Y = 27 X 59.25, 1y, = 27 x 58.30, ap, = 2ag, ¢ = 0,
Ko = 1.576, H(z) = (1 — 2z~ 1)(1 + 0.576271); the Twiss
functions in ]T/[\(52|sl) are /3’,, = BK = BD = 71.538 m,
& = &x = &, = 0. The corresponding dependences of

2]

d L L L L L L L
0 01 02 03 04 05 06 g 0 01 02 03 04 05 06 g

Figure 3: Dependences of |z;| and {Q} on gain g

|z1| and {Qy } on gain g are shown in Fig. 3. There are four
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solutions of the characteristic equation (7) because of H (z)
chosen. Two solutions (solid lines) correspond to eigenval-
ues z1 2 with frequencies [{Q1,2}] frev close to [{Q}] frev
at g < 0.3. Eigenvalues z3 4 (dotted lines) correspond to
fast damped modes at g < 0.3.

The rf-signal at n, = 200 in Fig. 2 (left) corresponds
to g = 0.08. In this case the decrement value from (7) is
Qmin = — In |z,gmax)| = Trev/T = 0.0429. Consequently
the amplitude decay is faster in comparison with the linear
approximation g/2 in (8). The rf-signal at n, = 500 corre-
sponds to g = 0.02. The decrement a,i, = 0.01 from (7)
is in a good agreement with the linear approximation (8).

The BPM signal in the case of the harmonic impulse
in TFS with gain g = 0.08 is shown in Fig. 2 (right) at
Qp = 0.315, ap = ag, n, = 200 and N, = 300. It is
visible that in 100 turns after the excitation start the vibra-
tion amplitude approximately by 12 times more than a, is
achieved. The amplitude of the forced oscillation also in-
creases at @, — {@}, but it is not converted in infinity as
it occurs at a resonance without damping.

Function a(n, Q) of two variables n and @, can be
presented on a plane in the form of a graph of isoampli-
tudes. Each line is characterized by constant amplitude in
any point. For example, for isoamplitudes one can choose:

a(n,@Qp) = a;, —0.01 < {Qp} — {Q} <0.01, (9)
a; = amaxy/1/10, i €0, 10),

where G ax( r()max)) is the peak amplitude of steady state

oscillations in the specified frequency range (Fig. 4, left).

Qy) / L
Lof

S~

Q,-{Q} 001 0.02

L

A TN
200 300 400 500 (T, 0.02 -0.01

Figure 4: Graph of isoamplitudes (left) and resonance
curve (right)

When the bunch makes forced oscillations, its trans-
verse energy /(@) on the average remains invariable in
the field of steady state oscillations: on each turn after the
driving kicker the bunch gains an additional transverse im-
pulse which is compensated by the damper kicker. Quan-
tity I(Qp) is proportional to a quadrate of the amplitude
of steady state oscillations. Consequently for a resonance
curve (see Fig. 4, right) one can write in accordance with
(6) and (5):

1Q) _ 1

det (szf ﬁ(zD)) ‘_2 ,

(10)

Imax
2o = exp(j2m{Qb}); Imax =1 ( ]gma")> .
In g < 1 then I(Qp)/Imax in accordance with Egs. (8) is

1Qu) _ o2,
Imax 47T2({QD} - {Qm})2 + O[72n .

max

TUBCHO01

This function coincides with a resonance curve which is
used for the analysis of forced oscillations in the presence
of friction. The function I(Qp)/Imax has a maximum at

max)y _ _ 9 K (wm)|
(O™} = {Qn} = {Q} - TR, ©

Thus, the resonance curve maximum is shifted relatively
the betatron frequency under violation of the phase balance
condition | sin Wy | = 1.

CONCLUSION

The beam tests based on measurements of a bunch re-
sponse to the J-impulse were used at the LHC for tuning
the LHC Damper [1] at injection and collision [7]. Good

0s Vo .

T.tE Tt
0.05F 0.025

0.03F 0.015

001 0.005

I R Y TR Y —TT é 0 o‘m 0‘0: (r‘oz 0‘04 ‘g
Figure 5: Calculated decrements (curves) and results of
measurements for vertical (left) and horizontal (right) feed-

back chains of the LHC Damper at the energy of 3.5 TeV

agreement on the measured and calculated decrements has
been obtained (see, for example, Fig. 5).

Analytical expressions have been obtained for the bunch
response to the harmonic excitation impulse taking into ac-
count real performances of a TFS. The dependences based
on the resonance curve can be used for thin adjustment of
the TFS and selective measurements of circulated bunches.
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SIMULATION OF BEAM DYNAMICS IN THE EXTRACTION SYSTEM OF
THE JINR PHASOTRON

S. Kostromin, L. Onischenko, A. Chesnov, S. Shirkov, JINR, Dubna, Russia

Abstract

Beam dynamics is studied in the extraction by the
regenerative method from the JINR Phasotron (657 MeV,
3uA protons) using special complex of computer

programs. Parameters of the beam at the deflector
ocs eZes 3 7
2pma ma2wura /

~a I 1 r [ ¥ 1T 7
kit 28 (7a)
1 |%72s| 04 | oS54 0
(m) 2 |%%us| 0% |osv | or

entrance are calculated. The beam extraction efficiency is
found to be ~40%. The mean movement in the extraction
channel is investigated. Calculated beam transverse
parameters agree with the experimental ones to accuracy
of~20%.

Figure 1: Layout of the Phasotron extraction system P is the peeler, R-regenerator, I, II, III, IV are the sections of the

extraction channel.

EXTRACTION SYSTEM OF THE JINR
PHASOTRON

The calculation of the beam acceleration in the JINR
Phasotron (“F”) and its throe to the extraction channel
entrance is performed [1] with e special computer code
for the beam dynamics simulation in the cyclotron-type
accelerators. The regenerative method [2] is used for the
beam extraction from “F”. The extraction efficiency is
~40% and mainly depends on the beam losses at the
entrance to the extraction system.

The position of the beam extraction system inside “F”
vacuum chamber is shown in Fig. 1. System consists of
peeler, regenerator and four channels. Each element has
adjustable radial position. First of four channels is a
current supplied channel with the thickness of the septum
of 4mm. Other three sections are passive magnetic
channels.

Figures 2-5 show portraits end energy distribution of
the accelerated beam (2000-proton bunch) at the entrance
to the extraction channel.

Prmrad]
a4

2

il

-2

-4

—t

[tam]

I
2750 2760 27 2780 27190
Fig 2: Position of the beam particles on the radial phase
plane at the extraction channel entrance
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that entered the channel aperture are g= 251 mmemrad,
€,=81 mmemrad.

After the channel beam is extracted from the vacuum
chamber and transported to the SP-35 magnet. The
parameters of the extraction system elements are given in
the Table 1.

Table 1: Parameters of the extraction system elements

current passive ce] | TEZEN
Paramet | supplied magnetic Er e-
er channel channels rator
1 2 3 4 5 6 7
1 — “ rlem] 01, ° 1.0 9.8 200 | 252 | 36.5 | 348.0 50.7
ol . | 0, ° 98 | 18.7 | 247 | 35.8 | 447 | 353.7 | 564
a5 27 am & a1 4B, kG 47 | 45 | 40 | 54 0.0 -2.48 2.16
Fig 3: Position of the particles on R-Z plane at the dB/dx 1015 003 | 01 | -01 ] 10 | -031 0.27
extraction channel entrance kG/cm
Radial 1.8 1.8 2.2 2.6 5.0 11.0 13.0
Az [cmlrad] aperture,
A cm
! 5 £y R, cm |2756 [2762 [2795 [2823 [291.0 | 2725 | 2745
) R, cm | 276, | 279. | 282. [ 290. | 299. | 2725 | 2745
0 2 0 0 5 0
In Table 1 R; and R, are axis entrance and exit radii of
-1 each element. 4B is the magnetic fields drop at the central
z[em] line of each element. dB/dX — additional gradient from the
G element.
K . 20 beam rms-envelopes inside the extraction system are
2 : shown in Figure 6.
2 -1 i 1 2 3

Fig 4: Position of the particles on the axial phase plane at
the extraction channel entrance

Number
of protons

636 637 658 639 Ga0

Fig 5: Energy distribution of the particles at the extraction
channel entrance

Out of 2000 protons (which were injected from
the ion source and came after 3000 turns to the radius of
80cm) 1951 (98%) protons were accelerated (37000
turns) to the extraction channel entrance. 49(2%) protons
were lost due to large radial oscillation amplitudes. Out of
1951 particles which came to the extraction channel
entrance (see Fig. 2) 857 (43% of 2000) particles were
pushed inside the channel aperture, 241(13%) hit the
septum tip, and 814(42%) were lost on the back wall of
the current section. Transversal emitances of the beam

[ora]

135 i

Current Passive magnetic
15 H-section  —tcl I ef

125 I1—I2—|J|3_"4_IE_I D

Z-envelope

-

035

. |/

T
¥-envelope
023 @[]

1] 20 40 60 80 100
Fig 6: 20 beam rms-envelopes inside the extraction
system

The extracted beam profiles are shown in Figure 7
(calculated) and Figure 8 (experimental). One can see that
both results agree with the accuracy of ~20%.

It is supposed that the developed code used in the
calculations for the study of the beam dynamics can be
helping for more careful investigation of the possibility of
increasing the beam extraction efficiency at JINR
Phasotron.
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Fig 7: Beam profiles (calculated) at point A (see Figure 1) and at the entrance to the SP-35 magnet

|
2 3 cm

Fig 8: Beam signatures (experimental) at point A (see Figure 1) and at the entrance to the SP-35 magnet

1

CONCLUSIONS

Beam dynamics is studied in the extraction by the
regenerative method from the JINR Phasotron using
special complex of computer programs. Parameters of the
beam at the deflector entrance are calculated. The beam
extraction efficiency is found to be ~40%. The mean
movement in the extraction channel is investigated.
Calculated beam transverse parameters agree with the
experimental ones to accuracy of 20%.

The developed code can be used for more careful
investigation of the possibility of increasing the beam
extraction efficiency.
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NEW IDEAS FOR CRYSTAL COLLIMATION*

V.V. Tikhomirov, A.L. Sytov, INP, BSU, Minsk, Belarus

Abstract

Both channeling and volume reflection (VR) effects are
used for proton beam deflection by bent crystal. We pro-
pose the modifications of both these two effects to drasti-
cally improve the deflection efficiency. For the channeling
it is a narrow plane cut [1] increasing the fraction of chan-
neled particles up to 98-99%. In order to simplify the fab-
rication technology we suggest to use a buried amorphous
layer instead of a crystal cut [2]. We also suggest to use the
multiple volume reflection in one crystal (MVROC) [3],
instead of single one because the MVROC increases the
deflection angle in 5 times in comparison with VR.

The cut method can be applied with high efficiency for
the extraction of high intensity proton beam from the Re-
cycler Ring (FNAL) [5] as well as the MVROC will pro-
vide very good deflection parameters for the future LHC
crystal-based collimation system. We also argue that the
channeling effect is not efficient in the LHC case because
of large angular divergence of halo beam particles caused
by the elastic nuclear scattering on residual gas.

INTRODUCTION

Bent crystals possess wide capabilities for accelerator
physics. Very strong intracrystal electric fields applied with
accuracy of Angstrom provide high deflection efficiency.
The main advantages of crystals are very compact size,
low price of production and simplicity of installation and
exploitation. Additionally, they can efficiently deflect the
beams of different types of charged particles, of very dif-
ferent energies (from hundreds MeV up to tens TeV and
higher) and of different beam angular divergence. The lat-
ter parameter is critical for the proper effect choice.

For small beam angular divergence the channeling effect
provides rather high performance. For the best case the de-
flection efficiency exceeds 80%. For multiturn case it can
exceed 95%. If the angular divergence is large, the volume
reflection will be efficient. It provides less deflection effi-
ciency than the channeling but the angular acceptance of it
is much higher.

The efficiency of the channeling can also decrease be-
cause of the miscut angle characterizing nonparallelity of
the channeling planes and crystal surface. It is shown in [4]
that for UA9 experiment [6] the nuclear reactions rate in
crystal increases by a factor of 4.5. So, we should consider
both the beam impact parameter and angular divergence for
effect choice. If the beam impact parameter is rather large
for most of particles not to enter in the miscut influence

*Work supported by Belarusian State Program of Scientific Research
”Convergence”.

zone and the beam angular divergence is less than the crit-
ical angle for the channeling, the latter will provide good
deflection efficiency. Otherwise the VR must be chosen.

In this paper we will consider bent crystal application for
two opposite cases relevant to two different machines: the
future LHC crystal-based collimation system and the 8GeV
proton beam extraction from the Recycler Ring at Fermi
National Accelerator Laboratory (FNAL) [5]. As we will
show below the volume reflection should be chosen in the
LHC case while the channeling in the case of the Recycler
Ring. Also we suggest for both cases some modifications:
a narrow plane cut increasing the channeling efficiency up
to 98-99% [1] for channeling and multiple volume reflec-
tion in one crystal (MVROC) instead of single” one.

MVROC FOR LHC COLLIMATION

In order to solve the future LHC collimation problem
it is very important to understand the main source of halo
formation. Knowing the latter we can calculate the beam
profile as well as both the impact parameter and angular di-
vergence distributions in the beam collimation zone (60).
Then we can exactly choose the proper deflection effect.
The main mechanisms of beam loss are inelastic, diffrac-
tive and elastic scattering in interaction points (IP) and on
residual gas. We can exclude as halo particle production
reasons the inelastic and diffractive scattering on gas and
in IP because of large scattering angles and energy losses.
So, only elastic scattering on residual gas and in interaction
points should be considered.

It is known that S-function of interaction points is 2-3
orders less than the average value. That’s why the scatter-
ing at the same angle increases the amplitude of betatron
oscillations for gas 10 times more than for IP:

X = \/Bam’e = \//6&1”“5027 (1)

where X is an amplitude of betatron oscillations, B4y, is
average beta function, € is emittance after scattering, [ is
[-function in a scattering point,  is a scattering angle. Ac-
cording to (1) the multiple Coulomb scattering on residual
gas gives emittance increase of less than initial LHC beam
emittance. So, we can exclude the multiple coulomb scat-
tering. The single coulomb scattering at large angles can be
excluded because of very small probability and scattering
angle of such events insufficient to achieve 60. Thus, only
elastic nuclear scattering stands for examination.

One obtains that for sufficient scattering angle (at IP) the
probability is 5 orders less than for the distribution maxi-
mum. More accurate estimates give that about 10* particles
enter the collimation zone per second. It is at least two or-
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Figure 1: Elastic nuclear scattering on residual gas (LHC):

ders less than the LHC quench limit. So, the elastic nuclear
scattering in IP can be excluded.

Thus, we consider only elastic nuclear scattering on
residual gas. In this case even small scattering angle (sev-
eral prad) is sufficient for particle to enter the collimation
zone because of high 3-function (about 102m). The R.M.S.
scattering angle is about 40 urad that is more than enough
to achieve 60. The distribution of differential cross section
at small angles is exponential, so we can simply obtain the
beam profile shown in Fig. 1a. Here the beam intensity at
6, 7, 80 remains almost the same. So, for channeling we
can neglect the miscut angle influence.

The angular divergence distribution (see Fig. 1b) ob-
tained from the beam profile shows that the crystal inci-
dent angle for the LHC is much higher than the channeling
critical angle. That’s why the channeling is not applicable
in this case. Only volume reflection can be applied at the
LHC. But the deflection angle of VR is very low - 7 times
less than we can expect from the channeling. The solution
of this problem can be obtained by MVROC [3] with de-
flection from several bent skew crystal planes (not from a
single one as at VR). When these reflections almost com-
pensate each other in the vertical direction, in the horizontal
one they will sum.

The deflection angle for it can be 5 times larger than for
VR and the angular acceptance and deflection efficiency
will also increase [3]. Here we notice that the deflection ef-
ficiency of the MVROC is a bit less than of the channeling
but large enough for the LHC collimation purposes.

The MVROC was observed for proton beam at U-70
accelerator in Protvino (Russia) and at SPS (CERN) for
both protons and negative charged pions. In all cases high
deflection efficiency was obtained. So, we suggest the
MVROC as the main candidate for the application at the
future LHC crystal-based collimation system.

CRYSTAL CUT FOR
THE RECYCLER RING

There is an opposite situation for the project of high in-
tensity 8GeV proton beam extraction from the Recycler
Ring [5]. This beam is planned to be extracted in the Main
Injector for application for neutrino and muon experiments.

07“‘\“‘\“‘\“‘\“‘\0_
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According to our simulations, the angular divergence of
the beam is small enough for capture of most particles in
the channeling regime and the beam impact parameter is
large enough to neglect the miscut angle influence (Fig. 3a).
That’s why the channeling effect choice is evident.

Additionally, because of low beam energy the angle of
amorphous scattering on crystal exceeds the volume reflec-
tion angle. Moreover for farther use of the beam in another
machine the particle deflection must be of similar angles.
So, we can say that the volume reflection is not applicable
for the Recycler Ring (like the channeling for the LHC).

Figure 2: Narrow plane cut.

The main problem is very high intensity of the beam.
So, a reasonable question of the crystal radiation damage
can be asked. Thereby, one should minimize the number of
particle passages of crystal. Additionally, the beam losses
during the extraction must be minimized in order to achieve
the high final beam intensities in the future neutrino and
muon experiments. All these problems can be solved by
application of the narrow plane cut (Fig. 2) [1]. When par-
ticle enters the cut it loses the potential energy because it
simply becomes far away from crystal plane electric fields.
For the optimal cut parameters [1] the particle escaping the
cut will obtain the potential energy less than the loss, so,
the final transverse energy will decrease.

Thus, most of particles will be captured in the regime
of stable channeling motion. Because of low transverse
energy they will oscillate far away from zone of nuclear
scattering. So, most of them will achieve the end of the
crystal in the channeling regime with high probability.

The width of the cut must be very small. It is propor-
tional to the root square of the beam energy and achieves
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Figure 3: Beam extraction from the Recycler Ring: phase space at the 15 crystal entrance (a), the channeling efficiency
vs R.IML.S. incident angle (b), phase spaces of the extracted beam without cut (c) and with cut (d). Crystal parameters:
(110) silicon crystal of 1mm length and thickness, deflection angle 0,5mrad.

about 1um at 8GeV. It is very difficult technologically to
make such crystal. Much simpler is to make the amorphous
layer [2] instead of the cut. The R.M.S. scattering angle is
negligible at such narrow layer. So, the crystal lattice dis-
turbance is equivalent to the cut.

Now let us consider the cut effect performance for 8GeV
beam of the Recycler Ring. In Fig. 3b the dependence of
the channeling efficiency on the R.M.S. incident angle ob-
tained by our simulations is shown. The efficiency in the
case with cut is more than without it. This difference de-
creases with the incident angle rise. But in Fig. 3a the in-
cident angular divergence is small enough for high perfor-
mance of the cut method. So, we can conclude that there
are good conditions for the first experiment with crystal cut.

The phase spaces of the extracted beam from the Recy-
cler Ring are shown in Fig. 3c-d. This result (and Fig. 3a)
was obtained with our simulation code of particle motion
in crystal combined with the program for the simulation of
beam dynamics in accelerator - "STRUCT” [7], developed
in FNAL. One can see here that the phase space is much
narrower for the cut case. Thus, the latter will considerably
improve the quality of obtained proton beam. In addition,
the fraction of particles extracted after the first crystal pas-
sage exceeded 95% (compare a bit more than 80% without
cut). So, the limiting intensity of the extracted beam in-
creases considerably.

Finally, the beam losses decreased in 4 times due to the
cut method. It allowed to increase the extraction efficiency
from 94-95% up to 98-99%.

CONCLUSION

The application of bent crystals for two different ma-
chines was considered. The main deflection effect was cho-

sen: volume reflection for the LHC and channeling for the
Recycler Ring. The new methods considerably increasing
the deflection efficiency were proposed. In the first case
it is the MVROC increasing 5 times the deflection angle
being almost independent from the incident angle. In the
second one it is the cut method decreasing the beam losses
up to 4 times, increasing the extraction efficiency from 94-
95% up to 98-99% and providing much higher intensity of
the beam. All these improvements provide the high perfor-
mance of future high energy accelerators.
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BEAM DYNAMICS INVESTIGATIONS FOR 433 MHZ RFQ
ACCELERATOR

Yuri Svistunov, NIIEFA, St. Petersburg, Russia
Alexander Durkin, MRTI RAS, Moscow, Russia
Alexander D. Ovsyannikov”, St. Petersburg State University, St. Petersburg, Russia

Abstract

Modeling results for deuteron dynamics in RFQ
structure with operational frequency 433 MHz and 1 MeV
output energy are presented. The results are compared
with experimental data. The purpose of investigation is to
find optimal input RFQ emittance parameters for off-
nominal values of input current and vane voltage.

INTRODUCTION

There are presented theoretical and experimental results
of researches short length 1 MeV, 433 MHz RFQ which is
part of RF neutron generator (NG). Description of this
RFQ was given in article [1] where were discussed
problems design and tolerances under manufacturing of
such resonator. In [1] installation was considered with

ECR deuteron (D*) source and forming beam system
including electrostatic preacceleration, focusing solenoid,
electromagnetic correctors and electrostatic focusing lens
before RFQ entrance. Later injection system was changed

because D" source don’t permit to obtain required beam
emittance on RFQ input. The new injection system have

multicusp D~ ion source and it is shown on fig.2 together
with RFQ and foil monitor which was used for energy
measuring during NG testing.

RFQ DESIGN

RFQ design was based on following main parameters
presented in table 1.

Table 1: Initial parameters for RFQ design

Frequency 433 MHz
Ions D
Output beam energy 1 MeV
Output pulsed current 10 mA
Output average current 10 mkA
Input beam energy 25-30 keV
Input beam current >10 mA
Maximal surface gradient <2xKP

Items 2-5 are determined by use of NG for its proper
purposes; item 6 is determined by requirement of small
gabarits of feed system; item 7 take into account possible

#ovs74@mail.ru

loss of beam; item 8 is determined by requirement of
absence of electrical break-down. Calculated RFQ
parameters are given in table 2.

Table 2: Calculated RFQ parameters

Beam injection energy 25 keV
Beam output energy 1 MeV
Input pulsed current 13 mA
Output pulsed current 10 mA
Input phase length of bunches 360°
Output phase length of bunches 36°
Input beam synchronous phase -90°
Output beam synchronous phase -23.4°
Average channel radius 1.8 mm
Minimal radius 1.18 mm
Intervane voltage 50 kV
Vane length 1090 mm

Data of tables 1, 2 may be added experimental results,
obtained during tests and working of NG.

Assembling of four-vanes RFQ was made with high
accuracy. Difference of distances between adjacent vanes
not more 10 mkm (see fig. 1). Vane modulation was

roduced with an accuracy of 2...5 mkm Measured
quality factor is 6800. It value was provided by good
tuality of machining of four-cavity RFQ surfaces.
Maximal measured vane voltage without breakdown
under testing is 70 kV. Deviation of electrical field
tensity from average value along RFQ length is +5%.

J 155
S

154 “' 1.54

Figure 1: Distances are given in mm between vanes.
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Figure 2: The new injection system together with RFQ and foil monitor.

DYNAMICS PROBLEM
Initial design of RFQ wusually supposes dynamics

Table 3: Calculation results (initial data from table 1,

calculation with vane geometry what is known as “ideal”
or hyperbolic modulation. ”Real” vane’s modulation is
produced by machine tool and can differ from “ideal”
one. Output beam characteristics depend on voltage vane,
value and orientation of beam phase volume in phase
space. In our calculations three of types of vane’s
modulation take place. “Ideal” vanes with special match
section had places where intensity of electrical field was
more than 2KP. Smoothed out “ideal” vanes which satisfy
conditions of table 1. Third type is “real” vane modulation
which formed by manufacturing process. Below one may
see calculation results for different vane types and
orientation of beam phase volume in phase space
(convergent and divergent beam). Now NG is working
with cyclotron multicusp D- ion source which have small
enough output current 2..2.5 mA so one consider two
possibilities of calculation: nominal output RFQ current
10 mA and variant with input RFQ current 2 mA.

In tables below:

Tr acc - capture of particles into the acceleration (the
number of accelerated particles that have reached the end
of the channel to the initial total number of particles)

Ex,y - transverse rms-emittance of the output beam,
cm * mrad

P — average total power of lost part of the beam, W

Data of table 5 in principle consistent with the
experimental results obtained under NG tests.

Particle dynamics in accelerators and storage rings, cooling methods

current on RFQ input — 14 mA, beam emittance
0.052mecmemrad)
u/uo Tacc Ex,y P
ideal ideal ideal
smooth  smooth  smooth
real real real
1 0.906 0.08 0.2
0.900 0.08 0.17
0.599 0.09 0.24
1.1 0.932 0.08 0.2
0.923 0.08 0.20
0.787 0.09 0.21
1.2 0.2 0.09 0.15
0.20 0.09 0.19
0.21 0.09 0.19
1.3 0.937 0.10 0.15
0.929 0.09 0.19
0.859 0.10 0.23
1.4 0.927 0.11 0.24
0.924 0.11 0.22
0.863 0.11 0.31

83



TUCCHO2

Table 4: Calculation results (initial data: current on RFQ
input — 2 mA, emittance 0.03wecmemrad; “ideal” vanes;
initial beam x,y=1.002 mm; dx/dz, dy/dz=-27.4 mrad,;
“real” vanes; initial beam x,y=1.386 mm; dx/dz, dy/dz=-

49.6 mrad)
u/uo Tacc Ex,y P
ideal ideal 1deal
real real real
1 0.997 0.06 0.
0.940 0.06 0.
1.1 0.999 0.06 0.
0.991 0.06 0.
1.2 0.999 0.06 0.
0.996 0.06 0.
1.3 0.999 0.07 0.
0.998 0.07 0.
1.4 0.999 0.08 0.
0.998 0.08 0.

Table 5: Calculation results (initial data: current on RFQ
input — 2 mA, emittance 0.03mwecmemrad, “real” vanes,
initial beam x,y=1.386 mm; dx/dz, dy/dz=+30 mrad)

u/u0 Tacc Ex,y P
1 0.580 0.13 0.14
1.1 0.698 0.14 0.16
1.2 0.764 0.15 0.16
1.3 0.791 0.16 0.16
1.4 0.791 0.17 0.18
84
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CONCLUSION

e Results presented in table 3 for “ideal” and
“smooth” vanes have small difference.

e  On the contrary in our case difference between
“ideal” and “real” vanes gives negative effect:
transmission efficiency for “real” vanes is less
than for “ideal” ones, because beam channel
was calculated for “ideal” vanes.

e Increasing of vane voltage proves increasing
of transverse RFQ acceptance, but beam turn
out uncoordinated with channel. Transmission
efficiency is increasing but less than in case of
coordinate beam.

e According to table 5 in our case we have
divergent beam in RFQ output. One may hope
do better transmission efficiency of divergent
beam with help of optimal match section as is
shown in paper [2] and optimal tuning of
focusing elements of beam forming system.
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ACCELERATOR COMPLEX U70 OF IHEP:
STATUS AND UPGRADES

S. Ivanov, on behalf of the U70 staff”
Institute for High Energy Physics (IHEP), Protvino, Moscow Region, 142281, Russia

Abstract

The report overviews present status of the Accelerator
Complex U70 of IHEP-Protvino comprising four ma-
chines (2 linear accelerators and 2 synchrotrons). Particu-
lar emphasis is put on the recent upgrades implemented
since the previous conference RuPAC-2010.

GENERALITIES

Layout and technical specification of the entire Accel-
erator Complex U70 of IHEP-Protvino were specified in
the status report of 2008, Ref. [1]. Since October 2007,
the complex comprises four facilities — 2 linear (1100,
URAL30) and 2 circular (U1.5, U70), Fig. 1.

(s e

Figure 1: Accelerator Complex U70, beam transfer line
network and fixed-target experimental facilities included.
Proton mode (default) — cascade of URAL30-U1.5-U70,
light-ion mode — 1100-U1.5-U70.

Due to recent advances of the light-ion acceleration
program, refer to Table 1, former proton synchrotrons
UL.5 and U70 can be attributed to the (light-) ion syn-
chrotron category as well.

Table 1: Light-ion program milestones

Deuterons “H'*

Carbon °C*

Ul.5 16.7-448.6 MeV/u 16.7-455.4 MeV/u
March 30, 2008 December 08, 2010
u70 23.6 GeV/u 34.1 GeV/u

April 27,2010 April 24, 2011
In the mid-April 2012, IHEP was reorganised into Fed-
eral State Budgetary Enterprise and moved under the aus-
pices of the National Research Centre (NRC) “Kurchatov
Institute”, which implies a revision of funding schemes to
perform R&D and maintain special and general-purpose
engineering infrastructure of the IHEP facilities.

“N. Tyurin, Yu. Fedotov, O.Zyatkov, A.Minchenko, A.Afonin,
E. Ludmirsky, O. Lebedev, D. Demihovskiy, V. Lapygin,
A. Ermolaev, Yu. Milichenko, I. Tsygankov, 1. Sulygin, N. Ignashin,
S. Sytov, , Yu. Antipov, D. Khmaruk, and G. Kuznetsov.

High intensity cyclic and linear accelerators

ROUTINE OPERATION

Since RuPAC-2010, the U70 complex operated for four
runs in total. Table 2 lists their calendar data. The first run
of a year is shorter and solves, mainly, R&D and method-
ological tasks.

Figure 2 shows beam availability data during machine
development (MD) and fixed-target experimental physics
program (XPh) with averages over 2002—12. The extract-
ed beam is delivered to experimental facilities with 82.8%
availability, on average.

40

N
30 P42

i

2002|2003(2004|2005| 2006|2007 2008{2008{2009/2009,2010{2010{2011,2011 | Avrg
1 2 1 2 1 2 2 %

,7124,2

JT17.2

Idle no-beam time, %

‘DMD 15,6(21,1|25,1/33,4|36,7| 15 |29,1| 33 | 27 |29,8(18,2|123,1| 7,1 |32,7
‘XPh 13,9(15,1(14,8/159|26,8/11,9(13,9|17,4|21,6| 8,9 (18,2|14,3|13,6|30,3

Run

Figure 2: Beam availability statistics.

Figure 3 is a screenshot of the on-line statistics monitor
that is an example (December 2011) of a long-term sus-
tained operation of the complex. The large ring (i.e., the
U70 PS itself) delivers 0.98-10"° ppp. Beam losses
through a cycle amount to 4%. Slow stochastic extraction
spills some 6.7-10'> ppp, while internal targets and Si-
crystal deflectors consume the allowed 2.5-10" ppp.

Owmbok HeT

CmeHa 2011.12.04 08:00 Liuknbl 1953 /1966, 99%

4 -

98

94

Figure 3: Screenshot of the on-line monitoring over the
U70 operation. Time interval (abscissa) extends over
3 hr, or 1000 ramping cycles. Yellow trace slows intensi-
ty of slow stochastic extraction, green trace — operation
of internal targets and crystal deflectors. Red (inverted)
trace indicates spent beam remains dumped onto internal
absorber.

Fixed-target experimental setups (from 6 to 10 per a
run) acquire the beam via sequential and parallel sharing
of the U70 magnetic field flattop (about 3.2 s at 50 GeV).
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Table 2: Four runs of the U70 in between RuPAC-2010 and -2012

Run 2010-2 2011-1 2011-2 2012-1
Launching linac URAL30, booster U1.5 and U70 sequentially | October, 04 March, 14 October, 10 March, 12
Proton beam in the U70 ring since October, 27 April, 06 November, 02 | April, 04
Fixed-target physics program with extracted beams November, 03 | April 11-21, November, 09 | April, 09-21,
— December, 10 days —December, 12 days
06, 31 days 13, 32 % days
No. of multiple beam users (of which the 1¥ priority ones) 11 () 9(7) 9 (6) 9 (6)
MD sessions and R&D on beam and accelerator physics, days | 7 5 9% 5
Light-ion acceleration MD program December, April, 21-27, December, April , 21-27,
06-10, 4 days | 6 ‘2 days 14-18,4 6 ', days
days

Typically, internal targets (IT) and crystal deflectors
(CD) are engaged during the 2™ half of the flattop at
8590 Gs (50 GeV). Fig. 4 shows oscillograms of beam
splitting between users. The traces are specified from top
to bottom. The first (olive) trace shows beam extraction
with CD#19 and IT#24. The next, purple (blue) traces
show extraction with IT#27 (IT#35), respectively. The
fourth (green) trace is intensity of waiting beam moni-
tored with a DCCT (2.8-10" ppp extracted).

Figure 4: Beam splitting at
the 2™ half of the flattop.

Figure 5: Slow stochastic
extraction at the 1* half of
the flattop.

Slow stochastic extraction (SSE) operates at the 1** half
of the flattop. Fig. 5 shows the SSE technological signals.
Again, the traces are specified from top to bottom. The
first (blue) trace shows signal from beam loss monitor
BLM#106 fed to spill-rate feedback. The second (green)
trace is intensity of waiting beam monitored with a DCCT
(1.1-10" ppp max of which up to 8.4-10"* ppp may be
slowly extracted, cruise rates being 3—7.4-10' ppp). The
third (olive) trace is feedback signal that AM modulates
the phase noise of the 200 MHz carrier (the fourth (pur-
ple) trace). A short pre-pulse of noise has another power
spectrum. It is used to cure beam self-bunching by means
of controlled reshaping beam distribution over momentu.

sum 3.078e+04
lower 5% limit 0.5028
0 upper 5% limit 1534

Figure 6: A slow spill delivered to the OKA facility.

Quality of the slow spills (up to 1.6—1.8 s long) seen
with headcounters of the OKA experimental facility (rare
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kaon decays) is shown in Fig. 6. The spill @ exhibits low
ripples, no mains harmonics, no cut-offs and a flat DC
spill rate (®). Occasionally, spill duty factor (®)*/(D?)
rises to comfortable values near 0.95.

Figure 7 presents attainable spill-to-spill sustainability
of the SSE. The upper trace is an in-out transfer efficiency
ratio for the extracted beam fraction (90%). Slowly ex-
tracted beam current is shown by the lower trace (3-10"
ppp). Still, given higher beam intensities, the top attaina-
ble in-out extraction ratio has a tendency to drop to about
85% causing over-irradiation of the septum magnet
SM#24. The nature of this deterioration effect is not yet
fully understood and cured.

Figure 7: Spill-to-spill sustainability of the SSE.

Occasionally, for applied research, the fast single-turn
extraction is employed. Its operation is shown in Fig. 8.
At the 50 GeV flattop, the proton bunch extracted has a
length of 15 ns at 0.5-level and population of 4- 10" ppb.

it

Figure 8: Fast single-turn extraction.

Proton Radiography

Until the run 2011-2, the fast single-turn multi-bunch
extraction has fed 50 GeV Proton-Radiographic Facility
mounted around two 90°FODO cells in a spare BTL
channel, Ref. [2]. This facility with a 60 mm field-of-view
and 0.25 mm resolution for > 300 g/cm® optical density
objects is a successful joint venture of IHEP and RFNC-
VNIIEF (Sarov, N. Novgorod Region).

High intensity cyclic and linear accelerators
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MACHINE DEVELOPMENT

Digital Master Oscillator

Both the synchrotrons, U1.5 and U70, now employ uni-
fied DDS master oscillators based on COTS digital pro-
cessing boards XDSP-3PCM equipped with the Xilinx
FPGA and plugged into an industrial PC iROBO.

For the time being, the U1.5 (booster) utilizes only part
of the new functionality now available — extended flexi-
bility in generating “B-field-radiofrequency” law allow-
ing acceleration of protons and light ions with charge-to-
mass ratio about Y. Other options available are still wait-
ing (and planned) to be implemented.

On the contrary, in the main ring U70, the DDS master
oscillator now:

1. routinely introduces embedded bunch-rotation RF
gymnastics prior to de-bunching at flattop for prompt
control over momentum spread in a circulating beam;

2. provides coordinated variation through a ramping
cycle, transition crossing included, of gains in phase-
frequency and radial feedback loops around the ma-
ser oscillator.

The latter option called for a dedicated study Ref. [3] of
the closed-loop configuration (Fig. 9) and locus of com-
plex roots of the characteristic equation (Fig. 10) to attain
optimal and balanced tune-up. Experiments with 1.3—
50 GeV proton beam have shown promising results.

X,y

Figure 9: Block diagram of Figure 10: Characteristic
RF control in the U70. equation root map.

Wide-Band Transverse Feedback

The former topology of this network is discussed in the
status report of 2010 Ref. [1]. Since then, a novel archi-
tecture of the digital feedback circuit, see Fig. 11, was
successfully beam-tested in the U70.

It employs a finite-time impulse response (FIR) non-
recursive filter layout based on 3 variable (—10%) digital
delay lines. Apart of using these natural-to-DSP compo-
nents, the configuration involved has three operational
advantages:

1. Asingle beam pickup layout (saves room on the orbit
and ensures acceptability of an arbitrary betatron
phase advance between pickup and kicker).

2. Accessibility of the purely imaginary coherent tune
shift.

High intensity cyclic and linear accelerators
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3. A built-in rejection of DC and higher rotation fre-
quency harmonic signals persisting in raw beam-
position readouts.

L-33L/4Q

virtual pickup PUO

kicker K, 90 pickup PU, 111

LA

beam

amplifier

variable delay lines

[
v

periodic notch filter &
side-band phase rotator

locking to beam
ToF from PU to K

Figure 11: Updated layout of the wide-band feedback.

The latter occurs due to a periodic notch nature inherent
in the amplitude-frequency in-out open-loop feedback
transfer function.

Beam observations with the updated feedback are pre-
sented in Fig. 12. Zoom scan width is 4 ms

Feedback OFF Feedback ON

Figure 12: Damping of radial oscillations at injection
(upper traces). Lower trace is beam intensity (DCCT).

Technically, the circuit implements the similar XDSP
board as the RF master oscillators in the Ul.5 and U70.
Detailed report on the subject can be found in Ref. [4].

Slow Extraction at Flat-Bottom

At its 352-353 Gs flat-bottom, the U70 ring serves in a
storage-stretcher mode. To this end, the entire 1.5 km lat-
tice is fed by a stand-alone DC PSU (130 A, 20 kW).

The regime accommodates either a test proton beam
(1.32 GeV kinetic), or a carbon '*C*" ion beam (453—
455 MeV/u).

The challenge of squeezing a new slow extraction sys-
tem into the densely packed U70 lattice was met with a
classic 180° Piccioni-Wright scheme Ref. [5] (Fig. 13).

coordinate y fm]

distance s [m]

Vertical

Horizontal

Figure 13: Waiting beam envelope (8p/p, = £3-107) and
representative traces for extracted fraction (ionization
loss Ap/pg =—0.69% and £26’cs in slope over IT#28).
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The scheme uses a thin energy-degrader internal target
IT#28 (Fig. 14) followed by a newly-build deflecting sep-
tum magnet SM#34 (Fig. 15). The extracted (perturbed)
beam fraction travels between IT#28 and SM#34, i.e. via
6 CF magnets of 120 available (1/20 of orbit length only).

Figure 14: Energy-degrader inner target IT#28 (berylli-
um, thickness 4.0 mm, height 10 mm) for carbon beam
and the IT outer assembly at SS#28.

“ .

Figure 15: Deflecting septum magnet SM#34 (80 mrad,
0.42 T, 1.3 m, 80x40 mm” (hxv)).

In the runs 2011-1,-2, the system was beam-tested and
attained the design performance (see Figs. 16, 17) with
beam extracted towards the new BTL#25 being mounted.

o
0 5 10 15 20 25 30 35 40 45
X Position, mm

Figure 17: Carbon beam
spot at exit from SM#34.
Convolution over 3 cy-
cles 8 s long each.

Figure 16:  Finite  range
(30 cm ca) and stopping point
of carbon beam in a plastic
scintillator at 455 MeV/u.

A dedicated scheme to point the beam outskirts to
IT#28 for subsequent extraction with a random deflecting
force was proposed and tested; see Fig. 18 and Ref. [6].

Traces from top to bot-

ARy tom: (1) circulating C

beam intensity; (2) slow

spill; (3, 4) coil currents

for steady closed-orbit

bumps near IT#28 and
SM#34, resp.

Figure 18: Slow spill under a stochastic horizontal be-
tatron excitation with a fixed noise power.
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Intensity-Related Effects

The major goal pursued during MDs for the proton
mode of the U70 is to operate with higher intensities
>1-10" ppp in 29 bunches (of 30 RF buckets) and small
phase-space volumes. The consumer of the high intensity
is slow extraction (SSE) for the OKA experiment.

For the time being, the challenging effect is spurious
self-bunching of beam seeing longitudinal coupling im-
pedance of 40 idle RF cavities at their fundamental mode.

The situation has been aggravated recently with the ad-
vance of the light-ion program, which has necessitated the
comeback to the extended (factory default) bandwidth
2.7-6.1 MHz of the RF cavities.

Due to the well-known E. Keil-W. Schnell criterion, to
ensure the coasting beam stability, one has to obey

|Z{koy)| 1 BE (3p ) 0
|k | A ey Lpo

where 28p/p, is full fractional momentum spread at base;

A is form-factor depending on beam distribution function

Fo(8p); other notations are conventional.

To increase the r. h. s. of Eq. 1, two cures are now op-
tionally applied to in the U70:

1. Blow-up of 8p/p, from +4-10° to +1-10° by means
of bunch rotation (8 ms long coherent 6 MHz RF
gymnastics) prior to de-bunching at flattop using the
extended functionality of the new DDS RF master
oscillator. Factor A is kept unvaried meanwhile.

2. Smooth blow-up of dp/py accompanied by re-shaping
(flattening) Fy(dp) and, thus, affecting factor A, with
a 100 ms long low-pass (2.3—4.2 kHz) phase noise
carried by 300 kV voltage driven by the auxiliary
200 MHz RF system.

|

g

v B G

Self-bunching seen as oscil-
lation and slow decay of
peak curve (bottom).

Damping out with bunch com-
pression (surge) accompanied
by momentum spread blow-up.

Figure 19: Suppression of self-bunching at 50 GeV flat-
top and 7-10" ppp with RF gymnastics. Upper (blue)
trace is beam intensity (DCCT). Lower (red) trace is
beam peak current signal.

Beam observations over self-bunching and effect of the
two cures against are shown in Figs. 19 and 20.

A supplementary measure against self-bunching, when
applicable, is injection of even bunch patterns that reduce
beam de-bunching time.

Another cure possible is to close dedicated longitudinal
beam feedback (digital) whose actuator might be a spare
6 MHz RF cavity. This option is under study now.

High intensity cyclic and linear accelerators
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Tty
oA

Self-bunching seen as oscil- Suppression of self-bunching
lation and slow decay of with noise pre-pulse followed
peak curve (2™ from top). by a transition to the SSE.

Figure 20: Suppression of self-bunching at 50 GeV flat-
top with 200 MHz phase noise. Upper (yellow) trace is
beam intensity (DCCT). Next (red) trace is beam peak
current monitor signal. Lower (green) trace is phase
noise injected (1% quarter is band-pass 2.3-4.2 kHz,
while remainder is low-pass 0—4.2 kHz random signal).

Still, other intensity-related effects in the U70 are wait-
ing to be understood and cured.

The shortest bunches available in the machine cannot
cross transition loss-free when injected in a dense one-by-
one train of > 6-10 bunches. One has to resort to prelimi-
nary longitudinal blow-up with the 200 MHz (spill) RF
system. Effect of some short-range wakes is suspected.

Transverse coherent motion of proton beam is well
cured with the narrow-band low-pass (analog) and wide-
band band-pass (digital) beam feedback circuits installed.
Still, in the open-loop configuration, one cannot identify
the source of an apparent asymmetry between thresholds
of vertical and horizontal instabilities. Threshold of verti-
cal instability is by a factor-of-2 higher than that for hori-
zontal motion, while the opposite ratio is expected for the
elliptic resistive steel vacuum chamber with 10 x 5 mm”
aperture (inner half-axes, horizontal x vertical).

These and other effects are scheduled for future studies.

Crystal Deflectors

These types of beam transverse deflectors are exten-
sively employed for routine technological purposes and in
a dedicated R&D program accomplished with the beams
of the U70. Ref. [9] reports on details of this activity.

Light-lIon Program

This program advances incrementally, each recent ma-
chine run constituting a noticeable step in accomplishing
the task.

Acceleration in the U70 of deuterons to a specific ki-
netic energy 23.6 GeV/u (flattop 8441 Gs) with
5-10'° dpp was reported in Ref. [8] of RuPAC-2010. Since
then, the cascade of 1100, Ul.5, and U70 involved was
switched to the carbon-beam mode.

During the run 2010-2, fully stripped ions (nuclei) *C®*
were first accelerated to 455.4 MeV/u in the small ring
UL.5. Beam intensity varied between 5.3-3.5-10°ipp
through 26 ms ramp (once in 8 s). The first turns of the C
beam around the U70 ring at flat-bottom were committed.

During the run 2011-1, carbon beam (a single bunch)
was accelerated in the U70 to the ultimate available ener-
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gy of 34.1 GeV/u (flattop 12 kGs) with max 5-10° ipp
(85s).

During the runs 2011-1, -2, the U70 also operated in a
storage-stretcher mode for a 453-455 MeV/u carbon
beam at 352-353 Gs flat-bottom. Top beam intensity ob-
served was 5-10-10° ipp, which exceeds the design figure
of 3-10° ipp. New direction for the slow extraction of the
intermediate-energy carbon beam via IT#28 and SM#34
inwards the U70 ring was safely beam-tested. In the af-
termath, a new BTL#25 is assembled in the Experimental
Hall to transfer the carbon beam for applied research.

During the latest run 2011-2, carbon beam was acceler-
ated to 24.1 GeV/u (flattop 8590 Gs) with 5-10” ipp (8 s).
All the high-energy beam extraction systems available —
fast single-turn, slow resonant (including stochastic), slow
with a bent Si-crystal deflector — were readily tested
with a carbon beam. The carbon beam extracted was
transferred through the existing 190 m long BTL#22 to
the FODS (a FOcussing Double-arm Spectrometer) ex-
perimental facility and detected there. Operational retun-
ing of optics (momentum acceptance) of the BTL#22 al-
lowed to use this beam-line as an ‘ad hoc’ Fragment Sepa-
rator yielding the first ever experimental observations of
high-energy nuclear-physics events with a 300 GeV (full
energy) carbon beam delivered by the U70.

Further physical and technical details of the light-ion
acceleration program progress are reported in Ref. [9].

CONCLUSION

Accelerator Complex U70 of IHEP-Protvino is the sole
national proton facility running for the fixed-target re-
search in high-energy physics. It is a subject of an ongo-
ing upgrade program affecting the key technological sys-
tems and promising still better beam quality. Functionali-
ty of the machine for fundamental and applied research is
being enhanced with the advent and adoption of its light-
ion beam mode.
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MULTIPURPOSE RESEARCH COMPLEX BASED ON THE
INR HIGH INTENSITY PROTON LINAC

A.Feschenko, M.Grachev, L.V. Kravchuk, V.L.Serov,
Institute For Nuclear Research, Moscow 117312, Russia

Abstract

Scientific Complex based on 600 MeV Proton Linac is
in operation at the Institute for Nuclear Research, Troitsk,
Moscow and provides the beam for both basic and applied
research. At present proton beam with the energy up to
209 MeV and with the average current up to 130 pA is
used for three Neutron Sources and Beam Therapy
Complex, located in the Experimental Area, as well as for
Isotope Production Facility. The status of the Linac and
the Experimental Area is presented. Accelerator tuning
procedures providing minimization of beam loss are
described as well.

INTRODUCTION

INR Accelerator Complex is located in science city
Troitsk (Moscow) 20 kilometers to the south-west from
Moscow circular road. It includes the high-intensity
proton Linac, Experimental Area with three neutron
sources and Beam Therapy Complex as well as Isotope
Production Facility (IPF). Though the initial name of the
Complex was Moscow Meson Factory in the recent years
the main activity has been shifted towards neutron
studies, isotope production and other researches
connected with the above mentioned experimental
facilities.

In nineties INR accelerator was the second large high
intensity and medium energy linac after LANSCE (former
LAMPF) at LANL, Los Alamos, USA. In the last decade
two new linacs of this type with improved parameters
have been put in operation (SNS and J-PARC) and
several more ones are being constructed or designed now.
This activity shows the urgency of the researches made at
the accelerators of this type and confirms extreme
topicality of the INR multi-purposes complex.

LINEAR ACCELERATOR

General Description and Parameters

The detail description of the INR proton Linac is given
in [1, 2]. The simplified diagram of the accelerator is
shown in Fig. 1. The accelerator consists of proton and H-
minus injectors, low energy beam transport lines,
750 keV booster RFQ, 100 MeV drift tube linac (DTL)
and 600 MeV coupled cavity linac (CCL, Disk and

Washer accelerating structure). There are seven
198.2 MHz RF channels for five DTL tanks and RFQ
(including one spare channel) as well as thirty

two 991 MHz RF channels for 27 CCL accelerating
cavities and one matching cavity (including three spare
channels and one channel for equipment tests). Design,
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obtained and currently available operational Linac
parameters are summarized in Table 1.

Table 1: Main accelerator parameters.

Parameter Design Obtained |September

2012

Particles p, H-minus | p, H-minus p

Energy, MeV 600 502 209

Pulse current, 50 16 15

mA

Repetition 100 50 50

rate, Hz

Pulse 100 200 0.3+200

duration, ps

Average 500 150 130

current, pA

The accelerator is in regular operation since 1993. 102
accelerator runs with total duration of more than 38000
hours have been carried out so far including 63 runs of
total duration of 18000 hours within the last decade. The
availability of the beam for the users is 80+90 % of the
total beam time.

Main Current Goals

The main goal for the nearest future is improvement of
accelerator efficiency. To attain this goal two problems
have to be solved. The first one is increasing the beam
pulse repetition rate from the current 50 Hz to 100 Hz.
The second one is distribution of the beam between IPF
and Experimental Facility. To double the beam pulse
repetition rate the repetition rate of RF system pulses as
well as that of proton injector must be doubled.

The activity on increasing RF pulses repetition rate is in
progress for several years, but has been intensified
recently [3]. The studies with the aim of increasing proton
injector repetition rate are also being conducted.
Completion of building of H-minus injector enabled a
task to be formulated on simultaneous acceleration of
proton and H-minus beams. It is supposed that two beams
will be accelerated pulse by pulse each with the rate of
50 Hz.

With the aim of distributing the beam between IPF and
Experimental Facility the intermediate beam extraction
area (160 MeV) has been upgraded [4]. Instead of the first
DC bending magnet (Fig.1) the pulse magnet along with
the power supply developed and fabricated in
D.V.Efremov Institute (St. Petersburg) [5] has been
installed. The tests of the system including the tests with
the beam have been done [4]. The maximum frequency of
the magnet pulses is 50 Hz so the possibility to direct up
to half of the beam pulses to IPF will be implemented.

High intensity cyclic and linear accelerators
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The pulses directed to the Experimental Area are
positioned between the magnet pulses. The DC supply of
the magnet is also foreseen thus enabling a full beam to
be extracted to IPF.

WEYCHO02

To improve an ultimate beam current at IPF target the
fast beam circular scan installation has been developed
and is being fabricated. Scanning frequency equals to
5 kHz which corresponds to one full circle within the
200 pus beam pulse.

Isotope Production

H 0.75 MeV 100 MeV 160 MeV FaCllltV 247 MeV 423 MeV 602 MeV
I:l . Experimental
\5 | Area
- - - - .-
-~ RFQ C, Cs C5 Cio Cu Cis Cy Ca Cs
o

Figure 1: Simplified diagram of the accelerator (C,+C;, — accelerating cavities). The sectors of the accelerator are

marked with different colors (five sectors totally).

One of the problem systems of the accelerator is RF
system of DTL linac. The main problems are due to
stopping production of grid tubes GI-51A and GI-54A for
power amplifier as well as the modulator tube GMI-44A.
The activity on replacement the tubes GI-51A and GI-
54A by GI-57A and GI-71A correspondingly is in
progress for several years. There were doubts if the
tandem of two new tubes can provide sufficient RF power
for the most powerful RF channel #2. However the doubts
disappeared after the tests of the tandem in this channel
during several runs of the accelerator [6]. Moreover the
manufacturer of the tube GI-71A “S.E.D.-SPb” started its
modernization with the aim to increase the gain. We hope
that with the modernized tube the difficulties of obtaining
higher RF power will become less severe. As for the
modulator tube GMI-44A the manufacturer “S.E.D.-SPb”
has started to develop a restoration technology. In case of
positive result a possibility of restoration of big amount of
used tubes in hand will arise.

Available amount of klystrons limited the maximum
energy to 502 MeV within the course of accelerator
commissioning (Table 1). Now the -capabilities of
industry to produce the klystrons enable to balance at the
level of 209 MeV.

EXPERIMENTAL AREA

Experimental Area is shown in Fig. 2. All the
equipment of experimental area is foreseen to work with
the beam of 600 MeV but now the power supply system is
restricted and enables to work with the energies up to
300 MeV. At present the following facilities are in
operation: Spallation neutron source IN-06 with a number
of multipurpose instruments, 100-ton spectrometer LNS-
100 on slowing down in lead, RADEX facility (a
modified beam stop) with neutron guides and stations for
time-of-flight spectrometry, Beam Therapy Complex.

Simultaneously with building of H-minus injector the
beam separation system was created in Experimental
Area. The system is intended for separation of proton and
H-minus beams and is based on Lambertson Septum
Magnet [7]. When two beams are accelerated
simultaneously the system enables to pass the proton

High intensity cyclic and linear accelerators

beam directly to RADEX facility and to deflect H-minus
beam towards Beam Therapy Complex. Formation of
beam size is foreseen by inserting a strip foil with a
proper central hole in front of the septum magnet. The
recharged protons are directed to the beam stop. Recently
the line to the Beam Therapy Complex has been equipped
with a wedge-shape degrader. The particles lose the
energy depending on wedge thickness thus providing fine
energy adjustment within the range of 209+70 MeV.

i
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Figure 2: Experimental Area (1 - RADEX facility, 2 -
Spallation neutron source IN-06, 3 - LNS-100
spectrometer, 4 — Beam Therapy Complex, 5 — beam
separation area).

PECULIARITIES OF ACCELERATOR
TUNING

The experience of accelerator operation showed that to
implement a high beam intensity and low beam loss mode
of operation definite tuning procedure have to be fulfilled.
The procedures are related to longitudinal and transverse
tuning. Normally the longitudinal tuning is done first.

Longitudinal Tuning

The base of longitudinal tuning is setting the design
parameters of amplitudes and phases of RF fields in
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accelerating cavities. In DTL linac a phase scan procedure
applied for the cavities in series is the main one. The RF
phase of the cavity under the test is adjusted within a wide
range and the current of the accelerated beam is measured
downstream of the cavity. To separate the accelerated
particles from non accelerated the degraders of proper
thickness are used. In our linac we have one degrader
installed at the exit of DTL linac with four plates in
series. The thickness of the plates is selected in such a
way that the signals from different plates correspond to
the intensities of the beam accelerated in different
cavities. As an example Fig.3 demonstrates a phase scan
curve for the third DTL cavity. The width of the curve
depends on the size of the bucket and hence on the
amplitude of the accelerating RF field. It is implied that
the amplitude is set to the nominal value when the width
of the curve equals to the nominal one calculated
preliminary. The phase is set to the nominal one by
shifting from one of the curve edges by the preliminary
calculated value.
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plotted versus At,. Figure 5 demonstrated the results of
the procedure for CCL cavity #1.

sow#7_work.vi Front Panel

Path (for Loaing)

OM,,,.. Coryrr | =
[——

. Comuan c dasowerpa, rpoa

| Vonepewe | O6paorxa | 3amcs asmence dain | Yeranona oupomo dase |
—————

Ay BY nons 8 pesonatope, B/100

Figure 3: Phase scan results for DTL cavity #3.

To set the phase and the amplitude in the last DTL
cavity #5 a dependence of phase difference of the signals
induced by the beam in two beam current harmonic
monitors installed at the entrance and at the exit of the
cavity versus phase is measured (Fig. 4).

Vertical spread of the measured function univocally
corresponds to the amplitude of RF field. The phase is set
by shifting the phase by the calculated value with respect
to the phase position of the vertical middle of the curve.

To check the overall stability of DTL linac the energy at
the exit is measured with a time of flight method.
Normally the errors can be effectively corrected by fine-
tuning the phase of DTL cavity #5 thus compensating the
energy errors.

To set the amplitudes and the phases in the cavities of
CCL linac (above 100 MeV) the AT procedure is used
[8,9]. In this procedure the changes of the time of flight
through the tuned cavity (4¢;) and through this cavity plus
the subsequent switched off one (4¢,) are measured when
the tuned cavity is turned on and off. The measurements
are done for different phases in the tuned cavity in the
vicinity of the nominal one. Then the function A¢; is
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Figure 5: Results of AT procedure for CCL cavity #1.
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The tilt of the plotted experimental function depends on
the amplitude of the accelerating field. Measuring the tilt
one can find the amplitude. The position of the function
relatively to the plot centre depends on the cavity input
energy and input phase shifts with respect to nominal
ones. AT procedure is a linear one and is valid for small
shifts in energy and phase. Preliminary setting of phase is
made by observing beam loading versus phase. Normally
the centre of the phase area with beam acceleration is a
good phase point for starting AT procedure. The
procedure is used for all the accelerating cavities up to
209 MeV. Setting the phase and the amplitude in the
matching cavity located in the intermediate extraction
area (160 MeV) is done similarly to DTL cavity #5.

As for RFQ and two buncher cavities their amplitudes
and phases are normally fine tuned to obtain a maximum
beam current.

Transverse Tuning

Transverse tuning includes beam matching and beam
center correction at certain accelerator areas. The first
matching and correction is done at the transition area
form DTL to CCL. For matching purpose the beam
profiles are measured with several wire scanners and
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phase ellipses are restored. The profiles are also measured
with increased gains of electronics to get information on
beam halo. The behavior of beam profiles in time within
the beam pulses is also observed. The result of profile
measurement is demonstrated in Fig.6.
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Figure 6: Example of beam profiles at DTL to CCL
transition area.
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Figure 7: Results of beam profile data treatment.

The parameters of the restored emittance ellipses are
used to calculate quadrupole settings in order to match the
beam with the subsequent lattice. The variety of settings
can be found but the one providing minimum beam size at
the matching area is selected. After setting the selected
quadrupole parameters one more cycle of measurements
is done in order to check the matching results. Figure 7
demonstrates the results of profile data treatment. The
lattice, the beam envelopes, the behavior of beam center
and the restored emittance ellipse are presented.

Beam centre position correction is done with corrector
windings of the quadrupole doublets. Two corrector
windings are used for each plane. The first step of the
correcting procedure is the measurement of the beam
centre positions with several wire scanners. The measured
coordinates are transformed to the selected longitudinal
position (usually the entrance of the first corrector) and
the corresponding point in phase plane is found. Then the
correcting currents are calculated to shift the found point
to zero after the second corrector. To check the results of
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correction beam positions are measured one more time.
Figure 8 demonstrates the results of correction at the
intermediate extraction area. The lattice and the beam
centre positions before and after correction are shown.

1 A R R R R AR AR R AR A

00 ‘25000 ‘soano’ 75000 10000, 12500,0 08,0 17500,0 20006,0 22500,0 250000 27S00,0 30000,0 325000 00,0 37000 40ad0 42

TR Reotr [~
| S =

0025000 ‘ston0’ 75000" 10000,0 16500,0 i8006,0 17500,0 200060 22500,0 25006,0 27500,0 300000 32500,0 35006,0 37O doad,0 444

Figure 8: Results of beam correction.

Five areas for matching and correction along the
accelerator are foreseen.

There are special procedures for tuning injection lines
as well. However their description is outside this report.
In majority cases optimization of injection line elements
to maximum accelerated current is sufficient.
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Figure 9: Information on beam losses in accelerator
sector #4.
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Beam Loss Minimizing

Final tuning of the accelerator is made by the operator,
minimum beam loss being a criterion. There are 120 beam
loss monitors based on photo-electron multipliers as well
as 30 neutron detectors along the accelerator. The
information on beam loss available to operator (Fig. 9)
includes beam current pulses at the entrance and at the
exit of the accelerator sector (Fig. 1), distribution and
amount of beam loss along the sector obtained with beam
loss monitors and neutron detectors as well as the signals
from the loss monitors.

Final stage of accelerator tuning is more art than
science and it is impossible to formalize and describe it. It
depends on operator experience and preferences.
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It should be noted that the minimum beam loss can be
obtained without fulfilment of the tuning procedures
above described, several sets of accelerator parameters
being possible. However the condition thus found appears
to be unstable and difficult to maintain for a long period.
The experience shows that the stable conditions can be
obtained only in case the procedures above described are
carried out and the subsequent adjustments are done
within the restricted margins.

CONCLUSION

Multi-purpose Scientific Complex based on 600 MeV
Proton Linac is in operation at the Institute for Nuclear
Research. Permanent modernization of the accelerator and
the Experimental Area enables not to only maintain the
complex in operational state but also to improve beam
parameters and complex capabilities. The existing
experimental facilities are the basis for variety of both
basic and applied researches.
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USE OF BENT-CRYSTAL DEFLECTORS TO STEER BEAM IN U-70
ACCELERATOR OF IHEP- STATUS AND PROSPECTS

A.G.Afonin, V.T.Baranov, Yu.A.Chesnokov, V.A. Maisheev,
V.L.Terekhov, I.A.Yazynin, IHEP Protvino, Russia

Abstract

The report presents an overview the results of
IHEP activity in the field of study and using bent
crystals to steer high-energy proton and ion beam
obtained during 2010-2012. The hardware installed to
study crystal collimation and extraction is described. A
new dedicated beam transfer line was arranged to study
the performance of crystals. It has been shown that the
crystal deflections developed are capable of sustaining
long-term operation to deliver high-energy extracted
beams for fixed-target physics. Experience with
practical applications of bent crystals are outlined. First
results on the extraction

24.1 GeV nucleon carbon ions are also presented.

BEAM EXTRACTION FROM U-70

The method to use bent crystals to extract protons
has found the widest practical application on U-70
accelerator of IHEP during more than 20 years.

Different types of extraction schemes with bent
crystals and technical equipment are realized now as
for extraction so as for experiments to test new crystal
devices and to study beam collimation processes.

The location of the stations with bent crystals in U-
70 is presented on Table 1.

Tablel:Crystal location in U-70.

Crystal station Si-19 Si-84
Si-22 Si-24 | Si - | Si-30 Si-86
Si-106 27

Beam line 8,22,23 | 2,14 4 | 8,22.23 | absorber

The subscript means the straight section index or
the index of a magnet in which the crystal or internal
target is installed..

On U-70 three different possibilities to use bent
crystals for physics are realized.

1. One way to use bent crystals is to extract proton
by crystal directly. In this case we use long crystals
which gives the possibility to receive big angles of
deflection. We have two station of this type Si-24 and
Si-27.

They extract the beams of protons to experimental
facilities, which usually work with secondary particle
from internal targets. The angles of bending for such
deflectors (80-90) mrad and efficiency ~ 107,

2. Second way is to use short crystals with small
deflection angle.

The small deflection angle (in our case 0.5-2 mrad,
it depends on scheme) is sufficient to put the beam into
aperture of septum-magnet, which then provide the
larger deflection angle need for the extraction
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For this purposes we have crystal stations Si-106, Si-19,
Si-22 . The length of deflectors 2-5 mm and the efficiency in
this case was achieved 85% [1,2].

3. Third way is to split extracted beam by crystal for two
directions. For this regime we use Si-30, which is intended
to remove a small fraction of a beam (it can be ~ 10" protons
per cycle) to beam line 8 or 22.

Beam extraction using bent crystals allows simultancous
operation with internal targets. The diagrams of the beam
extractions using bent crystals is shown on Fig 1.
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Figure 1. Schematic diagrams of proton beam extraction
using bent crystals: (1) the trajectory of circulating beam
during its simultaneous guidance onto the crystal in straight
section no.19 (Si) and internal target T24 and T27, (2) the
trajectory of beam extraction from crystal SS-19 (Si), and
(3) the trajectory of beam extraction from crystal Unit 22

(Si).

Since RuPAC-2010, the U-70 complex has been working
for four runs in total. Table 2 presents the results of bent
crystal extraction during this period.

Table2: The use of slow extraction by bent crystals on
U-70in 2010-2012.

Run of U-70 2-2010 | 1-2011 | 2-2011 | 1-2012

Duration of a run 744 240 744 288
(hours)

Crystal extraction | 846 636 672 240
(hours)

A crystal can extract from 10° up to (5-6)* 10" ppp
without special cooling technique during hundreds hours
without degradation seen. This extraction is a good addition
to the slow extraction existing at the U-70 IHEP accelerator,
which provided proton beam with intensities of 5*10'" —
10" particle per pulse. It shows reliable, reproducible and
predictable work.

During the runs, all the beam extraction system available
in the U-70 were engaged- fast single- turn, slow resonant
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(stochastic and classic), internal targets and slow
extraction by bent crystal.

Typical picture of cycle flattop utilization
presented on Fig.2
FE
‘ SRE CSE
CSE 1T24
IT27
1.7s 1.7s

>\0.15$

Figure 2. The utilization of the U-70 magnetic cycle
flattop.FE- fast extraction, SRE- slow resonant
extraction, CSE- slow extraction by crystal, IT- internal
target.

EXTRACTION OF CARBON IONS

During last years the program of accelerating light
ions in the accelerator complex U-70 is successfully
developed..

In spring run of this year the beam of carbon ions
was accelerated to kinetic energy 24,1 GeV per
nucleon with intensity up to 5*10° nucleon per cycle
and then the carbon ions beam was extracted from
accelerator in one of external beam line. It was done by
all system of extraction- fast, slow resonant and by
bent crystal.

In order to extract carbon beam by crystal we have
used crystal station Si-22 (Fig.1) and scheme Si 22-24-
26-30. It was silicon deflector S-type with dimensions
(2*40*0.5) mm’ (length along the beam, height,
thickness) and bending angle ~ 0.9 mrad.

The modeling of carbon ions extraction was
performed before of experiment. The results presented
on Fig.3
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alphalmr add
Figure 3. Extracted beam intensity (*) and beam losses
(0,x) as a function of the crystal orientation.

The beam of carbon ions was successfully

extracted to the beam line Ne22 and was registered on
physical setup FODS.
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On Fig.4 one can see the profile of beam in beam
transfer line and signal from photomultiplier during
extraction process. The efficiency of extraction was defined
as 60%.
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Figure 4. Profile of carbon ions beam (left) and beam spill.

ot e 9009E A e B0 s 0 vnp
224 962 RN
202 W2l 00 13 0 €

w2
i 0 EUNEENTY

The first results of this experiment should be and will be
refined in future sessions of the U-70 operation.

NEW EXPERIMENTS

The novel crystal device for beam focusing was
constructed in IHEP. It presents the silicon plate which has
been cut out along plane (111). The sizes of a plate are equal
x*y*z=1*%70%*20 mm’. It was bent in a longitudinal direction
by metal holder

Due to anisotropic properties of material of a plate there
is a transversal bend which is used for bending and focusing
of a beam [3]. Experiment on focusing beam with such
device was carried out with 50 GeV proton beam of U-70
IHEP accelerator [4]. The effect of focusing has been
registered with the help of nuclear photoemulsions.

The result of calculation and experiment is shown on
Fig.5.
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Figure 5: The size of a beam depending on distance from a

crystal. Points - experiment. The curve 1 - calculation for

transportation of particles in vacuum, the curve 2-calculation

for scattering on air and emulsion layers.

Thus, it was evidently presented, as the beam equal on
the size to thickness of a crystal (1 mm) was compressed in a
line in with width 0.22mm.

The focusing property of the developed device can be
applied on the accelerator of high energy to research of low-
angular processes. The crystal can be align on a fix target by
focusing end face, as shown in Fig.6. Rotating the crystal
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around of an axis O, one can deflect the particles from
the target and create clean conditions for registration of
the necessary particles. Other motive of application of
such scheme is reception of a secondary particle beam
of high energy by rather simple way.

Beam orbit

g
‘//j:j;// = \
= \

-

Figure 6: An example of application of a focusing
crystal for research of low-angular processes. The same
scheme can be a source of a parallel beam of secondary
particles.

Recently THEP group together with employees of
several Russian and foreign centers have opened the
new physical phenomenon - reflection of high energy
protons from the bent atomic planes of silicon crystal
[5]. The phenomenon of reflection occurs in wide area
of angles and is more effective, than usual channeling.

But for real application the increase in angle of
reflection in few times is required. Two ways were
proposed for this purpose:

e  Reflection on a chain of crystals (multiple
volume reflection - MVR in sequence of crystals [6].

e  Reflection near to an axis in total potential of
several skew planes (MVR in one crystal [7]).

Figure 7: Crystal multistrip structure.

During two last runs we tested amplification of
reflection angle due to both effects (multi-crystals and
axial enhancement) for improvement of beam
collimation scheme in U-70 synchrotron [8].
Multicrystal structure, 6 silicon bent strips (Fig.7), was
installed in biaxial goniometer in U-70 circulating
beam like a first stage of collimation system.

In experiment reduction of particle losses registered
by ionization chambers downstream of collimator was
observed during planar crystal rotation and this
reduction was increased by vertical rotation (Fig. 8).
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Figure 8: Reduction of particle losses of circulating beam
downstream collimator versus vertical crystal rotation.

This effect is confirmed Monte Carlo simulations.

Thus the new method of beam steering was
demonstrated, based on reflections of particles in multi-
crystal enhanced by axial effect.

CONCLUSION

In this article we briefly describe the IHEP activity,
which aims to use the crystals in the practice of extraction
system, as well as to explore new aspects of the use of
crystals for extraction and collimation. As a part of this topic
we work closely with the international collaboration of UA9
at CERN [9] as well as with colleagues in the Ukraine [10].
Our activities are supported by the Directorate of High
Energy Physics, the Russian Foundation for Basic Research
(grant Ne 4.45.90.11, 1080 (Russia) and by SFFR grant Ne
F40.2/092 (Ukraine).
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Abstract

iThemba LABS is a multi-disciplinary research facility
that provides accelerator-based facilities for physical,
biomedical and material sciences, treatment of cancer
patients with neutrons and protons and the production of
radioisotopes and radiopharmaceuticals. The successful
utilization of beam diagnostic equipment is critical and
essential for the effective running of such a facility and
will be discussed in more detail. The current status of the
facility and future projects, which entail a radioactive-ion
beam project as well as a dedicated facility for proton
therapy, will also be discussed.

INTRODUCTION

At iThemba LABS proton beams are accelerated with a
K=8 injector cyclotron (SPC1) for injection into a K=200
separated sector cyclotron (SSC) [l]. Production of
radioisotopes and neutron therapy is done at 66 MeV and
a 200-MeV beam is used for proton therapy. For
radioisotope production a beam current varying from 80
to 300 pA is used depending on the target material. Low
intensity beams of light and heavy ions and polarized
protons, pre-accelerated in a second injector cyclotron
(SPC2) with K=I11, are available for nuclear physics
research.

During the past several years extensive development
work has been done on the accelerators to increase the
beam intensity for radioisotope production. Flat-top
acceleration systems were installed in both the injector
SPC1 and the SSC which led to a threefold increase in
beam intensity for radioisotope production [2]. The
increase in beam intensity also necessitated the
development of beam diagnostics that can handle the high
beam intensity.

OPERATING STATISTICS

The performance of the iThemba LABS facility was
outstanding during the 2011 calendar year. The
unscheduled interruptions to operations amounted to a
meagre 4.8% of the scheduled beam time, down from
7.3% the year before.

Fig. 1 shows the beam outages per failure category for
the calendar year 2011. The bulk of the beam outages in
2011 were caused by RF interruptions, amounting to
25%. Despite this, the beam time loss to the user

98

communities as a result of RF interruptions shows a very
encouraging decline. In 2010, the beam outages as a result
of the RF systems amounted to 224 hours and in 2011 this
figure decreased to only 98 hours. This significant drop in
interruptions can largely be ascribed to a pro-active
approach to maintenance. As part of this approach, a
number of water-cooled components in both the 150-kW
amplifiers were replaced and ICs on various PCB boards
in the amplifiers were resoldered to remove dry joints
after 28 years of operation. These steps greatly
contributed to the reduced beam time loss as a result of
RF interruptions.

Another major interruption that plagued the operations
at the facility in 2011 was power failures. In 2011, power
failures resulted in a beam time loss of 40 hours, which
was significantly lower than the 60 hours of beam time
loss it caused the previous year. This beam time loss is
mostly caused by power dips, which are brief
interruptions of power to the facility. To lessen the impact
of such power dips, iThemba LABS has invested in a 4-
MW  Uninterrupted Power Supply (UPS). The UPS
sustains power when the externally supplied power falls
away. However for certain beam energies, power cannot
be delivered to all equipment by the UPS. Developments
are underway to improve this situation.

Other contributions to operational interruptions were
caused by water leaks interrupting the vacuum, servicing
and tuning of the ion sources, and problems with cooling
water and power supplies.

VACUUM
12%

ECR
8%
DIAGNOSTICS —

8%

\ _

POWER FAILURES
10%

POWER SUPPLIES
9%

Figure 1: Beam outages per failure category in 2011.
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SSC NON-DESTRUCTIVE BEAM PHASE
PROBE MEASUREMENT SYSTEM

Selectable
Phase Probes BPFs
1 11111 1 ]
> A
ITTTTITT - >
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Amplification
Client PC Lock-in Amplifier

Figure 2: A block diagram of the SSC non-destructive
beam phase probe measurement system.

A non-destructive beam phase probe consisting of 21
probes, which spans from the injection radius to the
extraction radius, has been installed into the SSC. Each
probe consists of two double-shielded electrodes,
symmetrically arranged with respect to the median plane.
The hardware and software control of the system has been
completed. A high level block diagram is shown in Fig. 2.

Each of the upper and lower plates of the phase probes
can be selectively multiplexed to a single output port. The
signals are then combined. This reduces the unwanted RF
pickup in the system. The second harmonic of the beam
packet was chosen (for spectral purity reasons) to extract
amplitude and phase measurements. The second harmonic
is filtered using selectable band-pass filters. The bank of
7" order band-pass filters comprises thirteen 4-MHz
band-pass filters, each with a 1-MHz overlap. The centre
frequencies of the filters are evenly spaced from 16 MHz
to 52 MHz. Each of the filters is designed to reject the
fundamental and higher order harmonics by 60 dB. The
signal is then passed through an adjustable amplification
unit, with 0—60dB amplification in steps of 20 dB.

Amplitude and phase information of the signal is
extracted using a Stanford Research Systems SR844 lock-
in amplifier. A LabVIEW interface to the lock-in
amplifier, as well as the control hardware for the system
has been developed. The LabVIEW client scans through
the 21 probes and plots the amplitude and phase of the
second harmonic.

The phase information of the beam from the 21 probes
is used to isochronize the magnetic field of the SSC.

DIAGNOSTICS
High Intensity Beamstop (Faraday Cup)

A pneumatically operated remote-controlled beamstop,
Fig. 3, is used to accurately measure beam current of the
extracted beam when optimising the beam transmission
through the SSC at high beam intensities. The beamstop
has a length of 660 mm and a 120 mm square aperture. It
was designed for a 50-kW beam of 66 MeV protons,
provided that the beam diameter is not less than 35 mm.
For a beam diameter of 10 mm the maximum allowable
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beam power is 32 kW. The main parts of the beamstop
are two 600 mm long water-cooled copper blocks
mounted at an angle with respect to each other. Insulated
electrodes around the entrance of the beamstop provide
current measurements that are used for interlocking in
case of beam mis-alignment. The metre-long vacuum
chamber of the beamstop is surrounded with a 50 mm
thick lead shield to reduce radiation exposure to staff.

Beam Position and Beam Intensity Monitoring

Significant efforts have been made to develop non-
destructive beam diagnostic equipment. A beam position
monitoring (BPM) system, making use of four-segment
capacitive pickup probes, was developed and put into
operation to provide beam position data along the
injection and the high-energy beam lines and has become
an indispensable diagnostic tool for medium- and high-
intensity operation [3]. Ionisation chambers mounted
around the beam pipes are used as stray-beam detectors.

It is essential that the beam current is monitored
continuously during target bombardment at high
intensities. Capacitive probes and digital signal
processing provide the cheapest and most accurate
solution to non-destructive current measurement [4].

High Intensity Beam Scanner

The first element used for splitting the high intensity
66-MeV proton beam for isotope production on two

Figure 3: The 50-kW beamstop lifted out of its vacuum
chamber; the positioning cylinder is mounted on the lid
of the vacuum chamber.
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targets simultaneously is an electrostatic channel [5]. In
order to position this element in such a way that the beam
is split in the right proportions and to minimise beam loss
on the septum, two scanners were installed in front of and
behind the channel, respectively. On command, a single
sweep of the beam is executed, and the profiles of the
beam at these positions are displayed. The single sweep
prevents the tantalum scanner finger from being exposed
to the beam for an extended time, which would result in
destruction by melting.

Non-destructive Beam Profile Monitors

Beam diagnostic devices that measure the beam profile
and position by registering electrons or ions produced by
the interaction between the beam particles and the
residual-gas atoms are already in practical use. Non-
destructive, two-dimensional beam profile measurements
are achieved by measuring these secondary particles,
which are accelerated in an electrostatic field towards
micro-channel plates (MCP) for signal amplification and
processing. One-dimensional residual-gas beam profile
monitors are already used successfully but space
limitations and the need to measure both dimensions of
the beam at the same location, initiated an investigation of
two-dimensional systems. Prototypes of these diagnostic
devices have been produced and successfully tested; they
still need to be developed further before being
implemented [6].

Other devices use the light emitted by beam excited
residual-gas atoms for these measurements. The light can
be focused with a lens onto a photomultiplier (PMT)
array. From the signals the beam position and profile can
be reconstructed. A prototype device has been installed in
the beam lines of iThemba LABS to illustrate the
principle and feasibility [7]. The system is in use and we
plan to produce a few more of these monitors.

PROGRESS IN THE CONVERSION OF
THE IN-HOUSE DEVELOPED CONTROL
SYSTEM TO EPICS AND RELATED
TECHNOLOGIES

The current iThemba LABS control system is based on
a LAN of PCs running OS/2, using C-code and hardware
interfacing developed in-house consisting of elderly
CAMAC and locally manufactured SABUS modules.

It was decided not to re-invent another in-house system
and rather to adopt the now widely used EPICS tool-kit
for the many reasons that others have considered
previously.

The control system consists of about 4000 devices
resulting in approximately 40000 process variables. To
date we have moved about 40% of these variables onto
EPICS 10Cs running the UBUNTU Linux distribution
(1004 and 1204 LTS) on low-cost PCs. We are keeping
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the existing SABUS crates of the previous system and are
busy replacing the CAMAC crates with new SABUS
cards and crates designed in-house. The in-house card
design is challenging at times but does buy us
independence from manufacturer changes and their lack
of longevity. We have found that the EPICS platform and
Channel Access network protocol has proven to be stable
and programming at the record layer very useful. By
joining with the EPICS community we have saved
considerable time in not having to develop everything
ourselves. We are also extending Linux and EPICS into
the embedded on-circuit-board environment.

ION SOURCE DEVELOPMENT

iThemba LABS operates two Electron Cyclotron
Resonance Ion Sources (ECRISs). ECRIS4, which was
originally built by GANIL for the Hahn Meitner Institute
[8, 9], delivers beams from gases and fluids. Typical
intensities and charge states for argon are: 25, 6 and 3
epA for Ar'', Ar'*" and Ar'*", respectively. Since 2011 a
second ECRIS, the GTS2, which is based on the design of
the Grenoble Test Source [10] has been installed. The
source is connected to the injection beam line via a 104°
bending-magnet. This set-up of the beam lines in the
ECRIS vault with the new diagnostic beam line for the
GTS2 source allows simultaneous operation of both
sources, i.e. the required beam for cyclotron acceleration
will be delivered from one source, while the second
source can be used for beam development. Recently, in
the framework of our collaboration with the ion source
group at CERN, experiments with the GTS2 source have
been performed for the production and optimization of
Ar''". In CW operation a stable current of 90 epA of
Ar'"" jons was measured which was increased, for pulsed
operation of the source with a duty cycle of 50%, to 110
epA. In the afterglow mode, Ar''" ion currents of 240

epA with a pulse width of approximately 2.5 ms were
obtained. The layout of the two sources and the beam

Figure 4: The GTS2 (left) and the ECRIS4 (right) ion
sources and sections of the beam line.
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(not shown) in the existing Accelerator Hall, indicated at the top left of the diagram.

Since 1992 iThemba LABS has operated an atomic
beam source for the production of nuclear spin-polarized
protons. We plan to exchange the existing electron ionizer
with an ECR ionizer which will result in a reduction of
the emittance of the extracted beam and will therefore
allow higher beam transmission through the injector
cyclotron.

RADIOACTIVE-ION BEAM FACILITY

A new proposal has recently been compiled for a
radioactive-ion beam (RIB) facility at iThemba LABS.
This project is based on a new, commercially-available,
70-MeV H  cyclotron, with two beams of protons
extracted, one for RIB production and another for the
production of medical radioisotopes for local hospitals
and for export. The proposal has still to be submitted for
consideration by the relevant Government Department. It
would involve considerable new construction of
buildings, as indicated in Fig. 5. A new experimental area
for both nuclear physics (with a large-acceptance

High intensity cyclic and linear accelerators

spectrometer) and for materials science will be built as an
extension to the north end of the existing Accelerator
Hall.

Phase 1: Radioisotope Production

The first phase would see the construction of the
cyclotron vault and two heavily-shielded concrete vaults
with several stations for production of radioisotopes.

Phase 2: RIB Production

The second phase would include construction of the
shielded vaults for RIB production, as well as an
extension to the existing Accelerator Hall, in which low-
energy physics will be possible with un-accelerated RIBs.
This hall will also house an RFQ beam cooler, high-reso-
lution mass-spectrometer, with a charge-breeder in the
basement close to the existing SPC2 injector cyclotron.

Finally, the high charge-state RIBs will be injected into
SPC2, and subsequently into the SSC for acceleration to
higher energies. Provision will also be made for
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additional experimental areas at the north end of the
existing Accelerator Hall, in which devices such as a
large-acceptance spectrometer can be installed. The RIBs
will be used for experiments in both nuclear physics and
materials science.

This project is estimated to cost almost 1 billion rand
(about 118 million US dollars, or 94 million euros) and
construction will extend over an 8-year period, depending
on the rate of financing.

DEDICATED PROTON THERAPY
CENTRE

The current utilization of the iThemba LABS
cyclotrons permits proton therapy only on Mondays and
Fridays and treating with a fixed horizontal beam. These
limiting factors prevent the implementation of fully
fractionated treatments to a wide variety of cancers.
Consequently, iThemba LABS cannot accommodate all
the patients that could potentially benefit from such
treatment. The proton therapy facility at iThemba LABS
was designed mainly for treatment above the clavicle,
including lesions in the brain, inter-cranial and base-of-
skull lesions [11].

Some 12 years ago a centre for dedicated proton
therapy, with fully fractionated treatments using multiple
treatment rooms was proposed, but further progress was
extremely slow, mainly due to the cost implications of
such a facility. The proton therapy centre will be based on
an accelerator with a maximum energy of about 250
MeV. The beam from the accelerator will be delivered to
treatment vaults with isocentric gantries and fixed
horizontal and near vertical beam lines. In this proposal
the therapy centre would have been situated at iThemba
LABS at Faure near Cape Town.

During the past year there was renewed interaction
regarding this proposal between the Department of
Health, Department of Education and the Department of
Science and Technology, with iThemba LABS part of the
latter. From one such strategic discussion it emanated that
the proposed proton therapy centre should rather be an
integral part of the Department of Health, with iThemba
LABS providing the technical support for the project.
Such an allocation to the Department of Health will allow
the freedom to have the facility at any hospital that
already has an infrastructure for oncology, medical
imaging and supporting services for radiotherapy patients.

At present there are high-level discussions between the
different Government Departments to ensure rapid
progress with this project.

GREEN INITIATIVES AND
ALTERNATIVE ENERGY

Proposal for a Thermal Storage System for
iThemba LABS

The rising electricity demand at the facility and the
recent announced tariff increases, forced iThemba LABS
to consider a fresh approach in handling these realities.
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The cooling facility is the single item with the highest
demand (1.5 MW). The solution is to use a Thermal
Storage System (TSS). One hundred thousand kg of ice is
to be produced during the cooler night temperatures when
the cost of electricity is low. The ice is to be melted in the
cooling process during hotter day-time when tariffs are
high. The more even demand over 24 hours plus the lower
power usage will contribute substantially to a lower
carbon footprint.

Solar Voltaic Panels - Integration with the Un-
interruptible Power Supply

At iThemba LABS the supply from the UPS is isolated
from the national electricity supplier. The UPS is
fortunately an ideal interface for feeding solar energy into
the local grid. This eliminates the need for a solar grid
inverter and makes it 25% more economical. The change
to solar support can be made modular, as strings of 34 PV
panels (80W each) are connected in series to deliver the
appropriate voltage. Additional strings can be added in
parallel to increase capacity. A pilot installation will be
installed soon at a cost of about R100 000.
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Abstract

Phase I of the Soreq Applied Research Accelerator
Facility - SARAF is under operation at the Soreq Nuclear
Research Center. The status of Phase I main components
is reported as well as the beam operation experience
accumulated in the recent months. The latter include
acceleration of a 1 mA CW protons beam up to 3.9 MeV
and 1 mA pulsed, duty cycle of few %, deuterons beam up
to 4.7 MeV. Recent and future improvements in the
current facility are discussed.

INTRODUCTION

Phase I of SARAF [1] consists of a 20 keV/u ECR Ion
Source (EIS), a Low Energy Beam Transport (LEBT)
section, a 4-rod Radio Frequency Quadrupole (RFQ)
injector, a Medium Energy (1.5 MeV/u) Beam Transport
(MEBT) section, a Prototype Superconducting Module
(PSM), a Diagnostic plate (D-plate), beam dumps (BD)
and temporary beam line (Fig. 1).

Tungsten BD

D-plate
T

temporary beam line
targets

Figure 1. Layout of SARAF Phase I and the temporary
beam line.

According to Phase I design specifications; SARAF
superconducting linear RF accelerator should yield 2 mA
CW beams of protons and deuterons, at energies up to 4
and 5 MeV, respectively. These specifications have not
been achieved yet. Nonetheless, during the last two years,
alongside with continuous development of the facility, the
accelerator has been operated extensively at each
opportunity and significant new experience in beam
operations has been accumulated.

In the current proceeding we report the accelerator
status, improvements of the accelerator subsystems, as
well as experience in beam operations that has been
accumulated since the last reports [1,2].

" Corresponding author: weissman@soreq.gov.il
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STATUS OF MAIN COMPONENTS

EIS/LEBT

The SARAF ECR ion source has been in operation
during six years effectively without any maintenance. We
experienced two failures connected to the magnetron
supply which were promptly resolved. The source could
provide up to 6 mA beams of proton or deuteron, in DC
or pulsed mode, at the RFQ entrance. The latter mode is
used for tuning the accelerator and for beam line optics.
The performance of the EIS/LEBT system has been
previously reported in detail ([2] and references therein).

First experience with the slow LEBT chopper and plans
regarding the fast LEBT chopper are discussed in [3].
Introduction of the chopper would allow for more flexible
working range of the beam duty cycle and also allow
abandoning pulsed operation of the ion source magnetron.

Reduction of the beam transmission through RFQ at
higher LEBT current [2] is still one of the important
unresolved issues. It is difficult to explain this reduction

¢ without an assumption that the emittance at the RFQ

entrance is significantly larger than the value measured
upstream the RFQ. . Alternatively, it might be possible
that emittance measurements performed with a slit/wire
apparatus are dominated by systematic errors which are
not yet fully understood. We have performed several
measurements aiming at understanding the correlation
between the beam emittance in the LEBT and the
transmission through the RFQ, as well as attempts to
understand the degree of beam neutralization in the LEBT
region [4,5]. Further studies are currently in progress.

An additional new water cooled beam-blocker/
collimator has been installed recently in the LEBT, just in
front of the RFQ entrance. Installation of this element
allows for separate operation of the EIS/LEBT system
regardless of the status of the downstream elements.

Increase of hydrogen partial pressure in the RFQ and
MEBT was observed when the ion source was operated.
To resolve the problem of hydrogen diffusion along the
accelerator, hydrogen pumping in the EIS and LEBT
sections will be upgraded in the near future.

RFQ/MEBT

The SARAF RFQ is a 176 MHz ~3.8 meter four-rod CW
RFQ. The details on the RFQ can be found in [6].
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The RFQ can be readily operated at the voltage and
power required for a CW proton beams (~60 kW/32 kV).
However, the main challenge in this RFQ is to condition it
for the range of 250-260 kW (65 kV voltage), required for
CW deuteron operation. Several RF conditioning
campaigns have been carried out during 2007-2010.
However, despite these extensive experimental
campaigns, we have not succeeded to bring the device to
the level needed for CW deuteron operation.

Since that time we have focused on proton beam
operation and limited deuteron beam operation (a few per
cent duty cycle). No RFQ conditioning campaign was
performed since summer 2010.

During the previous conditioning campaigns, several
technical drawbacks in the RFQ design were encountered,
that hinder the high power operation. Some of these
problems and the corresponding technical modifications
were described in [2,7].

A few hundred Viton O-rings are utilized for vacuum
sealing between the RFQ body and tubes delivering
cooling water for the electrodes. Some of these O-rings
were found to be damaged or even destroyed during the
RFQ conditioning, as a result of RF field penetration into
these regions and, hence, one may expect poor vacuum in
these regions. Early in 2012, new flanges were installed in
the RFQ. In these new flanges, the RF connection
between the water tubes and the RFQ body has been
improved at the vicinity of the Viton seals.

This improvement as well as other modifications [2,7]
give rise to some optimism on improving RFQ status.
However, if the future conditioning campaign will not
meet our expectations, options for major modification of
the rods structure or even replacement of the entire RFQ
should be considered.

Five x-ray detectors were installed in 2011 at viewports
positions along the RFQ barrel. The initial objective of
installing these detectors was monitoring x-ray flux at
various positions of the RFQ during the conditioning.
During operation of intense beams it has been noticed that
the x-ray detector placed approximately 70 cm
downstream the RFQ entrance is sensitive to the beam
loss. According to the simulations, beam losses take place
primarily in that area. Minimization of the radiation dose
rate measured in this detector allows for moderate
improving of the RFQ transmission.

New water cooled collimator and beam blocker were
installed in the MEBT chamber just in front of the PSM.
The collimator works as a beam scrapper and is used for
minimizing the interactions of beam tails with cryogenic
surfaces. The beam blocker allows for an independent
operation of the accelerator's injector, regardless of the
status of the cryogenic linac. The partial hydrogen
pressure rises significantly in the MEBT region when an
intense beam is introduced therein. In the near future the
hydrogen pumping in the MEBT section will be
significantly upgraded to overcome this hurdle.
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PSM
The PSM module includes six A =0.09 Half Wave

Resonators (HWR) made of bulk Nb and three
superconductive solenoids [8]. The SARAF HWRs were
found to be sensitive to fluctuations in the Liquid He
(LiHe) pressure (60 Hz/mbar compared to designed value
15 Hz/mbar). The 1.5 mbar pressure variation at the
SARAF cryogenic system is manifested by frequency
detuning that easily exceeds the cavities loaded
bandwidth of 130 Hz. This detuning brings forth
challenging demands on the cavities' tuners. These tuners
include a stepper motor for coarse tuning and a piezo
electric actuator (Pst150 [9]) for fine tuning. In 2009, a
dramatic reduction of the piezo range was observed;
leading to the replacement of the piezo devices by
modified ones [10]. In 2011 the piezo tuners suffered
once again from significant reduction of the tuning
ranges. During the winter maintenance period, the tuners
were replaced by another type of piezo activators
(Pst1000 [10]), which operates at higher voltage and have
superior mechanical strength. So far, no deterioration of
the tuning range has been observed with the new
activators.

In 2011, the 2kW RF solid state amplifiers [11] were
replaced by 4 kW ones. The latter were designed and built
in-house [12]. The operation of cavities with new power
suppliers has proven to be more stable, since the higher
available power provides a better compensation capability
against detuning.

After improving the tuners and RF amplifiers, the
remaining warming of the RF coupler has become the
main limiting factor in operating the accelerator at high
fields. The phenomena of the warming couplers has been
recognized earlier [2] but not yet resolved. Thus, we are
compelled to reduce the field in the 2“d, 3% and 6" cavities
in order to keep the external coupler's temperature below
120 K during long operation. An example of the tuning
used for 3.9 MeV is shown in Table I. It is noteworthy
that no significant warming is observed at the 5™ cavity
coupler. This cavity could be operated at a nominal
voltage value, just before onset of x-ray emission. Solving
the problem of couplers warming will allow one to
comfortably operate the PSM at beam energies of 4.5 and
5.5 MeYV, for protons and deuterons, respectively.

Table 1. The resonators parameters used for CW proton
beam operation. Nominal HWR voltage value is 840 kV.

HWR | Voltage Eacc Phase limiting factor
# (kV) (MV/m) | (deg)
1 230 1.5 -90 Used for bunching
2 460 3.1 +30 | Warming coupler
3 460 3.1 -30 Warming coupler
4 720 4.8 -30 Warming coupler
5 830 5.5 -20 X-ray emission
6 425 2.8 0 Warming coupler
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Proceedings of RUPAC2012, Saintl-[Petersburg, Russia

BEAM OPERATION

Several experiments, including beam-on-target ones,
have been performed at SARAF with proton and
deuteron beams of various beam energy and intensities.

Proton beams at the highest available energy of ~3.5-
3.9 MeV were mainly used for the tests of thin (20-30
um) foil targets cooled by liquid metal [13]. Targets of
such types will be used in the future for producing of
radiopharmaceuticals isotopes, which will eventually be
a major activity at the facility. The maximum current that
was delivered to these targets was about 0.3 mA. The
thin foil targets were delicate and there were several
incidents of target-foils being damaged. Following the
insight gained from the first experiments, numerous
improvements of the target arrangement and beam
diagnostics quality were implemented. We expect a
significant progress at this arena in the near future.

Another important direction for the extended future
will be production of strong neutron sources by
impinging an intense proton beam on the Liquid Lithium
Target (LiLiT [14]). Choosing beam energy just above of
the 7Li(p,n) reaction threshold (1.880 MeV) allows for
producing neutrons with an energy spectrum similar to
that of the neutron spectrum in the stellar environment
(kT~25 keV). As a first step in that direction, several
tests were performed with evaporated LiF targets. The
objectives for these tests were accurate measurements of
the beam properties (energy and spread), study of the
obtained neutron spectra and gaining experience with
neutron activation methods. Accurately determining the
beam properties is critical for producing a valid
astrophysical neutron source. Monitoring of radiation
yields from resonance or threshold nuclear reactions
while scanning the beam energy have proven to be a
valuable method for determining or calibrating the beam
energy and spread.

The production of intense high-energy neutrons sources
with deuteron beams is another important objective of
the SARAF project. Such intense sources will be utilized
to produce radioactive beams for multi-disciplinary
fundamental research and applications. The first step in
this direction was testing a production of high energy
neutrons via the LiF(d,n) reactions at 4.75 MeV beam
energy. The experiment was performed by bombarding a
LiF crystal target with a pulsed deuteron beam. The
spectrum of the produced neutrons was measured on-
line, employing a liquid scintillator, as well as, off-line,
employing a stack of foils in which neutron activated
species were counted [15].

CONCLUSION

A significant progress was achieved during 2011-2012,
while overcoming numerous hurdles while bridging gaps
of knowledge. Improvements and modifications were
introduced in practically all the components of SARAF.
A temporary beam line was constructed and
commissioned, and first scientific experiments were
performed. The accumulated experience showed that
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even at the present stage the SARAF project, it has the
challenging potential of becoming a user facility with an
intense beam viable schedule and high beam availability.
More details on the present status of SARAF can be
found in [16,17] and in [18] one can find a report on the
design progress of SARAF phase II.
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Abstract

A C-80 cyclotron system is intended to produce proton
beams with an energy ranging from 40 up to 80 MeV and
current up to 200 pA.

Over a number of years, works on the designing a
cyclotron for the acceleration of H™ ions up to 80 MeV
were carried out in the PNPI in cooperation with NIIEFA
specialists [1-4]. Since September 2010, NIIEFA and
PNPI have been carrying out works on building the C-80
cyclotron system intended for production of isotopes,
proton therapy of eye diseases and superficial oncologic
diseases as well as for fundamental and applied research.
In addition, the cyclotron is supposed to be used as an
injector of the C-230 synchrotron to ensure an additional
acceleration of the extracted proton beam wup to
approximately 230 MeV. This will allow the Bragg’s
peak-based procedures to be applied in the proton therapy
of oncologic patients.

Rapid advancement of modern methods of the nuclear
medicine resulted in higher demand for the radioisotopic
products used both in diagnostics and therapy. A rapid
upgrowth of the PET diagnostics is observed, which uses
radiopharmaceuticals based on radioisotopes with a half-
life from several seconds up to several minutes. It is
clearly enough that PET diagnostics can be done only in
the direct vicinity of functioning cyclotron systems, that
is, in large regional centers. The situation can be changed
by using Sr-Rb generators, which can be produced on 70-
90 MeV cyclotrons under irradiation of a Rb-85 target
with protons. The parent isotope, Sr-82 with a half-life of
25.3 days decays and produces a daughter positron
emitter Rb-82 used in the production of
radiopharmaceuticals for PET. Thus, if Sr-82 is available,
a PET center can function in hospitals located sufficiently
far from the cyclotron system.

In view of the above, the most evident and cost-
effective is the use of the C-80 cyclotron for commercial
production of Sr-82. At the 200 pA design current of the
extracted proton beam, 40-50 mCi of Sr-82 will be
produced for one hour; the price of 1 mCi is not less than
2508. However, this fact does not exclude the possibility
to produce commercially the whole assortment of isotopes
for medicine as well.

*savrish@luts.niiefa.spb.su
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Parameters of the C-80 cyclotron (Table 1) make
possible the realization of the proton radiation therapy of
eye diseases and superficial oncologic diseases as well as
the implementation of a research program aimed at the
development of innovative methods of the proton therapy
and promising radionuclides for diagnostics and therapy.
Long-term fruitful cooperation of specialists from the
PNPI and medical specialists from the Research center for
Radiology and Surgical Technology, St.Petersburg in the
treatment of patients using the TS-1000 accelerator is of
great importance in this matter.

Table 1: Major characteristics of the C-80 cyclotron

Systems/Parameters Characteristics
Accelerated particles H

Extracted particles H'

Beam energy, variable, MeV 40...80

Beam current, pA 2000
Electromagnet

- type E-shaped

- pole diameter, cm 2050

- mass, t 245

Resonance system

- operating frequency, MHz 41.2

- RF voltage amplitude, kV 60
RF-generator power, kW 80

Ion source external
Operating mode continuous/pulse
Total power consumption, no more, kW

- with the beam on 500

- in the stand-by mode 200

The major unit of the cyclotron, the electromagnet, has
been designed using the magnet of the synchrocyclotron
functioning in the PNPI. The main electromagnet has a
traditional design with an E-shaped magnet yoke. The
system to move upward the magnet upper part (the half-
yoke) is worn-out and outdated. It was decided to replace
it for 4 pairs of ball bearings and screws equipped with
servomechanisms and position sensors The height of the
half-yoke lifting is not less than 600 mm, the setting
accuracy is not worse than 50 pum. Figure 1 shows the
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magnet with the half-yoke lifting system. Based on the
magnetic measurements, new magnet sectors have been
designed and manufactured. To form a magnetic field, 17
packs of metal plates have been assembled on each sector.

Figure 1: Electromagnet.

The resonance accelerating system (Fig. 2) is located
completely inside the vacuum chamber. The system
consists of two symmetrical quarter-wave resonators. An
inner conductor of each resonator consists of a 60° dee
and a stem. The dees in the vicinity of the magnet center
are galvanically coupled. The accelerating system is
equipped with two capacitors for frequency tuning, an
AFT trimmer and RF-probe. The operating frequency of
the accelerating system RF oscillations is 41.2 MHz. The
range for the frequency tuning with the AFT trimmer is
220 kHz. The active loss power is about 29 kW in each
resonator at an RF-voltage amplitude of 60 kV.

Figure 2: Resonance System.

The RF power supply system consists of a stabilization
and control module (designed in NIIEFA) and an RF-
power amplifier (the «Coaxial Power System» firm, Great
Britain).

The stabilization and control module of the RF-power
supply system is intended for: generation of the main
frequency of 41.2 MHz; measuring and stabilization of
the dee acceleration voltage amplitude; manipulation of
the acceleration voltage and its synchronization with the
operation of the rest systems of the cyclotron; tuning and
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stabilization of the resonance system natural frequency;
automatic tuning of the resonance system frequency to the
supply voltage frequency.

Structurally the module consists of mother and
daughter cards built into an industrial computer housed in
the RF-power amplifier cabinet.

The RF-power amplifier shall ensure an output power
of 80 kW at a frequency of 41.2 MHz. The amplifier with
power supply units is located in a cabinet installed in the
experimental hall basement. The RF-power is transmitted
to the resonance system via a flexible coaxial feeder.

The external injection system serves for generation,
shaping and transport of the H™ ion beam from an external
source into the cyclotron through an axial opening in the
pole. The system is located under the magnet. It consists
of: a plasma ion source with electrostatic optics, beamline
with two focusing lenses and two correcting
electromagnets, inflector and diagnostics.

The cyclotron is equipped with a stripping device, 2
standard and 3 diagnostic probes.

The stripping device is equipped with a mechanism to
adjust radial and angular position of the carbon foil to
provide a required range of final ion energies. The head of
the stripping device is made as a “three-fingered fan”,
onto which three thin carbon foils are fixed. Remote
rotation of the head is provided, which allows any of
these 3 foils to be placed under the beam

The power supply system of the cyclotron includes the
main switchboard and systems for consumers’ secondary
power supply.

The electric power to the external injection system is
supplied from power supplies produced by the Lambda
and Spellman firms. The power supplies are housed in 2
cabinets. The power supply system of the BRUKER firm
serves to power the main electromagnet and magnets and
lenses of the 1* section of the beam transport system.

To produce high vacuum in the cyclotron chamber, two
Velco 322 cryopumps of the HSR firm, Liechtenstein, are
used. Turbo-molecular pumps (Edwards, Great Britain)
are used in the external injection and beam transport
systems.

The water cooling system is intended to remove the
heat, totally of about 500 kW, from the heat-loaded
components and units of the cyclotron and stabilize the
working coolant temperature at the input to these
components accurate within 1-2°. A double-circuit system
is used. Distilled water (the heat carrier) circulates in the
inner circuit, and process water (the coolant) is used in the
outer circuit. The heat removed by the heat carrier from
heat-loaded components is transferred to the coolant in a
plate-type heat-exchanger. To extract the heat released in
the process of the cyclotron operation into the
atmosphere, the outer circuit is connected to the
circulating water cooling system of the building. At the
atmospheric air temperature of 25° C, the heat is removed
through a water-water chiller.

A distributed automatic control system is used. It
consists of Mitsubishi and Fastwel 10 controllers and
computers, each being responsible for the control of one
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or several sub-systems of the cyclotron. The main unit of
the control system is an industrial (host) computer, which
inquires slave controllers and transmits the information
acquired to computers of the operator’s workstation;
receives commands from the operator’s workstation and
performs their arbitration and distribution. Data exchange
is realized via network interfaces of three types: the
Ethernet, an upper level network, the ProfiBus DP and
RS-485, low-level networks. The Ethernet networks the
host Mitsubishi controller, host computer, computers of
the operator’s workstation, computer of the beam current
measuring system and an industrial computer, which
controls the RF system. The ProfiBus DP links the host
controller, controllers of devices of the cyclotron, and
beam-forming  system, vacuum  system, power
switchboard, power supply cabinets of the external
injection system, water cooling system as well as control
units of the power supply system for magnets and lenses.
The RS-485 networks the host computer, vacuum
measuring units and controllers of turbomolecular pumps
as well as the computer of the beam current measuring
system and drivers of step motors of the devices for
measuring the beam current density. In addition, the RS-
485 links the controller of the cyclotron and beam-
forming system devices with drivers of the step motors of
probes and stripping device.

The experimental system of the cyclotron consists of a
system for production of radioactive isotopes located in
the basement, unit for the radiation ophthalmology
installed in the experimental hall and unit for the radiation
tests of electronic components and devices. Figure 3
shows the layout of the cyclotron and experimental
system in the experimental hall.

Figure 3: Cyclotron layout: 1-cyclotron; 2-switching
magnet; 3, 4 — targets for production of isotopes; 5- target
for electromagnetic separation of isotopes.

The beam transport system of the C-80 is intended for
transport of the extracted proton beam to interaction
chambers and radio-therapeutic units for proton therapy.
To date, the equipment for the 1% section of the system
(Fig. 4) has been designed and manufactured: matching
magnet, correcting electromagnet, quadrupole lens
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doublet and diagnostics comprising Faraday cup and
beam profile monitors. The equipment for the 2™ section
of the system, which serves to transport the proton beam
to target devices for production of radionuclides, has been
designed and is under manufacturing. In this section, a
switching magnet is installed, which directs the beam to
several beamlines. When the switching magnet power is
off, the beam is directed to a system of two bending
magnets, which transport the beam to the second
switching magnet installed in the basement (Fig. 3, Ne 2)
and further to one of three target devices (Fig. 3, Ne 3, 4
and 5). For the beam focusing and control of its
parameters, 5 quadrupole lens doublets, 4 correcting
magnets and 2 diagnostic devices are installed in the 2™
section of the beam transport system.

Figure 4: First section of the beam transport system.

If power is on, the magnet will direct the proton beam
of ultra-low intensity and high stability to the beamlines
for the proton therapy of eye diseases and superficial
oncologic diseases. When the polarity of the magnet is
changed, the beam is directed to the beamline intended
for studying the radiation resistance of radioelectronic
devices. These beamlines will be designed in 2013.

To date, reconstruction of the hall and rooms housing
the cyclotron equipment has been finished. New sectors,
shimms and sector metal plates have been manufactured,
and the magnetic field has been formed. The equipment of
the cyclotron and the 1% section of the beam transport
system has been manufactured and installed in the
experimental hall, basement and corresponfing rooms. In
compliance with schedule, physical start-up is planned for
the end of 2012.
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SOME DESIGN FEATURES OF THE 80 MEV H ISOCHRONOUS
CYCLOTRON IN GATCHINA
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Abstract

The history of the design and costruction of the 80 MeV
H ~ isochronous cyclotron as well as some design features
are discribed.

INTRODUCTION

The cyclotron complex is designed for fundamental and
applied researches — production of medical isotopes,
beam therapy of eye melanoma and surface types of
cancer. Besides the cyclotron is to be used as injector for
C-230 synchrotron which is planed to be built for proton
therapy of cancer diseases of human internal organs
utilizing the Bragg peak.

To minimize the expenditures while designing the
cyclotron an attempt was made to use at most the existing
synchrocyclotron infrastructure, i.e. building, the bridge
crane for 30 ton, electric power, water cooling, ventilation
system etc. The iron yoke of the existing
synchrocyclotron magnet model is used for the magnet
system.

Acceleration of H'- ions has obvious advantages:
possibility for 100% extraction of the beam with high
intensity and variable energy. On the other hand it
requires special source of H ions, high vacuum and what
is most important magnetic field strength in the magnet
sector should not exceed in our case 17 kGs to prevent H"
electromagnetic dissociation.

Design and construction of H™ isochronous cyclotron
have been in progress for many years and by the year
2010 design and drawings for the main accelerator
subsystems had been completed [1,2,3]. The cyclotron
magnet was designed, produced, commissioned and put
into operation, full scale magnetic measurements were
begun. The main problem by that time became purchase
of industrially and commercially produced equipment that
was realized in the frame of the nuclear medicine program
of National Research Centre Kurchatov Institute. Starting
from September of 2010 the cyclotron and beam transport
line equipment is mounted in experimental hall.

GENERAL DESCRIBTION

Main parameters of the cyclotron are presented in
Table 1. The detailed information about cyclotron
equipment is presented in the report on this conference.

FEATURES OF THE MAGNETIC SYSTEM

In addition to the standard cyclotron for H™ machine
there is an additional and essential requirement - to keep
H losses on dissociation below than 5%.

High intensity cyclic and linear accelerators

H Losses and the Magnetic Structure

Two alternative versions of the magnetic structures
have been examined. The first one (1) have flutter F =
0.04, spiral angle y =55°, harmonic amplitude A4 = 4.15
kGs and the second one (2) have F = 0.025, y = 65°, A4 =
3.28 kGs on the final radius. Here vy is an angle between
the radius vector at radius r and tangent to  the median
line of sectors at the same radius. Both modifications
provide about the same net axial focusing and differ by
the field in the hill region. Fig. 1. presents the beam losses
due to electromagnetic dissociation for two versions of
the magnetic structures. The second version - with low
flutter and high spiral angle was selected for Gatchina
cyclotron since it provides beam losses below than 5%.

Table 1: Main parameters of the cyclotron

MAGNET

Pole diameter 2.05m
Valley gap 386 mm
Hill gap (min) 164 mm
Number of sectors 4
Spiral angle (max) 65 degrees
Isochronous filed in the center 1.352T
Flatter (max) 0.025
Ampere- turns 3.4x10°
Power 120 kW
Weight 250t
HF. SYSTEM

Frequency 41.2 MHz
Potential 60 kV
Harmonics 2

HF power 2x40 kW
VACUUM

Pressure 107 tor
2 cryogenic pumps 2x3500 I/s
1 turmomolecular (H,)
H source

Multipole 1.5 mA
Injection energy 26 kV
AXIAL INJECTION

Transport system: solenoid

lens, solenoid, inflector

EXTRACTION SYSTEM

Stripping method

Energy range 40-80 MeV

Magnetic Structure with High Spiral Angle

Parameters of the C-80 magnetic structure are
presented in table 1. Fig.2 presents top view of the pole
tips of the magnetic system
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With use of the Novosibirsk MERMAID code which
accounts for iron saturation and permit to use up to
20x10° nodes the profile of the iron shims was
determined. Details are discussed in special poster report
at this conference.

18
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Figure 1: H losses due to electromagnetic dissociation
for two magnetic structures.

Distribution of the magnetic field in the full scale
magnet was measured using the measuring system based
on twenty NMR calibrated Hall probes and automated
coordinate system which can position probes in
cylindrical coordinate system with accuracy of 0.1 mm
along the radius and azimuth at the radius of 100 cm.
Achieved precision was equal to 2x10™ with total time of
measurements of 6-8 hours. Disagreement between

experimental measurements and calculations did not
exceed 20 Gs. Final distribution of the magnetic field was
measured experimentally with 2-5 Gs precision.

Yem

Figure 2: Top view of the pole tip.

Flutter versus Radius for Straight Sectors

The valley and hill gaps have been estimated by using
the calculation of the flatter in straight sector structure.
Flatter versus radius is presented in Figure 3 for two
variants of magnetic structures. The comparison of the
different magnetic structures is performed by using a non-
dimensional parameter  x = r/N-g,, where g, and g,
denote half of hill and valley gaps, N=4 is number of
sectors, azimuthally lengths of valley and hill are equal.
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Flutter increases when the hill gap is decreased and
decreases with growth of sector number. For the case of x
< 0.5 that corresponds to the range of radii r < 0.5- Ng,
the value of flutter rapidly decreases. In our case at radii
smaller than two gaps in the hill the edge focusing
became ineffective.
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Figure3: Flutter as a function of the non-dimensional
parameter:
1. 2g,=386 mm, 2g, = 170 mm, h; = 108 mm;
2. 2g,=284 mm, 2g, = 145 mm, h, = 69 mm;
3. Approximation of the sector uniform
magnetization for the case 1.

Effect of Spiral Pole Tips

Spiral angle provides extra focusing due to angular
focusing. Effectively flutter is increased by the
following factor:

S(r, y) = 1 + 2 tan? y(r),

where y(r) is a spiral angle at given radius. However
in real life benefit in focusing is smaller than it could
be expected from this expression. It is explained by the
drop of flutter at small radii and difference between
spiral angle for pole tips and magnetic field. Drop of
flutter due to introduction of spiral angle can be
understood  based  on simple geometrical
considerations [4]. Influence of spiral angle on flutter
value can be estimated from calculation of flutter for a
straight sector (see Fig.4) if one makes the following
replacement: X = X COS Y.

The total effect from spiral angle can be characterized
with parameter which is a product of flutter F and S(7,y).
Since value of flutter rapidly decreases at X ¢ < 0.5 than
introduction of spiral angle can result in decreased
focusing. For each value of radius and parameter x there
is a critical spiral angle that results in increase of focusing
from introduction of spiral angle. The value of critical
angle for each value of x can be found as a square root of:

U(x,7)=(F(xcosy)/F(x))-(1+2tan’»)—1=0,

where F(x) is a function similar to one shown in Fig. 3.
For the spiral angles more than critical one for the given
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radius the introducing of the spirally decreases the
vertical focusing.

Figure 4: Difference between the sector length along
azimuth and “effective” length at large spiral angle. AB-
length of sector along azimuth. A;B; = AB-cosy —
effective width of sector along perpendicular to the
middle line.

Fig.5 shows critical spiral angle in dependence
on radius for our accelerator. According to the plot spiral
angle becomes ineffective at radii r < 15 cm and structure
with high spiral angle is advantages at r > 35cm. In the
central region is necessary to use the straight sector

structure.
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Figure 5: The ultimate spiral angle in dependence on
radius for 2g, = 386mm, 2g, = 170mm, r = N-g, Xeft,
N=4.

VACUUM CHAMBER, INJECTION,
EXTRACTION AND EXPERIMENTAL
AREA

The external ion source and axial injection are used to
obtain high vacuum for the acceleration Hions. Moreover
in the adopted design magnetic system is placed outside
of the chamber of the accelerator. The upper and lower
lids of the chamber are attached to the poles of a magnet.
Thus, to improve the vacuum conditions, two walls of the
chamber (2 X 16 mm) occupy about 10% of the magnet
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gap, which required an increase in ampere-turns and the
power of the magnet.

The extraction with 100% efficiency of high intensity
beam and energy variation from 40 up to 80 MeV is
realized by H- stripping methods. The schematic view of
the extraction system is presented in Figure 6.

ST 1,
® 2 £
I}

%

Figure 6: Schematic view of the extraction system.

For more details about extraction system of the
cyclotron please refer to the poster presentation at this
conference.

The multy-purpose experimental complex consists of
the targets of different specialization and the beam
transport lines. A beam of high intensity is transported to
the basement, where three stationary targets are installed
for production of medical radioisotopes and
pharmaceutical medications as it shown in Figure 7.

A
Figure 7: Transport lines to the targets for production of
medical radioisotopes.

On the ground floor are disposed the ophthalmology
facility with low intensity beam line, centre for radiation
testing of electronics components and transport line for
the injection in the new medical synchrotron.
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ITEP-TWAC RENEWAL AND UPGRADING PROGRAM
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Abstract

The ITEP-TWAC facility has been put out of operation
this year as a result of some equipment damage by the
fire, so the program of machine renewal and its
equipment upgrading for accelerated beams parameters
improvement and experimental area expansion is now
under processing and development. Main items of this
program and status of machine restoration activity are
presented.

INTRODUCTION

ITEP Ring Accelerator Facility has celebrated last year
50-th anniversary of first 7 GeV accelerated proton beam,
so substantial part of the ITEP-TWAC components has
been in keeping with its age requiring some additional
efforts for rejuvenation of obsolete equipment,
communications and structural components and the
problem of machine upgrade has been discussed last few
years [1]. The main directions of the ITEP-TWAC
upgrade were considered for realisation in parallel with
machine operation with proton and heavy ion beams in
different applications on a base of new accelerator
technologies development. The laser ion source
technology development was oriented to getting of high
current and high charge state ion beam of Z/A up to 0.4
for elements with A ~ 60 to be effectively stacked in the
accumulator ring with multiple charge exchange injection
technique at the beam energy of up to 700 MeV/u. The
new high current heavy ion linac was under construction.
Design of proton injection and beam slow extraction for
UK ring was performed for its utilizing as self-depending
synchrotron in medical application and for imitation of
cosmic radiation.

Decommissioning of accelerator facility in this year
and destruction of some part of its equipment forced to
reconsider the program of machine upgrade on the basis
of achieved results in development of ITEP-TWAC
project and substantial refinery of the ultimate aim,
purpose and main tasks of the proposed reconstruction.

STATUS OF ITEP-TWAC IN 2011

The ITEP-TWAC facility (Fig.1) consisting of main
synchrotron-accumulator U-10 with 25 MeV proton
injector I-2 and linked to U-10 Ring booster synchrotron
UK with 4 MV ion injector I-3 has been in several
operation modes accelerating protons in the energy range
of 0.1-9.3 GeV, accelerating ions in the energy range of
0.1-4 GeV/u and accumulating nuclei up to Cu at the
energy of 200-300 MeV/u. Accelerated beams were used
in following modes: secondary beams generated in
internal targets of U-10 Ring transferred for experiments
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to Big experimental hall (BEH); beams extracted from
U10 Ring in one turn transferred to Target hall (TH); and
proton beam bunch extracted from U-10 ring was
transferred to Biological research hall (BRH). Some of
secondary beam lines were used for transferring of slow
extracted beams from U-10 Ring.

Proton Injector
1-2, 25 M3B

Building for proton
therapy
Area of fast extracted beam
from U-10 ring with energy o L q
up to 230 MeV' ‘\ﬂ.\ Big Experimental Hall
= ]

- Area of secondary beams
from U-10 ring

Synchrotrc'f%’l{e
] j

) R R
Target Hall “ ‘,
Area of fast extracted beam
from U-10 ring

100J

Statistic of machine operation time is shown on Fig.2.
The total beam time of near 4000 hours per year was
divided between three operation modes: acceleration of
protons (~50%), acceleration of ions to intermediate and
relativistic energy (~30%) and nuclei stacking (~20%).
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Figure 2: Statistic of ITEP-TWAC operation time.

Statistic of machine using for different research fields
(Fig.3) shown the tendency of beam time increase for
applications such as biology, medicine, protonography
and testing of heavy ion radiation steadiness of
electronics destined for cosmic apparatus. The demand for
beam time exceeded the offering one by factor of two.
This discrepancy was supposed to be cardinally reduced
in a result of machine infrastructure improvement.

One of a challenge technologies implemented in ITEP-
TWAC is laser ion source (LIS) with high power CO,-
laser. Charge states of ions generated in the LIS are
shown in Fig.4.

Heavy ions accelerators
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Accelerator operation time,
Research fields with proton and hours
eheams Beams
gon 2009 | 2010 2011
Adron physics and relativistic nuclear p (2-9 GeV, 10"'s) 1100 850 702
physics C (4 GeVlu, 108s1)
Methodical research p (1-9 GeV, 10"s) 2100 2045 2450
C, Fe(0,2-4 GeViu, 10%s1)
Physics of high density energy in matter C, Al, Si, Fe 350 330 288
(300 MeV/u, 4x10'0s1)
Radiobiology and medical physics P (250 MeV, 10'1s)
C (200-400 MeV/u, 10°s) | 2150 | 2040 2320
Proton therapy p (250 MeV, 10"1s1)
Radiation treatment of materials P (20-800 MeV, 10"'s) 1100 550 779
Fe, Ag (40-200 MeV/u, 108 s1)
Total 6800 5815 6539
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optimization of carbon nuclei stacking (Fig.7). The
optimal conditions for Al- and Si- nuclei stacking (Fig.8)
were not yet obtained to be subject of forthcoming

experiments.
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Figure 3: ITEP-TWAC usage for different research fields.

Generation of Fe-ions shows pick current for charge
state specie Fe'®" with IP= 506 V. The higher level of
charge state specie Fe'”" with IP=1168 V has been also
observed but in very few quantity. Generation of Ag-ions
shows maximal charge state specie Ag™”" with IP= 816 V
and very few specie Ag”"" with IP= 895 V has been also
observed in some measurements.
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Figure 4: Ions generation in LIS with laser L100.

Acceleration of different ions in synchrotron UK is
illustrated by typical oscillograms on Fig. 5. It’s seen that
the beam loss on the ramp is large enough due to very low
injection energy (4 MV) and vacuum as 1x10” Torr.
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Figure 5: Acceleration of different ions in UK Ring.

Technology of Fe-nuclei acceleration up to relativistic
energy of 3.6 GeV/u using three step scheme I-3/UK/U10
is illustrated by sequence of oscillograms on Fig.6.

The charge exchange injection technique has been used
for accumulation of C-, Al-, Si - nuclei at the beam
energy of <300 MeV/u with stacking factor up to several
tens. The maximal stacking factor been achieved at
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Figure 8: Stacking of nuclei: Al, Si, Fe.

The efficiency of Fe- and Cu- nuclei stacking at the
energy of ~200 MeV/u was limited on the level of
stacking factor ten due to disturbing effects of beam
interaction with stripping foil [2]. Efficiency of beam
stacking for nuclei of mass number A~60 has to be
essentially increased with progress in LIS technology and
at increasing the energy of injected beam up to 600-700
MeV/u. For nuclei with A<30, disturbing effects of beam
interaction with stripping foil of optimal thickness are
small enough and efficiency of beam stacking was a
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function of injection scheme parameters and of storage
Ring dynamic aperture.

CONCEPTION OF ITEP-TWAC FACILITY
RENEWAL AND UPGRADING

Proton and ion beams generated in ITEP-PWAC in a
wide range of parameters have been demanded for
different research fields having the tendency of beam time
increase for applications as it’s shown above. Renewal of
multipurpose  proton-ion  accelerator and nuclei
accumulator ITEP-TWAC will allow to resume
suspended at the present time:

- fundamental and applied research with relativistic
proton and ion beams in the energy range from 1 GeV/u
up to 10 GeV for protons and 4 GeV/u for ions;

- applied research with proton and ion beams in the
energy range from 10 MeV/u up to 1000 MeV/u in
industry, biology and medicine;

- fundamental and technological research with high
power stacked nuclei beams of particles with atomic
number up to ~60 in the energy range of ~1 GeV/u;

- technological research for high charge state and high
intensity heavy ion beams generation, acceleration,
stacking, compression, extraction and focusing;

- expansion of scientific and educational activity on the
subject of nuclear technologies.

Qualitatively new level of accelerator facility will be
achieved as a result of upgrading relevant ITEP-TWAC
systems for:

- extending of accelerated ions set up to A ~ 200;

- cardinal increasing of intensity for accelerated ion
beams on a base of ion injector upgrading and accelerator
technology improvement;

- cardinal increase of intensity and power for stacked
nuclei beams on a base of charge exchange technology
development;

- mastering of multimode machine operation with
maximal efficiency for experiments and applications with
proton and ion beams in parallel.

DEVELOPMENT OF LIS TECHNOLOGY

Configuration of LIS includes now CO,- lasers L5 and
L100 with the energy of radiation, respectively, 5 and
100 J per pulse. Laser L5 is used for generation of C-
ions only, LIS with laser L100 is in operation from 2008
and it has been used with target materials of C, Al, Si, Fe,
Cu and Ag operating ~1000 hours per year.

The first configuration of laser L100 was assembled as
auto-generator [2], then it was modified for operation as
amplifier and this mode of operation brings increasing
three times the pulse amplitude of radiation power as can
be seen on Fig.9. Out-of-axis scheme of laser ray focusing
on the target don’t allow to get the size of radiation spot
less then 0.5 mm, so the maximum power density on the
target surface is limited now by 1.5x10'> W/sm®.

Experiments on the ion beam generation in LIS give
evidence of optic imperfection reducing considerably the
laser radiation power density on the target surface.
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Figure 9: Pulses of L100 radiation for auto-generator and
amplifier modes of laser operation.

New focusing scheme for target station is elaborated
on a base of new target station construction for axis-
symmetrical scheme of laser ray focusing which is free of
aberration. Substantial factor of power density increase
will be achieved replacing KCl-windows by them of
better quality. The elimination of the optical channel
defects will allow to increase the radiation power density
on the target to the value of more >10"> W/sm?

UPGRADE OF INJECTION COMPLEX

Injection complex with operated in parallel proton and
ion injectors I-2 and I-3 is adequate to multipurpose
designation and multimode operation of ITEP-TWAC
accelerators. However, low energy (4 MV) and low
accelerating frequency (2.5 MHz) of ion injector 1-3
significantly limit parameters of accelerated and stacked
ion beams. Upgrade of ion part of injection complex has
to solve the problem of UK Ring intensity increase on the
level of no less than 10" nucleons in the pulse for any
type of ions from C to U..

Figure 10: RFQ section of linac I-4.

Proceeding from ion parameters of LIS, optimal on the
necessary resources scheme of upgraded injection
complex includes two ion injectors: linac I-4 accelerating
light ions with A/Z<3 to the energy of 7 MeV/u [3] and
modified linac I-3 for acceleration of heavy ions with
A/Z>3 to the energy of ~12Z/A MeV/u.

Heavy ions accelerators
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RFQ section of I-4 (Fig.10) on the energy 1.6 MeV/u
is now constructed and first beam test has been
successfully carried out with proton and H2" beams [4].
Two options of following resonator sections for I-4 is
now considered. The first one is three DTL sections based
on H Cavity with magnetic quadruples between them for
beam focusing [5]. The second one is DTL section based
on H Cavity with RFQ insertions for beam focusing [6].
The final version of section will be selected in the near
future

Proposed scheme of injector I-3 modification for
improvement of accelerated beam parameters (Fig.11) is
based on the use of existing two gap resonator which has
to be retuned on 5 MHz. Accelerating structure of I-3M
will be composed of two resonators with drift tubes
optimized for acceleration of ions with A/Z ~ 6. The
width of accelerating gaps has to be adjusted for
accelerating voltage of 3 MV per gap. The edge focusing
of the beam in the first accelerating gap with specially
optimized electrodes profile provides transverse stability
of accelerating beam along the line channel. Main
parameters of this structure is given in Table on Fig .9.

Injector 13 - AlZ=(2:5), ~4MV

Comparison parameters of I-3 and 1-3M

Injector -3 1-3m

Accelerating frequency, 2.504 5.0
WHz

Number of resonators 1 2

Accelerating gaps 2 4

Accelerating voltage, MV 4 12

Bunching voltage, kV 10

Accelerating ions, A/Z 2.5 310

Injection energy, kV 50

Trans. acceptance, N
« mm mrad 1000

Output momentum 1
spread, Ap/p, % *

Transmission factor, % ~50

UPGRADE OF UK RING

Increasing of beam energy at the output of ion injector
simplifies but doesn’t eliminate the problem of heavy ion
acceleration in synchrotron. The existing quality of UK
Ring vacuum system provides the vacuum of 1x10” Torr
which allows to accelerate ions with A no more than
~100. The quality of UK Ring vacuum system has to be
cardinally improved on a base of developed technologies
[7] and successfully implemented at GSI [8].

Combination of UHV  sputter ion pump (IP) and
Titanium sublimation pump (TSP) having a pumping
speed of Spp = 100£/s, and Stsp = 900 £/s for hydrogen
will be used as basic element of distributed pumping
system. The outgassing rate of chamber surface for
hydrogen has to be reduced to ~ 4x10™ Torrx{/sxcm’.
Technology of Non evaporable getter (NEG) has to be
mastered for uniform pumping of the whole chamber.
Comparison of vacuum system parameters for UK
(2011), SIS18 (GSI) and UK (project) is given in Table 1.
Calculated distribution of static pressure along the UK
chamber with and without NEG pumping is shown on
Fig. 12.

Heavy ions accelerators
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Table 1. Comparison of UK and SiS18 Vacuum systems
Parameter UK (2011) SIS18 (GSI) UK (project
Qupz, Torr-€/s ~2x10™" 4x10°° 4x10°°
Thake, C° 150 200 200
Sip, {/s m 7 6 9
Stsp, {/s m - 50 60
SneG, U/s cm’ 0.2 0.2
P, Torr 1x10” 1x10"2 1x1077(107%)
Static pressure profile for UK Ring period
,0: - Without NEG pumping, |

only IP+TSP pumps

NEG coated vacuum chamber,
and IP+TSP pumps

107

1
minf

| &
T S iy e |

IP+TSP NEG IP+TSP NEG IP+TSP NEG NEG IP+TSP

*_
Ce

IP - Sputter ion pump
TSP - Titanium sublimation pump
NEG - Non evaporable getter ( Ti-Zr-V — coated vacuum chamber)

Figure 12: Scheme of UK Ring vacuum pumping.

Upgrade of UK accelerating system is aimed to increase
main magnet ramping rate by factor of 3+4 for reducing
the time of ion acceleration up to the maximal energy to
~150 ms. Tuning range of accelerating frequency (0.7+10)
MHz is overlapped by two cavities using procedure of beam
recapture from one accelerating cavity to another.

Table 2. Upgrade of UK accelerating system

Parameter UK(2011) UK(project)
Magnet ramping rate, T/s 1+2 4+6
Number of cavities 2 42
Accelerating peak voltage, MV 10 20
Accelerating frequency, MHz 0.7+2.5/2.2+10

Parameters of accelerated ion beam in upgraded UK
synchrotron with injectors [-4 and with I3M are listed in
Tables 3. Maximum intensity of accelerated beams is
calculated on incoherent Coulomb limit. Real intensity
will be limited by beam current at the outlet of LIS.

Table 3. Ion acceleration in upgraded UK Ring

Accelerated beam parameters with injector 1-4
A/7<3, Uy, =TMV/u, Biyi=0.122, f,..=(0.7-6) MHz, Tyx=6.1ps

A/Z 3.0 2.8 245 |24 233 |20

Ton C4+ Si10+ All 1+ C5+ Si12+ C6+
En,MeViu | 668 | 774 910 940 | 980 | 1230

N 8x10" | 3x10" | 2x10" | sx10" | 2x10" | 3x10"

Accelerated beam parameters with injector I-3M
A/723, Uy =(1-3)MV/u, Birj=(0.05-0.1), f;.=0.7-8MHz, Tyx=(9-16)us

A/Z 10 9 8 6 4 3
Ton U24+ U28+ Au25+ Ag16+ Fel6+ Ni18+
Em,Mev/u | 80 100 120 [ 200 | 400 | 670
N 2x10" | 1.7x10" | 2x10" | 3x10" | 4x10" | 5x10"
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UPGRADE OF U-10 RING

The program of U-10 Ring upgrade has been composed
last year to be realised during next two-three year and
includes the following:

- replacement of vacuum chamber for the expansion of
hor. acceptance to 200 m-mm-mrad and improvement
vacuum to <107 Torr;

- expansion of aperture in septum magnet outlet of
charge exchange injection channel and improvement of
beam bump kickers waveform;

- installation of additional magnet inflector for
injection of ions from UK Ring without stripping.

The scheme of U-10 Ring upgraded vacuum pumping
is similar to existing one. The improvement will be
obtained mainly due replacement of vacuum chamber and
reducing of outgassing.

Modification of charge exchange injection system will
allow to expand hor. acceptance of the Ring for stacking
beam and to increase efficiency of beam stacking by
elimination of stripping foil re-crossing by circulated
beam at injection of another potion of ions.

Installation of additional magnet inflector in the strait
section 505-506 will allow injecting to U-10 Ring the
beam of any accelerated in UK synchrotron ions but not
only stripped to the nucleus state.

DEVELOPMENT OF ITEP-TWAC
INFRASTRUCTURE

Elaborated strategy of ITEP-TWAC infrastructure
development is aimed to redouble beam time for physical
experiments and applications extending functional
capabilities of UK synchrotron for protons acceleration
and for generation of slow extracted beams to the area of
beam using for applications.

Expanded Injection Complex of ITEP-TWAC with
additional beam lines from injectors both 1-2 and I-4 to
UK Ring was presented in [1].

New projected beam line for slow extracted beam from
UK Ring for applications [2] is directed to free space of
Target Hall (where setup will be installed for biological
research) and linked with beam line from U-10 Ring to
Medical Building used now for proton therapy.

We consider also possibility of construction the
combined (fast end slow) extraction system for U-10 Ring
to BEH (Fig.13) for the beam of maximal momentum 10Z
GeV/c. The slow extracted proton or ion beam will be
used for research on nuclear and particle physics. The fast
extracted proton beam with regulated time intervals
between bunches will be used for protonography of fast
processes. Area of this beam using in the corner of BEH
has to be separated for radiation shielding by additional
concrete walls from surrounding environment.

Three modes of machine operation with proton and ion
beams in parallel or in time-sharing mode can be realized:
1) acceleration of protons in U-10 Ring and protons or
ions in UK Ring; 2) acceleration of ions in U-10 Ring and
protons or ions in UK Ring; 3) stacking of nuclei in U-10
Ring with acceleration of protons or ions in UK Ring.
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Scheme of beamlines from U-10 to BEH Scheme of equipment location in U-10 lattice
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Figure 13: Combined extraction of beam from U-10 Ring.

CONCLUSION

1) Conception of ITEP-TWAC renewal and upgrading
is based on demanding of fundamental, applied and
technological research with proton and ion beams in the
wide range of intermediate energies for nuclear science,
industry, biology, medicine and education on the subject
of nuclear technologies.

2) The progress in technology of Laser Ion Source with
100J CO, laser L100 gives possibility of high charge state
ion beam generation with Z/A>0.4 for ions up to A~60
and with Z/A>0.1 for ions up to A~200.

3) Upgrading of the heavy ion injector I-3 and
commissioning of new light ion injector I-4 will be the
base for cardinal increasing of intensity for accelerated in
UK Ring ion beams in wide range of mass number values.

4) Acceleration of heavy ions with mass number up to
A~200 in synchrotron UK will be achieved first of all as a
result of ring vacuum system upgrade on the base of
modern vacuum technology implementing for the vacuum
less than 1x10™"" Torr.

5) Upgrading of U-10 Ring Accelerator systems will be
directed on  cardinal increasing of intensity for
accelerated proton and any kind of ion beams and further
development of multiple charge exchange injection
technology for getting of super high density heavy ion
beams.

6) Development of ITEP-TWAC facility Infrastructure
is aimed mastering of multimode machine operation
making generation proton and ion beams of both U-10
and UK synchrotrons in parallel.
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Abstract

The Nuclotron upgrade — the Nuclotron-M project, was
successfully completed in 2010. Following the project
goals, Xe ions were accelerated to about 1.5 GeV/u in
March 2010. In December 2010, the stable and safe
operation of the power supply and energy evacuation
system was achieved with a field in the lattice magnets
of2 T. In 2011 - 2012 three runs of the Nuclotron
operation were carried out. The facility development is
aimed to the performance increase for current physical
program realization and to test equipment and operational
modes of the NICA collider.

INTRODUCTION

The “Nuclotron-M” project, started in 2007 was
considered as a key part of the first stage of the JINR
general project NICA/MPD [1]. The extension of JINR
basic facility capabilities for generation of intense heavy
ion and high intensity light polarized nuclear beams,
including design and construction of heavy ion collider
aimed at reaching the collision energy of \/SNN =
4+11 GeV and averaged luminosity of 1-10%7 ecm™s™ is
necessary for realization of the NICA/MPD.

During the Nuclotron-M project realization course
almost all the Nuclotron systems were modernized and
six runs at total duration of about 3200 hours were carried
out. To the end of 2010 all general goals of the project
were reached : the Xenon (**"Xe'**) beam was accelerated
up to 1.5 GeV/u and reliable work of the Nuclotron
magnetic system at 2 T was provided [2].

Presently the creation of the NICA general elements is
realizing in the frame of three officially approved JINR
projects: “Nuclotron-NICA” (accelerator part), MPD (the
project oriented to creation of one of the collider
detectors) and BM@N (Baryonic Matter at Nuclotron —
the new fixed target experiment with heavy ions, the
detector is under construction in the existing experimental
building). The Nuclotron is the key element of all three
projects: as the ion source for MPD element testing and
for experimental program BM@N realization, as the main
synchrotron in the injection chain of the future collider
and as the basic facility for testing of new equipment of
the booster and collider rings.

Heavy ions accelerators

The results of the Nuclotron upgrade and development
of the accelerator complex during last two years are
briefly described in this report.

RESULTS OF THE NUCLOTRON
UPGRADE PROGRAM

The “Nuclotron-M” program was oriented to the
development of the existing Nuclotron accelerator
complex to the facility for generation of relativistic ion
beams over atomic mass range from protons to gold ions
at the energies corresponding to the maximum design
magnetic field (2 T) in the lattice dipole magnets. Another
important goal of the project was to reach new level of the
beam parameters and to improve substantially reliability
and efficiency of the accelerator operation, renovate or
replace some part of the equipment that have been under
operation since 1992-93.

As an element of the NICA collider injection chain, the
Nuclotron has to accelerate single bunch of fully stripped
heavy ions (as a reference Au” " is considered) from 0.6
to about 4.5 GeV/u. The required bunch intensity is about
1+1.5-10° ions. The particle losses during acceleration
have to be minimized and do not exceed 10%. The
magnetic field ramp rate has to be 1 T/s and more. To
demonstrate the ability of the Nuclotron complex to
satisfy these requirements, the general milestones of the
Nuclotron-M project were specified as an acceleration of
heavy ions (at atomic number larger than 100) and stable
and safety operation at 2 T of the dipole magnet field.

In the frames of the “Nuclotron-M” project the
following works on the LHEP accelerator complex
development were performed.

1. Full scale modernization of the cryogenic system was
carried out. As result the cooling power at 4,5 K was
increased up to 4 kW, the reliable work at maximum
magnetic field and at prolonged magnetic cycle duration
was provided. The operation term was sufficiently
increased; today the new equipment can be used for the
NICA/MPD purposes already.

2. The vacuum system modernization permitted to
decrease the residual gas pressure in the Nuclotron beam
pipe by two orders of magnitude and to provide a
possibility of heavy ion acceleration. The obtained result
allows solving general task of the Nuclotron as a part of
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the heavy ion collider injection chain — to provide
acceleration of heavy nuclei from 0,6 GeV/u (injection
energy from the booster) up to 4.5 GeV/u without losses.
3. Modernization of control system, diagnostic and
radio frequency accelerating systems was performed. As
result new cycle control equipment, digital generator
providing relation between accelerating voltage frequency
and magnetic field value, new power supply system for
corrector magnets, digital orbit measurement system and
others were put into exploitation.
4. New power supply and quench protection system based
on consequent connection of the Nuclotron structural
magnets, all supply units and energy evacuation switches
was created. Practical realization of this scheme required
modernization of existing supply units, development and
construction of two new units for current variation in
focusing and defocusing lenses, disassembly of old cable
lines and assembly of a few kilometers of new ones. The
new system was put into operation during the last run
performed in the frame of the Nuclotron-M project when
the stable and reliable operation of the magnetic system at
2 T of dipole field is demonstrated (Fig. 1).
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Figure 1: Cycle diagram at dipole magnetic field of 2 T.
Red curve — basic function, yellow and green — field of
the magnets and gradient of the lenses correspondingly.
December 2010.

After completion of the Nuclotron upgrade tree runs (#43
- #45) at total duration of about 2900 hours were
performed. About 1400 hours were spent for physical
experiments including the shifts dedicated to machine
development.

MACHINE DEVELOPMENT

The machine development aimed to increase the

Nuclotron ability for the current physical program

realization is provided in the following main directions:

- Step by step increase of the beam energy up to
maximum design value (6 GeV/u for deuterons);

- Optimization of the beam dynamics in order to
minimize the particle losses during acceleration;

- Further development of power supply system in order
to provide required quality of slow extraction;

- Development of the diagnostics;

- Development of ion sources
modernization.

and fore-injector
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Before the modernization the Nuclotron provided the
beam energy up to 3 GeV/u maximum (for the ions with
A/Z = 2). During the run #44 (December 2012) carbon
beam was accelerated up to about 3.5 GeV/u and after
slow extraction transported along the transport line to the
point of the future location of the BM@N detector.
During the same run the slow extraction of deuteron beam
was realized at 4 GeV/u. In the run #45 (March 2012) the
slow extracted 4 GeV/u deuteron beam was routinely
used for physical experiments. At the end of the run #45
the possibility of the slow extraction was demonstrated at
the deuteron beam energy of 4.5 GeV/u. Further increase
of the extracted beam energy is related to development of
the slow extraction system (increase of the electrostatic
septum Voltage and current of the slow extraction
quadrupoles) and optimization of operational conditions
of the power supply system.

Decrease of the ion losses during acceleration is related
with further development of the accelerating RF system,
optimization of the closed orbit (including the orbit bump
in the slow extraction region), development of the beam
diagnostics. Sufficient part of these works was performed
during runs #43 — #45.

Fast current transformer (FCT) installed at the Nuclotron
before the run #44 was optimized for work in required
dynamic range. Now the analogous device is installed in
the beam injection line. In future one plans to use such
FCTs at the Booster and collider.

New ionization beam profile monitor based on MCP was
installed in the warm section of the Nuclotron. During
run#45 it was optimized for work with heavy ion beams
at relatively low intensity.

During the runs #44 and #45 experimental fragment (two
octants of the ring) of new system of superconducting
element thermometry were tested. Full scale
implementation of the new system is scheduled to the end
of this year.

In the frame of the Nuclotron upgrade program a new
quench detection system was designed. Prototypes of the
quench detector were consequently tested and serial
production of the detectors was started in 2010. During
the runs #44 and #45 the fragment of the new quench
detection system including 20 quench detectors was
operated during more than 1500 hours. Stable and reliable
work of all elements was demonstrated [3].

The works oriented to creation of new sources of high
intensive heavy ions and light polarized nuclei are in the
final stage. In 2011 the 6 T solenoid for the heavy ion
source (of electron string type — ESIS) was constructed,
assembly of the source was completed this year.
Experimental investigations of the source parameters
have been started. The atomic beam source for the source
of polarized particles was assembled and tested at INR
(Troitsk), the plasma ionizer and test bench for the final
assembly and test of the source is under construction at
JINR. Completion of these works is scheduled for 2012.
Reconstruction of LU-20 fore-injector, required for
effective operation of the new sources, is in progress.

Heavy ions accelerators
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NUCLOTRON AS ATEST FACILITY FOR
NICA

The Nuclotron having the same magnetic rigidity as the
future NICA collider and based on the same type of the
magnetic system is the best facility for testing of the
collider equipment and operational regimes. Simulation of
the collider magnetic system operational conditions was
performed at the Nuclotron during runs #44 and #45. This
presumed test of the Nuclotron magnetic system, power
supply and quench protection systems, cycle control and
diagnostic equipment in the operational mode with long
plateau of the magnetic field. In the run #44 the magnetic
field cycle duration was prolonged up to 500 s without
beam acceleration, in the run #45 the circulation of
accelerated deuteron beam during 1000 s was
demonstrated (Fig. 2).
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Figure 2: Circulation of the deuteron beam at the field
plateau during 1000 s. Dipole field is 1.2 T (upper curve),
the beam intensity is 5-10° particles (lower curve). Blue
curve — BCT signal in Volts. March 2012.
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Application of beam cooling methods (electron and
stochastic) in the collider ring has the purposes of beam
accumulation using cooling-stacking procedure and
luminosity preservation during experiments. Experimental
test of the stochastic cooling at the Nuclotron is
considered as important phase of the collider cooling
system design. During 2010-2011 the elements of the
stochastic cooling chain for test at the Nuclotron were
designed, constructed and after vacuum and cryogenic
tests installed at the ring (Fig. 3). Experiments started in
December 2011 were prolonged in 2012. We plan step by
step investigate longitudinal and transverse cooling of
coasting and bunched beams [4].

b

Figure 3: Pick-up (left) and kicker (right) of the Nuclotron
stochastic cooling chain.
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CONCLUSIONS AND OUTLOOK

In 2010 the Nuclotron-M project was successfully
completed. The last three Nuclotron runs (#43 - #45) were
performed in the frame of new JINR project, so called
“Nuclotron-NICA”, dedicated to construction of the
NICA facility main elements. During this project the
Nuclotron will be used for prolongation and development
of its current experimental program, test of the MPD
elements, test of new equipment of the booster and
collider rings.

In parallel with the existing accelerator complex
development the technical design of the NICA collider
injection chain elements (new heavy ion linear
accelerator, small booster synchrotron) was prepared.
Technical design of the collider is at the final stage.

The full-scale Nuclotron—type superconducting model
dipole and quadrupole magnets for the NICA booster and
collider were manufactured during 2010 - 2012. First
dipole and quadrupole magnets for the NICA booster
have successfully passed the cryogenic test on the bench.
To construct the Booster and collider rings, it is necessary
to fabricate more than two and half hundreds of the dipole
magnets and lenses during a short period of time. Special
area for the magnet assembly and full-scaled tests
required for the magnet commissioning are currently
being prepared [5].
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ADVANCES OF LIGHT-ION ACCELERATION
PROGRAM IN THE U70

S. Ivanov, on behalf of the U70 light-ion task team”
Institute for High Energy Physics (IHEP), Protvino, Moscow Region, 142281, Russia

Abstract

The paper reports on the recent progress in implement-
ing the program of accelerating light ions in the Accelera-
tor Complex U70 of IHEP-Protvino. The list of mile-
stones achieved since RuPAC-2010 includes: (1) Proof-
of-principle acceleration of carbon-12 to the top available
34.1 GeV/u (specific kinetic energy). (2) Circulation and
slow extraction from the U70 of the carbon beam at flat-
bottom 453455 MeV/u. (3) The first ever successful ex-
traction of carbon nuclei at 24.1 GeV/u to the existing
beam transfer line #22 followed by feeding the FODS
experimental facility with carbon beam for fixed-target
high-energy nuclear physics start-up.

INTRODUCTION

The program to accelerate light ions (deuterons, carbon
nuclei) with a charge-to-mass ratio g/4 = 0.4—0.5 in the
Accelerator Complex U70 of IHEP-Protvino aims at di-
versification and development of the accelerator facilities.
The ion mode of operation involves a sequence of Alvarez
DTL 1100 (2 tanks of 3, 41 mode), rapid cycled synchro-
tron U1.5, and the main synchrotron U70 itself.

This program is fulfilled incrementally, each recent ma-
chine run constituting a noticeable step in accomplishing
the task.

This report overviews chronologically the progress
achieved since the previous conference RuPAC-2010.

The starting point is acceleration in the U70 of deuter-
ons to the specific kinetic energy 23.6 GeV/u (flattop
8441 Gs) with 5-10'° dpp, see Ref. [1], RuPAC-2010.

Since then, the cascade of 1100, Ul.5, and U70 in-
volved was switched to the carbon-beam mode. The
procedure implies re-assembly of the solid-state laser
(CO,, 51J) ion source, acceleration of ions 2C3" in the
1100, thin-foil (Mylar, 4 um) stripping to bare ions (nu-
clei) C*, and their subsequent acceleration in the syn-
chrotrons U1.5 (6.9 T-m) and U70 (233 T-m).

RUN 2010-2

During this run, on Dec 8, 2010, the fully stripped car-
bon ions “C®" were first accelerated to 455.4 MeV/u
(kinetic) in the Ul.5. Beam intensity varied between 5.3—
3.5-10 ipp through 26 ms ramp (once in 8 s), Fig. 1.

There were, at least, two prerequisites for this success:
1. Operational experience gained earlier with the more

*N. Tyurin, A. Zaitsev, A. Soldatov, A. Afonin, Yu. Antipov, G. Britvich,
A. Bulychev, A.Ermolaev, V. Garkusha, G Hitev, N. Ignashin,
D. Khmaruk, V. Kryshkin, V. Lapygin, O. Lebedev, V. Ledeneyv,
E. Ludmirsky, A. Maximoyv, Yu. Milichenko, A. Minchenko,
V. Seleznev, V. Stolpovsky, 1. Sulygin, S. Sytov, and G. Kuznetsov.
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intensive deuteron beam.
2. Abundance of ions delivered by the 1100, Fig. 2.

Figure 1: Carbon (**C*"
beam intensity monitored
with a DCCT (upper (red)
trace) and ramping rate of
the U1.5 guide field (lower
(blue) trace). In-out transfer
is 65%.

Figure 2: Beam at exits
from the 1100 (red) and
BTL 1100-U1.5 (blue).
Pulsed current 21 mA,
max. Pulse length 5 ps. In-
out transfer through the
BTL is 90%.

The first turns of carbon beam in the U70 at flat-
bottom 353.1 Gs were committed on Dec 10, 2010, Fig. 3.
Bunch length is 80 ns FW at base. The lattice behaves as a
magnetic ion separator, and 149.70 kHz beam rotation
frequency is a signature of the particular *C®" ion species
due to mass defect in a bound system of nucleons (Table 1).
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Figure 3: The first turns of carbon beam in the U70.

Table 1: Rotation frequency at 353.1 Gs flattop in the U70

Ion species Rotation frequency, kHz
Carbon °C** 149.70
Deuterons *H'* 149.24
Protons 'H'" (p) 183.80
RUN 2011-1

During this run, on Apr 24, 2011, carbon beam (single
bunch) was first accelerated in the U70 to the ultimate
available energy of 34.1 GeV/u (flattop 12 kGs) with
max 5-10° ipp (8 s), design figure being 3-10° ipp.

Organizationally, the ion-mode MD was very challeng-
ing with the use of a low-intensity pilot proton beam and

Heavy ions accelerators
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multiple switching lattice power supply from rotor ma-
chine generators (RMG) to a stand-alone DC PSU (130 A,
20 kW) and back, refer to Table 2.

Table 2: Flow chart of regimes in Apr 21-27, 2011

Field, Gs 8590 352 12000 352

PSU RMG DCPSU RMG DC PSU
p-beam

C-beam |

The 1100 linac yielded some 12—-14 mA (occasionally,
up to 17 mA) of pulsed current.

A remotely controlled tool to shift out spent emitting
spot on the graphite cylinder surface inside the laser ion
source was set in operation to ease in-run maintenance.
That time, spot sustainability was some 800 cycles, or just
>1% hr, a new spot requiring about 2 min of pre-training.

The U1.5 machine run smoothly and effectively.

A single bunch of ions was accelerated once per 8 s. Its
parameters complied with the best performance data for a
proton mode: injected bunch length at base £60 ns, frac-
tional momentum spread +2:10. Lifetime at flat-bottom
is about 40 s. Evolution of bunch length through cycle
160 ns (flat-bottom), *10ns (transition crossing at
7.9 GeV/u kinetic), and £25 ns (flattop).

Figure 4 shows transition crossing as a ‘“mountain
range” display.

Scan period is 5000
turns. Scans are locked
to the RF phase, and
apparent jump of the
bunch is, thus, virtual.

Figure 4: Transition crossing with C beam in the U70.

During end of the run 2011-1, the U70 operated in a
storage-stretcher mode for a 453 MeV/u beam of '*C*" at
352 Gs flat-bottom.

On Apr 25, 2011 this intermediate-energy beam was for
the first time slowly extracted from the U70 (0.6 s long
spills of 1.5-10° ipp). Both bunched ( single bunch) and
un-bunched circulating beam options were tried.

Thus, the new slow extraction system was successfully
beam-tested. This system is based on a compact cascade
scheme “internal energy-degrader target IT#28 — deflect-
ing septum magnet SM#34”.

The beam is extracted inwards the U70 lattice from
SS#34 pointing to the existing BTL#6. This beam-line
and its shielding are now dismounted. Instead, the new
BTL#25 is assembled there to deliver carbon beam for
applied research (radiobiology, medicine, etc).

Physically, the extraction system at issue employs the
well-known scheme by Piccioni-Wright, Ref. [2], adapted
for the strong-focusing synchrotron U70. In the latter
case, a localized & compact (1/20 of orbit length) layout
with 180° betatron phase advances (horizontal and verti-
cal) between IT and SM is feasible and suits the case.

Heavy ions accelerators
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It is the advantageous trade-off between ionisation
losses and hampering multiple Coulomb scattering (MCS)
across IT that opens a ‘feasibility slot’ for an effective
(tens % of in-out ratio) extraction of multi-charged '*C%" at
flat-bottom of the U70, see Table 3. A test proton beam
was also extracted with the scheme.

Table 3: Internal energy-degrader targets

Ton species Carbon “C®"  Protons p
Kinetic energy, MeV/u 353-355 1320
Target material Beryllium Graphite
Target thickness, mm 4.0 30
Target height, mm 10 10
ITonisation loss, Ap/py —0.0069 —-0.0069
R.m.s. MCS scattering, mrad ~ 0.96 2.93

The new flat-bottom extraction system was proposed,
manufactured, installed and beam-tested (proton and car-
bon ions) within a tight schedule starting in Jan 2010.
Beam spot size observed at exit flange of SM#34 well fits
to the design figures — around 20 x 10 mm® (h x v) for
azimuthally uniform and 10 x 10 mm” for bunched beams.

In course of beam tests, two ways of pushing the wait-
ing beam onto the IT#28 for slow extraction were tested.

The first one applies varying (dynamical) closed-orbit
bumps near IT#28 and SM#34, Fig. 5.

! Traces from top to bot-
tom: (1) circulating C
beam intensity; (2) slow
spill (a saturated signal);
(3, 4) coil currents for
closed-orbit bumps near
IT#28 and SM#34, resp.

Figure 5: Slow spill under bumps of closed orbit.

The second way is to apply horizontal betatron noise
causing controlled beam diffusion towards IT#28. To this
end, the existing electrostatic deflector ESD#2, otherwise
servicing the transverse feedback, is driven by a noise
with flat (within 1.5-70 kHz) power spectrum, Fig. 6 and
Ref. [3]. This option looks more promising for future rou-
tine operation due to inherent stationarity of beam traces.

Traces from top to bot-
tom: (1) circulating C
beam intensity; (2) slow
spill (a  proportional
signal); (3, 4) coil cur-
rents for steady closed-
orbit bumps near 1T#28
and SM#34, resp.

Figure 6: Stochastic slow spill.

RUN 2011-2
During this ion-beam run, the U70 operated in a stor-
age-stretcher mode for a 455 MeV/u C beam at 353 Gs
flat-bottom. Top beam intensity gained was 10-10 ipp,
design figure being 3-10° ipp. Efforts were spent to get
more experience with the new slow extraction, the first
observations of Bragg’s range being recorded.
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Two experimental shots are shown in Figs. 7, 8. Fig. 9
confirms the expected performance of the slow extraction.

Figure 7: Finite range (30 cm ca) of extracted carbon
beam through a plastic scintillator at 455 MeV/u.

=)

Surface contour plot of

F(x,y)=C-x-\/l—x2 X

x(l—yz), |x,y|£1

Figure 8: Bunched C beam
spot at exit from SM#34
under stochastic slow ex-

Figure 9: Calculated
beam spot profile for a
parabolic bunched beam

traction. Convolution over under stochastic slow
3 cycles 8 s long each. extraction.
RUN 2012-1

During the latest run 2011-2, carbon beam was acceler-
ated to 24.1 GeV/u (flattop 8590 Gs) with 5-10” ipp (8 s).

The 1100 team has managed to improve drastically the
performance of the laser ion source. Thorough choice of
gas mixture composition and laser pulse energy now al-
lows to operate with 10—-12 mA of pulsed current for 4000
cycles (instead of the former 800), i.e. for >8 hr.

All the high-energy beam extraction systems available
in the U70 — fast single-turn, slow resonant (both, via
lens Q38 and stochastic), slow with a bent Si-crystal de-
flector — were readily tested with a carbon beam.

The beam thus extracted was transferred through the
existing 190 m long BTL#22 to the FODS experimental
facility (the FOcussing Double-arm Spectrometer). The
primary beam and its fragments were detected with the
FODS scintillator counters, calorimeter, monitor and data
acquisition systems. The counters and calorimeter were
pre-calibrated with a 49.1 GeV (kinetic) pilot proton
beam.

To start with, the BTL#22 was tuned to 50 GeV/c cen-
tral momentum (protons). In this case, it accepts
25 GeV/c/u beam of ion species with charge-to-mass ratio
g/Ad = V> as well CH", *He*', °Li’", '°B"). Indeed, the
hadron calorimeter saw peaks in energy spectrum at

122

Proceedings of RUPAC2012, Saintl-[Petersburg, Russia

300 GeV (12 nucleons x 25 GeV/u (full energy) in *C),
100 GeV (*He) and 50 GeV (*H), refer to Fig. 10 (left).

Then, to detect fragments with g/4 < "2, the BTL#22
was re-tuned to a higher momentum 60 GeV/c (protons)
and fractional momentum acceptance +1%. In this case,
of all '>C fragments, it can accommodate and transfer 'Li
nuclei only. Those indeed show themselves up as
175 GeV peak in the calorimeter readouts, Fig. 10 (right).

Fragmentation of 12C occurs, presumably, due to an un-
attended presence of substances across the beam path
(foils, air gaps, beam monitors, septa, etc).

N 1200

1000~

L , L L L
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Kawan

BTL#22 @ 50 GeV/c (p) BTL#22 @ 60 GeV/c (p)

Figure 10: Amplitude spectra from the FODS hadron cal-
orimeter. Abscissa division value is 3.2 bins per a GeV.

Thus, operational retuning of optics (central momentum
and acceptance) of the BTL#22 allowed to use this beam-
line as an ‘ad hoc’ Fragment Separator yielding the first
ever experimental observations of high-energy nucle-
ar-physics events obtained with a 300 GeV (full energy)
carbon beam delivered by the U70 (Apr 27, 2012).

CONCLUSION

In course of the four recent machine runs (2010-12) re-
ported, important milestones of the program to accelerate
beams of bare carbon ions in the Accelerator Complex
U70 of IHEP-Protvino were achieved. Every run had its
specific highlight boldfaced in the text above.

The light-ion (carbon) program pursues two goals:

1. To accelerate, extract and deliver high-energy (24.1-
34.1 GeV/u, kinetic) carbon beam for fixed-target
experiments in relativistic nuclear physics.

2. To accelerate, extract and deliver intermediate-energy
(453455 MeV/u and less) carbon beam for experi-
mental applied research, including radiobiology and
radiation medicine.

Steps are taken in either direction. Still, some advances
have a flavor of a feasibility ‘proof-of-principle’ experi-
ment yet. More efforts are planned to elaborate the tech-
niques and attain a reliable routine operation with the bet-
ter light-ion beam performance data.
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Abstract

In the recent years, Russian government and scientific
society have been coming gradually to an understanding
the way of development science in Russia. Government
have accepted a program of building six mega-science
projects, and one of them can be a new fourth generation
x-ray light source based on accelerator-recuperator.
Multiturn energy recovery linacs (ERL) looks very
promising for making modern synchrotron radiation
sources, being less expensive and more flexible. At this
time only one multiturn ERL exists. This Novosibirsk
ERL operates with two orbits and two free electron lasers
based on one linac now. The conception of Multiturn
Accelerator-recuperator Radiation Source (MARS) was
proposed in 1997 by G.N. Kulipanov, A.N. Skrinsky and
N.A. Vinokurov. The use of the ERL with two separated
accelerating structures allows to exclude main
disadvantages of scheme with one linac, such as the pass
of electron bunches with different energies through the
same magnetic arcs. The feasibility study for such ERL-
based high brightness x-ray source is presented.

INTRODUCTION

In the recent years, Russian government and scientific
society have been coming gradually to an understanding
the way of development science in Russia. Government
has accepted a program of building one of the six mega-
science projects, and one of them can be a new fourth
generation x-ray light source. At the last 30 years the
development of the synchrotron radiation (SR) sources
has been aiming to different purposes. The main ones are
the increase of spectral brightness and energy of
generated quanta, using specific properties of SR
radiation (coherence, polarization, time structure, etc.).
Also, it is very important that each SR source is used by a
large number of research groups (up to 60) from different
areas of science and is worked for 7000 hours a year.
Today, the SR sources of the third generation became the
efficient factories for generating new knowledge, new
technologies and new materials.

REQUIREMENTS TO FOURTH
GENERATION SYNCHROTRON
RADIATION SOURCES

For the last two decades, the development of SR
sources of the fourth generation has been actively

*vinokurov@inp.nsk.su

Synchrotron radiation sources and FELs

discussed. The world’s physical community has worked
out the following requirements to these sources. Full
spatial coherence; the highest temporal coherence
(AMA<10™) without additional monochromatization; the
averaged brightness of the sources has to exceed 10%-10*
photon- s’ mm™mrad?(0.1% bandwidth)™'; the full photon
flux for the fourth generation sources must be at the level
of the third generation SR sources; high peak brightness
of the order of 10 photon's'mm?mrad?(0.1%
bandwidth)" is important for some experiments; electron
bunch length shorter, than 1 ps; high long-term stability;
generation of linear and circular polarized radiation with
fast switching of the polarization type and sign; constant
heat load on chambers and optics, etc.; servicing the
multi-user community [1].

During the last 30 years, the brightness of the x-ray SR
sources based on storage rings has been increased by a
factor of 10°. Nevertheless, on the modern sources, the
flux of coherent quanta is only 107 of the total flux.
Therefore, in spite of successful demonstrating x-ray
holography, it has not become an efficient technique for
structural studies of real objects of mostly non-crystalline
structure. Even for crystalline structures it is very
important to use the speckle spectroscopy, which is
accessible only in coherent light. Accordingly, the most
important from all the requirements are: - the obtaining a
fully spatially coherent flux of quanta with full photon
flux at the level of the third generation SR sources, - a
possibility of obtaining undulator radiation with a
monochromaticity of 10° - 10* without using
monochromators, which as a rule spoil the beam spatial
coherence.

It is impossible to satisfy all requirements for the
fourth generation SR sources using only one type of
sources. High peak brightness and femtosecond length of
light pulses can be achieved by using x-ray free electron
lasers based on linacs with high (more than 1 kA) peak
current.

Other requirements can be implemented easier and
cheaper by using radiation from long undulators installed
on the accelerator-recuperator.

ACCELERATOR SCHEME

A concept of accelerators-recuperators with one
accelerating structure was proposed for realization a fully
spatially coherent x-ray source in 1997 [2, 3]. Today,
there is only one multiturn ERL in the world. It is
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Novosibirsk ERL [4], which operates routinely with two
orbits and two free electron lasers now. And, at this
spring, four pass ERL was commissioned. But, the
scheme of acceleration has serious intrinsic problems.
The main disadvantage is that two electron beams
(accelerating and decelerating) pass simultaneously
through every magnetic arc, except the last one. It means,
in particular, that variation of any element of this arc
(steering coil or quadrupole gradient) changes the motion
of accelerating particles, but after that, changes their
motion again, when they pass this element during
deceleration. Moreover, accelerating and decelerating
beams have, in general, different initial conditions
(average angles and transverse coordinates, and
envelopes). It causes many constrains during the
optimization of focusing and orbit correction, and
therefore complicates the control of electron beams. Due
to this, it is useless to install undulators into the lower-
energy arcs. Indeed, since two beams in such undulator
have different angles and coordinates, and it is impossible
to correct them for both beams, the radiation quality will
be poor. Therefore, it has been proposed to use scheme
with two accelerating sections (see Fig. 1) and separated
magnetic arcs for accelerating and decelerating beams [4,

Figure 1: ERL with two separated linacs.

Principle of operation is the following: electrons with
energy 8 MeV from injector 1 pass two preliminary
accelerating RF sections 2 (42 MeV and 350 MeV) and
come to first main accelerating structure 3 (0.7 GeV).
Then, magnetic structure 4 bends electrons to the second
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main RF structure 3 (1.9 GeV). After 2 passes through
each accelerating structure 3, electrons gain the final
energy 5.6 GeV and pass to the undulator 5. Used
electrons are decelerated at the same RF structures. In this
case, accelerating and decelerating bunches pass through
different magnetic arcs. Decelerated particles drop to the
dump 6.

To generate fully spatially coherent undulator
radiation with wavelength 0.1 nm it is necessary to
decrease emittance of electron beam at the final energy to
diffraction limit &,, < A/4n = 10" m. It corresponds to the
normalized emittance 107 m. Such slice emittance was
already demonstrated for single bunches with the 0.1 nC
charge. Therefore we suppose that it is also possible for
10 pC in CW mode. For the RF frequency 1.3 GHz that
corresponds to the average current about 10 mA. The
version suggested for some single-turn ERL projects -
using current up to 100 mA for keeping the photon flux -
seems to be far from optimum, since with such an
increase in current the brightness does not increase and
even decreases sometimes. To compensate the decrease in
the current value compared with that of the third
generation SR sources, we shall use radiation from long
undulators. For the planar undulator with N = 10* periods
the diffraction-limited average brightness is about 10**
photon s'mm™mrad? (0.1% bandwidth)'. This way we
solve the problem of full spatial coherence and at the
same time keep the photon flux at the level of the 3™
generation sources. It worth noting, that, since electron
energy deviation AE leads to the shift of the undulator
radiation spectrum by AA/A = -2AE/E , and the “natural”
undulator radiation spectral width is 1/N, the spectral
brightness is not reduced for low enough energy spread
[cs/E < 1/(4N)] only. Another advantage of split
accelerating structure is a possibility to provide radiation
with different wavelength ranges at different beamlinrs. A
scheme with one undulator (Fig.1) can be extended by
installations of long undulators into bending arcs 4 (see
Fig. 2).

Figure 2: MARS scheme: 1 —cascade injection, 2 — linacs, 3 — long undulators.
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There are 7 undulators for 5.6 GeV, and 4 undulators
for 3.7 GeV, 3 GeV and 1.1 GeV in this scheme. To
simplify the radiation output the magnetic arcs are
separated both horizontally and vertically. The

THXCHO01

radiation parameters comparison of MARS (with
average current / = 10 mA) and one of the best of
existing third generation SR sources SPring-8 (with the
average current / = 100 mA) is presented in the table 1.

Table 1: Comparison of MARS (I=10 mA) and SPring-8 (I=100 mA)

Facility Number of Number of Brightness, Flux,
undulator periods beamlines photon-s'mm?mrad? (0.1% photon-s™(0.1%
bandwidth)™ bandwidth)™!
MARS 10° 3 107 107
10 16 10 10"
SPring-8 Bending magnets 23 10 10"
130 34 3.10% 2-10"
780 4 107! 1.2:10"
physical problems in the development of the fourth
CONCLUSION generation x-ray sources on the base of accelerators-

The main ideas of MARS design allow to reduce
significantly the cost of the facility and energy
consumption, providing the servicing of many users
simultaneously. These ideas are simple and clear:

1). Using energy-recovery scheme.
2) Emittance of the electron beam is less than 107! m,
which corresponding to the normalized emittance 10
"m-rad.
3) Bunch charge should not exceed 10 pC. That
corresponds to a 10 mA beam current.
4) Photon flux is proportional to the average current / and
number of undulator periods N. To compensate the 10-50
times current decrease, it is necessary to use the radiation
from undulators and wigglers with large (N > 1000)
number of periods.
5) To provide a low level of radiation hazard and
eliminate induced radioactivity, electron energy at the
beam dump should not exceed 10 MeV.
6) To provide proper focusing for electrons with different
energies in accelerating (decelerating) RF structures, it is
necessary to use cascade scheme of injection.
7) For simultaneous multi-users servicing a scheme with
two separated accelerating structures can be used. This
eliminates the main disadvantage of the scheme with
single linac, where accelerating and decelerating bunches
create two radiation sources in each undulator, and
simplifies the control of the beam.
8) Magnetic structure should contain long interspaces
(L~200 m) for mounting a large number of undulators
with N ~ 10? - 10* periods.
9). Energy spread of electrons at low energy should not
exceed 1/N~10™.
10). A bending radius in magnetic arcs should exceed 60
m to decrease energy spread and emittance growth due to
quantum fluctuations of the synchrotron radiation.

The use of long undulators with the high-quality
electron beam of ERL is the solution for the fourth-
generation x-ray sources. There are no any essential
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recuperators with the average current about 10 mA. The
main problem is the cost of such source and its further
maintenance.

After successful commissioning of the third stage of
the NovoFEL ERL (four-pass), the next step of MARS
development should be a building of its lower energy
prototype — ERL for extreme ultraviolet lithography
(wavelength 13.5 nm) free electron laser [6].
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Abstract

Russia’s first dedicated SR source based on electron
storage ring Siberia-2 entered service in late 1999,
Kurchatov Institute, Moscow. The report focuses on the
consumer parameters of an electron beam and the further
development of actual SR source, SR beam lines and
experimental stations in 2012.

INTRODUCTION

The accelerating complex of the Kurchatov SR source
includes: a for-injector - the linear accelerator of electrons
on energy of 80 MeV, the small electron storage ring
SIBERIA-1 with energy of electrons of 450 MeV, the big
electron storage ring SIBERIA-2 with energy of electrons
of 2.5 GeV and two electron-optical channels — EOC-1
and EOC-2 [1]. The accelerator complex parameters are
specified in Table 1. Official opening of the Kurchatov
SR source took place 1.09.1999.

Table 1: Parameters of KSRS facilities

But, a regular work of X-Ray structure analysis station
(RSA) with SR of 7.5T wiggler's is planned (beamline
1.4-3, 17 mrad) starting from October 2012.

Diagram in Fig.1 shows the integral time devoted for
SR experimental work at Siberia-2 in 2000 — 2011 years.
Table 2 presents statistic of SR source Siberia-2 work at
experiment in the first half of 2012. Note that in 2012 the
SR source spent relatively much time in standby and
adjustment mode due to stops for the firms which work
according contracts (opening shielding walls, new beam
lines installation, etc).
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1500 1252 1292
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Figure 1: Experimental time at Siberia-2 in 2000-2011.
E =80 MeV E =80+450 MeV E=0.45+2.5 GeV
[=02A [=02:03A [=0.1+03 A Table 2. Statistics of Siberia-2 on July 2012.
(singlebunch)  (multibunch) Parameter SIBERIA-1 |SIBERIA-2
L=6m C=38.68m C=124.13m Total working time, hrs : min 2371:18 2371:24
DE/E=0.005 B=15T B=17T Experiment mode
Duration, hrs 43 1074
£[1300 nm'rad £, 1800 nm-rad £40178+100 nm-rad % of total working time 2% 45%
Maximum current, mA 300 130
Tpuse = 18 18 To=29ns To=414ns Average current, mA 116.6 46.0
fp=1Hz Trp=25s £ =10=25 hrs Full integral, A-hrs 348.3 1046
One half of year 2012, A-hrs 5.0 49.3
A=61 A ,BMs  A=1.75A,BMs Lifetime, hrs (100 mA) 1:56 38.5
A=0.40 A, SCW Lifetime, hrs (50 mA) 1:11 51
- - Injection 10% 5%
For-injector Booster, VUV and Dedicated SR source Adjustment 34% 24%,
soft X-ray source  0.1-2000A [1] Mode on duty 54% 25%

KSRS FACILITIES WORK

Before 2012 the work of SIBERIA-2 on experiments is
carried out with use of SR from bending magnets in
energy range ¢otoHoB 4-40 keV u cHekTpaibHBIX
notokax (10"°-10"") ph/s/mrad/0.1%BW of photons 4-40
keV and spectral flux (10"-10"") ph/s/mrad/0.1%BW
during week runs in a round-the-clock mode. Within one
week 9 working 12-hour shifts are presented.
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DEVELOPMENT OF KSRS ON 2010-2012

The works on modernization of systems of actually
accelerating complex during 2008-2010 were in detail
reported at conference RUPAC 2010 [2].

The purpose of works on 2010-2012 1is both
modernization of the existing equipment of a SR
complex, and introduction in a system of new
development.

Synchrotron radiation sources and FELs
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Nanosecond Pulse Generator

During 2011-2012 the pilot copy of the nanosecond
pulse generator on pseudo-spark switches (thyrotron
TPI1-10k/50) for Siberia-2 injection system is developed
and made in KCSR. The first tests with an electron beam
were carried out when giving on short-circuited plates of
an inflector of impulses of a current (<3kA) with a semi-
sinusoidal form of adjustable duration (100-200
nanoseconds) and a jitter <Ins. Such generators will
allow refusing from the use of the high-voltage gas-filled
electric discharge devices and from the forming lines.
They promise stabilizing the homogeneity of the filling
both in multibunch and in single bunch modes of
operation during injection to Siberia-2. Work proceeds in
a background mode.

Shortening of an Electron Bunch in SIBERIA-1

In 2008 on the SIBERIA-1 a new pulse output septum
— magnet with more homogeneous distribution of a
magnetic field was established. The increase in ejection
factor of an electron current from SIBERIA-1 in EOC-2
to 70 % was received as a result. The following step on
increase in ejection efficiency of electrons to SIBERIA-2
was made in 2011 when the RF generator of Siberia-1
was powered for the purpose of increase in accelerating
tension at RF resonator of 34.5 MHz. from 15 kV to 30
kV. Now less than in 0.1 second before release of
electrons with energy of 450 MeV the RF generator
current is charply increased and, at the RF cavity
invariable tune, the electric voltage on the cavity jumps
from 15 kV to nearly 30 kV, leading to bunch shortening
to 66 = 130cm < Ajg1mg.= 165.6 cm. This action stabilizes
a capture percentage in Siberia-2.

SYBERIA-2 RF System

At the end of 2009 on a ring of SIBERIA-2 three
bimetallic resonators (the walls:7 mm of stainless steel
and 8 mm of copper, diffusive welding) were installed on
purpose to keep possibility of work with 7.5T wiggler
causing increase of energy spread in a bunch for 30
percent. Now RF system consists of two RF lines,
everyone includes RF generator on 200 kW on two
tetrodes of the GU-101A type, a wave guide and 1 or 2
RF 181 MHz cavities with the feeders. The new set of
parameters of SIBERIA-2 and RF system is listed in
Table 3 [3].

Table 3. SIBERIA-2 and its RF parameters

Electron energy Emax GeV 2.5
Beam current I B Mmax A 0.29
SR lgsses from: . AEpye 681
bending magnets; KkeV/

bending magnets

and SCWs AEBM+WIG turn 1021
Accelerating 2U,+U, KV 1500
voltage

Further increase of the SR source work reliability
connected with a transfer of Siberia-2 RF generators
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output cascades to new type of generating lamps of the
TH781 type (powerful tetrodes), let out by THALES firm
(France), is planned for 2012-2013. Thanks to
pirographite grids they have higher reliability and a
warranty period of service (3500 hours) in comparison
with tetrodes GU-101A. The maker of the lamps assumes
that on frequency 181 MHz , at RF capacity of 150 kW,
the lamps will work not less than 7000 hours.

Delivery of TH781 lamps in KCSR will be executed on
October, 2012. To minimize costs of their installation, the
cases of the powerful output cascades of the RF
generators, designed under lamps I'Y101A, will be
modified with keeping the former principles of the
capacities  addition, modules of control and
communication with loading (under the contract with
BINP, Novosibirsk). Respectively, we are expected by the
researches connected with setup of the new RF generators
cascades and paths for steady work with a electron beam.

Increase of Electrons Lifetime in SIBERIA-2

On injection to SIBERIA-2 in a multibunch mode with
a typical current in one bunch 3-4 MA the lifetime doesn't
exceed 30 minutes. Mainly it is defined by Tuschek's
effect. The most acceptable method to increase the
lifetime at low energy is control of betatron oscillations
by means of two skew-quadrupoles [4]. As a result, on
injection energy the lifetime grew by (30-40) %
depending on a current in one bunch. A speed of
accumulation of electrons increased also. The fast and
reliable algorithm of reorganization of magnetic structure
was developed for ramping the energy in SIBERIA-2 [5]
and the lifetime in the course of energy ramping to 2.5
GeV was increased. All process of acceleration borrows
2min.40s, at the losses in a beam current, generally on the
energy below 1 GeV, which are not exceeding 2-3 %.
During energy ramping the changes of betatron tunes
from a working point of Qx = 7.773, Qz = 6.701 don't
exceed the value AQ=0.015. The most dangerous
resonances leading to losses of a beam are the resonances
of the 4th order 2Qx + 2Qz = 29 and 4Qx =31. The
greatest changes of betatron tunes occur at approach to
2.5 GeV and a stop of energy ramping.

New System “Orbit” at SYBERIA-2

In 2012-2013 24 pickups which are available on a ring of
Siberia-2 will be supplied with the new high-precision
electronic equipment and software product for
measurement of cross-section coordinates of an
equilibrium orbit (KCSR and LIBERA, Slovenia). Spatial
resolution at measurement time more than 5 milliseconds
for an average current of a beam 5-300 MA makes 1
micron.

Feed-back Systems at SYBERIA-2

Now on the SIBERIA-2 we observe mutual influence of
control systems of two RF generators at each other
through an electron beam. It leads to unstable work of RF
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generators and to the electron current losses. The losses
depend on a number of bunches. The quantity of particles
in separate bunches is modulated according to the
excitation mode number of synchrotron oscillation, see
Fig. 4.

In 2012-2013 on SIBERIA-2 the Bunch-by-Bunch
feedback system for suppression the instabilities in
transverse and longitudinal directions (KCSR and
LIBERA, Slovenia) will be established.

i H
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Figure 4: Modulation of particles in bunches at different

fillings because of losses at an excitement of a collective
mode of instability.

0“.
o

In the Fig. 5 the scheme of feedback for SIBERIA-2 is
presented. As a kicker for suppression of coherent
sinchrotron fluctuations small special RF cavity with own
frequency of 950 MHz and a quality factor of 10 will be
introduce at the straight section of ring. The existing strip
lines will be used as kickers for suppression of coherent
betatrone oscillations in X- and Y- plane. Also digital
electronics, broadband amplifiers (25 W and 100 W) and a
pickup - electrodes, phase detectors, the modulator, RF
control are here entered.

J

Figure 5: The scheme of BbB transverse and longitudinal

feedback for SIBERIA-2.

New Station of Optical Observation [6]

By April, 2013 on Siberia-2 the special vacuum SR
beam line will be mounted to release a visible range of
SR out of limits of shielding wall of Siberia-2 storage
ring where an optical bench with electronics of optical
supervision (a CCD - matrix, ¢ - dissector, the 2-slit
interferometer, the photomultiplier, TV) with high spatial
and temporary resolution will be installed .

In the Fig. 6 the scheme of optical station is shown.
The station of optical supervision includes automatic
system for turn-by turn registration of a cross-section
profile of a bunch. It is intended for measurement X - and
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Y - particles density distributions in chosen bunch,
frequencies of synchrotron and betatron oscillations, and
also for research of dynamics of a bunch form in chosen
separatrix on one (from 3) chosen coordmate
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Figure 6: The scheme of optical station

The system turn-by-turn registration includes a lens and
a linear detector based on 16 avalanche photo diodes. The
signal of each photo diode is integrated and transferred on
12-digit ADC, having frequency of digitization of 50
MHz. The internal buffer memory accumulates results of
measurements of ADC and allows to investigate turn-by-
turn profiles of a bunch for long time (hundreds thousands
of turns).
The station of optical supervision will be located outside
of biological protection of storage ring. The work is
conducted by KCSR and BINP.

New Power Supplies for Magnetic Correctors

In 2012 KCSR began a replacement of power supplies
of the correcting magnetic elements at accelerator
complex by the new more exact sources developed by
"Marafon" firm (Moscow). At the first half-year of 2013
the all set of the 269 bipolar and unipolar sources (current
stability SE-4) will operate with a new control system and
computer programs. Now the tests of pilot samples of
sources on 6 A and 20 A are carried out. An installation
of new sources at Euro-racks is in progress.

New Control System (KCSR, RT-Soft)

Upgrade of CS consists in changeover of the old
equipment of CAMAC on trunk - modular hardware in
the VME standard and the organization of new
architecture.

In 2010 purchases of the modern electronic equipment
are realized, the specialized laboratory of automation of a
complex which task includes, in particular, application
software development, start into maintenance and
maintenance of the difficult equipment in working
condition [7] is created.

CS is conditional subdivided into the upper and lower
levels, server level and the periphery.

The lower level of CS realizes collection of diagnostic
information and execution of control algorithms by
executive systems of accelerator complex. It includes
trunk-modular equipment in the VME standard and
controlling equipment with the built-in processors
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working under control of OS of the Lynx OS type. This
equipment is connected to server level Ethernet or CAN
communication lines.

Server level of CS includes application servers and the
server of management system of a database (DBMS). At
this level it is implemented: general control algorithm and
UNK monitoring; a data interchange with processor
modules of the VME standard, with CAN controlers and
with an automated workplace of operators; recording of
sessions of operators; information storage in DBMS;
information representation on requests of users; self-
diagnostics of operation of CS.

The top level of CS includes an automated workplaces of
operators and other users. The full-function monitoring
system and controls - CitectSCADA will work at the top
level. The software of CitectSCADA allows to provide:
visualization of processes, automated workplace control,
tracing of systems in real time in a graphic look and
access to contemporary records, preparation of the
detailed reports, execution of the sub-programmes
developed on CitectVBA and CiCode.

Geodesy (KCSR, "Neva Technology")

In 2011-2012 operations on creation of a high-
precision geodesic network on the basis of the acquired
exact equipment of type the laser tracker and specially set
geodesic markers in the experimental hall of Siberia-2 are
carried out for the purpose of an exact exhibition of
elements and axes of being created new SR beamlines
outside of bioprotection walls. Now the geodesic network
in the experimental hall is integrated with a geodesic
network of Siberia-2 storage ring tunnel so that they have
a single system of coordinates.

NEW STATION AND INSERTION
DEVICES

Bending Magnet SR Stations

Now installation ("NT-MDT", Zelenograd) of three
experimental stations (hutches and optical components)
and the three SR beamlines from 1.7 T bending magnets
of SIBERIA-2 comes to an end: "PES" — Photoelectronic
spectroscopy - K6.5, "PHASE" - X-ray precision optics-2
- K2.3, "NANOFAB-2" — research of micro and nano-
electro-mechanical systems (MEMS and NEMS) - K2.6...
Qualitative difference of these beamlines and stations
from the already existing is that actually disappears
concepts of separate station and the separate beamlines.
Components of optics are distributed on all length of SR
beamline. For example, the mirrors of complete external
reflection are inside bioprotection space, at distance of 5-
6 m from a radiation point, the blocks of monochromators
at distance of 24-25 m whereas samples are at distance to
40 m from SR source.

Work with 7.5T SC Wiggler [2]

The SR from 7.5T (19+2) poles SCW was deduced for
the first time on three SR beamlines in the experimental
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hall of SIBERIA-2 in November, 2009. In the Fig. 7 TV-
images of SR from SCW on the luminescent screens set at
end faces of the three SR beamlines are shown.

06/25/2011 14:13:04 06/25/2011 14:13:04 06/25/2011 14:13:04

Figure 7: SR of 7.5 T SCW on an output of three
beamlines (-13 mrad, 0 mrad, 17 wmpax) in the
experimental hall of SIBERIA-2.

b DY
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Then, as a result of superconductivity loss in SCW,
there was a collapse of the thin-walled copper liner (the
vacuum chamber inside a cryostat) to loss of a vertical
aperture. In June, 2011, in case of next superconductivity
loss, there was a collapse of already next new and harder
liner No. 2.

Figure 8 shows a wavy deformation of the liner No. 2
surfaces in the liner central part especially, repeating the
period of a magnetic field of SCW with a longitudinal
shift relatively to pole centers with maximum fields on a
quarter of period.

Figure 8: Deformation of walls of the liner No. 2.

After manufacture of the liner No. 3 and two new
power supplies (the third pair), in December of 2011 their
joint tests were carried out with SCW out of a Sybiria-2
ring, but with failure of superconductivity in the field of
7.5T.

It was clarified that the current instability of power
supplies led to overvoltage on the high-inductive
windings and to inadmissible throws of a current. The
current proceeding through one of sources, reached 350A
instead of 240A, necessary for field 7.5T creation, as
provoked failures.

Direct measurements of a vertical aperture of the liner
No. 3 showed that deformations after failure remained
within 0.1 mm. The decision about SCW installation with
the liner No. 3 on a ring of Siberia-2 was made. By May
of 2012 two new power supplies were made once more,
the beamline K.1.4-3 (17 mpanx) was joined with RSA
station and continued to the double - crystal
monochromator.

Input of SR in optical hutch of RSA stations was made
on July 5, 2012. The image of SR at RSA station was
observed by means of TV-cameras and the luminescent
sensors located after the first optical mirror before and
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after the double-crystal monochromator, adjusted for the
SR wavelength of 1 A, see Fig. 9.

Figure 9: A SR from SCW at RSA station. At the left -
before, on the right — after the monochromator (1 A).

Within the program of tests the failure of a
superconducting condition of a wiggler in the field of 7.5
T was carried artificially out. The test of the wiggler
windings by means of switching on of low currents in the
wiggler just after failure showed that windings are
serviceable and returned to a superconductivity condition.

The vertical aperture measurement of a liner by means
of distortion of an electron beam equilibrium orbit
(«bump») showed that residual deformation of the liner
did not lead to reduction of a vertical aperture. After
summer vacations, 13.09.2012, regular operation on the
filling of a liquid helium in the wiggler was executed. The
sc wiggler magnetic field was increased up to 4.5T to
reduce a magnetization of wiggler poles which was
happened after last failure. Next work with the wiggler
will be devoted to the degassing of the first SR absorber
(about 36 kW of X-Ray power at electron current of 100
mA) and the increase of the operating electron current
with sc wiggler switched on.

Creation of 4 SR Stations in 2013-2015

According to the Experimental Program in the
direction 2 in KCSR the installation in an experimental
hall of head samples of new generation experimental
stations for complex researches in the field of convergent
nano- bio- info- cognitive sciences and technologies is

considered. Among them: station of low-angular
diffraction (LAD), station of X-Ray absorbtion
spectroscopy  (EXAFS), station of a protein

crystallography (Protein-2), station for substance research
in extreme conditions (SEXC).

The Planned SC Wigglers on SIBERIA-2

The KCSR starts a creation of two new
superconducting wigglers with a field of 3T at
equilibrium orbit with critical wavelength of 1A
(additional to available 7.5 T sc wiggler) and their
installation on the Siberia-2 storage ring in 2014. Key
parameters of the new SC wigglers are given in Table 4
with a field 3T at energy of electrons E=2.5 GeV and a
current of electrons of [=0.1 A.

High-intensity radiation of these wigglers will be used
in «Experimental station for substance research in
extreme conditions» - K2.4 and at station «A protein
crystallography-2» - K3.4.
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In comparison with intensity from a wiggler with a
field of 7.5 T, the wiggler with a field of 3T has an
advantage in a spectral interval of 5-30 keV photon
energy.

Table 4. Project parameters of 3 T SCW.

Beamline K2.4,K3.4
Electron energy, GeV 2.5
Pick magnetic field at axe, T 3.0
Photon critical energy, keV 12.48
Photon energy spectrum, keV 5-40

Magnetic period, mm 44

Angular divergence o SR, mrad +2.77
Number of poles: main/lateral 69/4
Intensity of SR at .=12.48 keV, 3#10

ph/s/mrad/0.1%BW (I=0.1 A).

CONCLUSION

We are sure that continuous efforts in the solution of
the scientific and technical problems rising before
employees of KCSR, will lead to high-quality
improvement of the Kurchatov Center of Synchrotron
Radiation.
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CURRENT FEL PHYSICS RESEARCH AT SLAC*

G. Stupakov, SLAC National Accelerator Laboratory, Menlo Park, CA, USA

Abstract

In this paper we review several techniques being pursued
at SLAC National Accelerator Laborary with the goal of
improving the longitudinal coherence and increasing the
output power of x-ray FELs. They include echo enabled
harmonic generation (EEHG), hard x-ray self-seeding, us-
ing undulator tapering to increase the FEL power, and noise
suppression in the electron beam.

INTRODUCTION

Free electron lasers (FELs) can provide tunable high-
power coherent radiation which is enabling forefront sci-
ence in various areas. At x-ray wavelengths, most of the
FELs operate in the self-amplified spontaneous emission
(SASE) mode [1,2]. The Linac Coherent Light Source
(LCLS) at SLAC working in the SASE mode at hard x-
ray wavelengths [3] marked the beginning of a new era of
x-ray science [4-6]. However, since SASE FEL radiation
starts from beam shot noise, the FEL output has limited
temporal coherence (i.e. noisy in both temporal profile and
spectrum). FELs with improved temporal coherence (i.e. a
well-controlled pulse shape and a bandwidth close to trans-
form limit) should benefit many applications and enable
new capabilities in many disciplines.

Various techniques [7—13] have been proposed to im-
prove the FEL temporal coherence. In the self-seeding
scheme, a monochromator is used to purify the spectrum
of a SASE FEL and an additional undulator is employed to
amplify the quasi-monochromatic radiation to GW level.
Alternatively, seeding with an external source generated
from an external laser may provide a fully coherent output
having well-defined timing with respect to the laser. One
way to directly seed an FEL is to use the high harmonic
generation (HHG) source generated when a high power
laser is injected to a noble gas.

EEHG SEEDING

To circumvent the need for a high power laser at short
wavelength, frequency up-conversion techniques [10-14]
have been envisioned to convert the external seed to shorter
wavelengths. In the classic high-gain harmonic genera-
tion (HGHG), a single modulator-chicane system is used
to bunch the beam at a harmonic frequency of the seed
laser [10].

*Work supported by the U.S. Department of Energy under contract
DE-AC02-76SF00515.
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The frequency multiplication efficiency can be greatly
improved with the recently proposed echo-enabled har-
monic generation (EEHG) technique [12, 13]. In this
scheme, an electron beam is first energy modulated by a
laser with wave number %, and then sent through a chicane
with strong momentum compaction after which the mod-
ulation is macroscopically smeared. Simultaneously, sep-
arated energy bands with a spread much smaller than the
initial energy spread are introduced into the beam phase
space. It turns out that if a second laser with wave number
ko (ko can equal k1) is further used to modulate the beam,
after passing through a second chicane, density modulation
at the wave number

kg = nki1 + mko (1)

can be generated (n and m are integers). The key advan-
tage of EEHG is that by trading the large energy modula-
tion from a laser with a large momentum compaction from
a chicane, high harmonics can be generated from those sep-
arated energy bands with a relatively small energy modula-
tion. Thus it promises both bunching and gain at very high
harmonics, allowing the generation of coherent soft x-rays
directly from a UV seed laser in a single stage.

The advanced frequency up-conversion efficiency has
stimulated a broad interest in using the EEHG scheme to
seed x-ray FELs [15-18]. In recent proof-of-principle ex-
periments performed at SLAC’s Next Linear Collider Test
Accelerator (NLCTA) [14] and the SDUV-FEL at SINAP
[19], the 4th and 3rd harmonics from EEHG have been ob-
served. They demonstrated that a long-term memory of the
beam phase space correlations could be properly controlled
and preserved in the experiment. The latest results from the
NLCTA presented the first evidence of 7th harmonics from
the EEHG technique [20].

The novelty of the experiment [20] is that an rf trans-
verse cavity (TCAV) was used to increase the slice energy
spread by one order of magnitude such that the ratio of en-
ergy modulation to energy spread is similar to that in real
seeded x-ray FELs. In this experiment, the 7th harmonic of
the second laser at 227 nm was generated when the energy
modulation is approximately 2 ~ 3 times the slice energy
spread.

The parameters of the experiment [20] are listed in Ta-
ble 1.

Representative spectra of beam radiation after the seed-
ing for various TCAV voltage are shown in Fig. 1. Fig. 1(a)
through Fig. 1(d) show the HGHG spectra obtained with
only the 1590 nm laser on, and Fig. 1(e) was obtained with
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Table 1: Parameters of the ECHO-7 NLCTA experiment.

Electron beam energy 120 MeV
Bunch length 0.5-2.5ps
Bunch charge 20-40pC
Normalized emittance ~ 8 um

Slice energy spread ~ 1keV
First laser wavelength 795 nm

Second laser wavelength 1590 nm
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Figure 1: Spectrum of the radiation for various TCAV1
voltage:(a) V=0; (b) V=85 kV; (c) V=170 kV; (d) V=255
kV. The beam slice energy spread increases as we increase
TCAV1 voltage. (a)-(d) are the HGHG signals when only
the 1590 nm laser is on and (e) is EEHG signal at V=255
kV with both lasers on.

both lasers on. The spectrum of the coherent radiation is
broadened due to the relatively large residual energy cur-
vature from the varying rf phase along the bunch. As can
be seen from Fig. 1, the harmonic radiation intensity de-
creases as TCAV voltage is increased. When the TCAV
voltage was increased to 255 kV, the 4th to 7th harmonics
were all suppressed and only the incoherent radiation was
observed (Fig. 1(d)). When the first seed laser at 795 nm
was turned on, the 7th harmonic was brought back.

The experiment [20] has presented the first evidence
of high harmonics from the EEHG technique which over-
comes the limit arising from the beam slice energy spread.
It showed a clear signature that by splitting the phase space
with a large momentum compaction chicane, high harmon-
ics can be generated with relatively small energy modula-
tion.
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HARD X-RAY SELF SEEDING
EXPERIMENT AT LCLS

While external laser-based seeding looks promising in
the UV range and for soft x-rays, its usage for hard x-
ray FELs creates extraordinary challenges and is not en-
visioned in the nearest future. Because of the difficulties
of the direct seeding, the idea of self-seeding was proposed
at DESY [7,21]. It uses the SASE radiation generated in
the first half of the undulator operating in a linear regime.
An x-ray monochromator is installed between the first and
the second halves of the undulators with a bypass for the
electron beam. At the exit of the monochromator a narrow-
band x-ray beam is combined with the electron beam and
serves as a seed for the second half of the undulator.

The problem with this setup is that a typical monochro-
mator delays the x-rays by several picoseconds. The elec-
tron beam has to be similarly delayed, requiring strong
dipole magnets in the chicane of the bypass line. Inco-
herent synchrotron radiation and associated with it energy
diffusion generate large energy spread in the beam which
can suppress the FEL gain in the second half of the un-
dulator. One of the approaches to overcome this difficulty
was proposed in Refs. [22,23]: it uses two bunches with
the seed generated by the first one synchronized with the
second bunch.

In another paper [24], the authors proposed to use a sin-
gle diamond crystal in forward Bragg diffraction (FBD)
geometry. They observed that due to the reflection of a
narrow-band spectral line by the crystal, the transmitted x-
ray pulses have a monochromatic tail (wake). While dura-
tion of the wake is relatively short (typically in the range
of tens of femtoseconds) operation in a low-charge mode
with extremely short bunches allows for the overlapping of
the delayed bunch with the wake, which serves as a seed in
the second part of the undulator. A detailed theory of the
monochromatic wake formation is developed in [25].

Experimental demonstration of the crystal-based self
seeding has been recently demonstrated at LCLS [26].

2.5mm gas
14 GeV 1GW sMw__ QGW detector
* T ~—-€-e—=~S-{THIITII,
L% H
x-ray diamond spectrometer

N A

v — ——
U1-u1s chicane, U16 U17-U29 U30-U33 e dump
(60 m) (3.2m) (52m) (16m)

Figure 2: Layout of the LCLS undulator with a self-seeding
chicane, diamond monochromator, gas detector and hard-
X-ray spectrometer (from [26]).

In the experiment, a 110-um thick diamond crystal, with
a (004) lattice orientation, provided by the Technologi-
cal Institute for Superhard and Novel Carbon Materials
(Troitsk, Russia), was installed in place of one of the un-
dulators. A new 3.2-m long magnetic chicane was added
to the system to displace electrons transversely in order
to bypass the diamond. The experiment demonstrated a
dramatic narrowing of the spectrum from 20-eV FWHM

Synchrotron radiation sources and FELSs
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bandwidth to about 0.4-0.5 eV. The detailed account of the
experiment can be found in Ref. [26].

TOWARD TERAWATT FEL

Using a crystal monochromator in the self-seeding
scheme in combination with undulator tapering allows one
to considerably increase the FEL output power. The un-
derlying method is due to Kroll, Rosenbluth, and Morton
(KLM) [27]. It relies on the increase of the energy trans-
fer from the electrons to radiation by adjusting the undu-
lator magnetic field to compensate for the electron energy
losses, a tapered undulator. Note that LCLS routinely uses
the tapered undulators not only to compensate for the en-
ergy loss of electrons due to the incoherent radiation in the
undulator, but to double its output power to about 70 GW
using its available tapering range of order of 0.8%.

Application of the KLM method for the upgrade LCLS-
IT was recently studied in [28]. The LCLS-II undulators
will have variable gaps and in principle are tunable in a
wide range of values of the undulator parameter K. Itisim-
portant that quasi-monochromatic radiation produced with
self-seeding allows a much better control of the trapping
and deceleration of the electrons in the electromagnetic
field of the radiation. The simulation studies suggest that
it is feasible, with LCLS-like electron beam parameters, to
generate coherent, TW-level, hard x-ray pulses within a ~
200m long, tapered undulator system. Together with output
at the fundamental resonant wavelength, there will also be
strong 3rd harmonic emission (P3 > 100 GW) for planar-
polarized undulators. To further improve the performance
and shorten the undulator length, one can adopt a helical
undulator for the FEL.

NOISE SUPPRESSION IN SEEDING

In free electron lasers, shot noise provides the startup ra-
diation for Self-Amplified Spontaneous Emission (SASE),
but also drives hazardous instabilities that might impede
coherent processes. For example, the microbunching insta-
bility incapacitates diagnostics of the beam and can lead to
degradation of the FEL performance [29-34]. In seeded
FELs shot noise competes with external modulations of
the beam being amplified in the process of the seeding
[29,35,36]. Suppressing shot noise could have numerous
accelerator applications, including controlling instabilities,
reducing laser power requirements for seeding FELs, and
increasing efficiency in cooling relativistic beams [37,38].

Suppression of long wavelength shot noise was observed
in microwave tubes as early as the 1950s, [39], and more re-
cently similar effects (though from different physics) have
emerged in semiconductor devices [40]. In the last few
years, several groups have independently proposed sup-
pressing shot noise at short wavelengths in relativistic elec-
tron beams [38,41-43].

The quantify that defines the density fluctuations at a
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wave vector k is
1 -
F(k) = Nze’k(zrm, 2)
gl

where the sum is over all IV electrons in the beam and z;
is the longitudinal position along the bunch of the jth elec-
tron. If the positions of electrons in the bunch are uncor-
related (shot noise), the N(NN — 1) random phases in (2)
corresponding to j # [ cancel each other, and we find the
expected noise factor is F'(k) = 1. If instead the electrons
are grouped into microbunches spaced by A (e.g. in an FEL
at saturation), then all N(/N — 1) terms add in phase and
the noise factor reaches a maximum value of F'(k) ~ N.
One can also arrange correlations between the particles in
such a way that F'(k) < 1. We refer to the last case as the
noise suppression.

Correlations between the particle positions in the beam
that can lead to the noise suppression arise from the particle
interactions followed by their longitudinal motion along z.
Due to the relativistic nature of the beam, the longitudinal
velocity is very close to the speed of light, and the relative
displacements of the particles in free motion is typically
too small. A setup in which the noise suppression can oc-
cur was considered in [43]: it consists of an interaction re-
gion of length L,, where space charge forces change parti-
cle energies, followed by a magnetic chicane characterized
by the dispersive strength R5g which shifts the longitudi-
nal particle positions. In a simplified model of [43] it was
assumed that the particles are longitudinally frozen in the

135 MeV 220 MeV

QB | L1s Lix |
5
- ¥ J L . J
Shot Noise Interaction (12m) Dispersion (6.5m) Diagnostic

Figure 3: Schematic of the LCLS beam line used in the
experiment for shot noise suppression, including the QB
quadrupole, L1S and L1X accelerator sections, and bunch
compressor chicane BC1. Radiation from the OTR foil
served as the diagnostic.

interaction region, and there is negligible energy change
through the dispersive region (i.e. the velocity bunching is
small compared to the effect of the chicane strength). It
was shown that in this case, for a beam with uniform den-
sity in the transverse cross section, the noise factor at the
exit from the chicane can be written as

Fk)~(1-1)2, (3)

where

4rre L,

T = n0R56A and A = s
Sy

“

with ng the longitudinal particles density (number of par-
ticle per unit length), r. the classical electron radius, ~
the relativistic factor, and S the transverse beam area. By

133



THXCHO03

choosing Rs6 to set Y1p = 1, we find that the minimal
value of Fp(k) is zero. For a transverse Gaussian distri-
bution of rms size o, the transversely integrated noise factor
has the form F(k) = 1 — 27 + 3Y%, where in Eq. 4 one
has to replace a by 20. For the Gaussian case, optimal shot
noise suppression occurs at ¥ = 3/4, giving F'(k) = 1/4.

Paper [44] presented the first experimental evidence of
shot noise suppression in relativistic electrons. Using the
scheme of Ref. [43] it was demonstrated that matching the
beam’s collective space charge forces to dispersion expe-
rienced by the particles in a subsequent magnetic system
reduces broad-bandwidth shot noise current fluctuations as
observed through a reduction in Optical Transition Radia-
tion (OTR) of the beam.

For an experimental demonstration of shot noise sup-
pression the first linac and bunch compressor sections of
the Linac Coherent Light Source (LCLS) was used. The
experiment included four components shown in Fig. 3:
an initial shot noise distribution system consysting of two
dipole magnets and the “QB” quadrupole which reset the
beam to an initial shot noise distribution, an interaction re-
gion which includes the S-band (L1S) and X-band (L1X)
accelerator sections, a dispersive region (magnetic chicane
BCl1), and a diagnostic station. Table 2 gives main beam
and accelerator parameters.

Table 2: Parameter list for experimental conditions.

Beam energy 135-220 MeV
Beam charge 5-20 pC
Norm. Emittance (X,y) 0.2 pm
BC1 Dispersion (Rs56) 0.1-2.5 mm
QB strength 10.3 kG
Interact. Beam Size (opt) 30-200 pum
OTR Beam Size (coTR) 25 pm
Camera Bandwidth () 400-750 nm
Camera Aperture (0car,) 75 mrad

OTR emitted by the beam from a 1 pm thick aluminum
foil inserted into the beam following BC1 was measured
and compared with simulations and the analytical model.
Fig. 4 shows that both simulations and the analytical model
agree reasonably well with experimental results. The OTR
intensity was suppressed by as much as 35% of the shot
noise level.

SUMMARY

In this paper we reviewed several approaches, currently
pursued at SLAC, to one of the main challenges for modern
x-ray free electron lasers—an essential improvement of the
temporal coherence of their output radiation. For soft x-ray
FELs, seeding with an external laser, via harmonic multi-
plication, looks as a promising candidate. During the last
3 years extensive research work at SLAC, both theoretical
and experimental, has been carried out to demonstrate the
capabilities of the EEHG method.
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Figure 4: Simulation results compared to the experimental
data for the bunch charge of 5 pC. The simulation predicts
slightly stronger OTR suppression, perhaps due to the ab-
sence of transverse damping in the code. The shiftin R5¢ in
the OTR minimum is likely due to higher electron density
in the experiment.

Hard x-ray self-seeding based on usage of Bragg for-
ward reflection, was recently successfully demonstrated at
LCLS. It opens a new road toward FELs with the output
power on the terawatt scale.

The noise suppression technique, previously known for
RF frequencies, has been experimentally achieved in the
optical frequency range using a relativistic beam with typ-
ical for the FEL parameters.
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BUDKER INP FREE ELECTRON LASER FACILITY — CURRENT STATUS
AND FUTURE PROSPECTS *
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N.A.Vinokurov, M.G.Vlasenko, P.D.Vobly, V.N.Volkov, BINP, Novosibirsk, Russia

Abstract

The free electron laser (FEL) facility at Budker INP is
being developed for more than 15 years. It is based on the
normal conducting CW energy recovery linac (ERL) with
rather complicated magnetic system lattice. Up to now it
is the only one in the world multiorbit ERL. It can operate
in three different regimes providing electron beam for
three different FELs. Its commissioning was naturally
divided in three stages.

The first stage ERL includes only one orbit placed in
vertical plane. It serves as electron beam source for
terahertz FEL which started working for users in 2003.
Radiation of this FEL is used by several groups of
scientists including biologists, chemists and physicists. Its
high peak and average powers are utilized in experiments
on material ablation and biological objects modification.
The second stage ERL is composed of two orbits located
in horizontal plane. The second stage FEL is installed on
the bypass of the second orbit. The first lasing of this FEL
was achieved in 2009. The last stage ERL will include
four orbits. Its commissioning is in progress now.

In this paper we report the latest results obtained from
the operating FELs as well as our progress with the
commissioning of the two remaining ERL beamlines. We
also discuss possible options for the future upgrade.

ACCELERATOR DESIGN

The Novosibirsk FEL facility is based on the multiturn
energy recovery linac (ERL) which scheme is shown in
Fig. 1. In this scheme the beam goes through the linac
several times before it enters undulator. As the result one
can increase the final electron energy.

Multiturn ERLs look very promising for making ERLs
less expensive and more flexible, but they have some
serious intrinsic problems. Particularly in the simplest
scheme shown in Fig.1 one has to use the same tracks for
accelerating and decelerating beams which essentially
complicates adjustment of the magnetic system. This
problem can be solved by using more sophisticated
scheme based on two linacs [1].

*Work supported by the Ministry of Education and Science of the
Russian Federation; RFBR grant 11-02-91320
#0.A.Shevchenko@inp.nsk.su
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Figure 1: Simplest multiturn ERL scheme: 1 — injector, 2
— linac, 3 — bending magnets, 4 — undulator, 5 — dump.

At present the Novosibirsk ERL is the only one
multiturn ERL in the world. It has rather complicated
lattice as it can be seen from Fig. 2. The ERL can operate
in three modes providing electron beam for three different
FELs. The whole facility can be treated as three different
ERLs (one-turn, two-turn and four-turn) which use the
same injector and the same linac. The one-turn ERL is
placed in vertical plane. It works for the THz FEL which
undulators are installed at the floor. This part of the
facility is called the first stage. It was commissioned in
2003 [2].

The other two ERL orbits are placed in horizontal plane
at the ceiling. At the common track there are two round
magnets. By switching these magnets on and off one can
direct the beam either to horizontal or to vertical
beamlines. The 180-degree bending arcs also include
small bending magnets with parallel edges and
quadrupoles. To reduce sensitivity to the power supply
ripples, all magnets on each side are connected in series.
The quadrupole gradients are chosen so that all bends are
achromatic. The vacuum chambers are made from
aluminium. They have water-cooling channels inside.

The second horizontal track has bypass with the second
FEL wundulator. The bypass provides about 0.7 m
lengthening of the second orbit. Therefore when the beam
goes through the bypass it returns back to the linac in
decelerating phase and after two decelerations it finaly
comes to the dump. This part (the second stage) was
commissioned in 2009. The final third stage will include
full-scale four-turn ERL and FEL installed on the last
track.

The basic beam and linac parameters common for all
three ERLs are listed in Table 1.

Synchrotron radiation sources and FELs
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Figure 2: The Novosibirsk ERL with three FELs (bottom view).

Table 1: Basic ERL parameters

Injection energy, MeV 2
Main linac energy gain, MeV 10
Charge per bunch, nC 1.5
Normalized emittance, mm-mrad 30
RF frequency, MHz 180.4
Maximum repetition rate, MHz 90.2

Depending on the number of turns the maximum final
electron energy can be 12, 22 or 42 MeV. The bunch
length in one-turn ERL is about 100 ps. In two and four-
turn ERLs the beam is compressed longitudinally up to
10-20 ps. The maximum average current achieved at one-
turn ERL is 30 mA which is still the world record.

One essential difference of the Novosibirsk ERL
compared to other facilities [3,4] is using of the low
frequency non-superconducting RF cavities. On one hand
it leads to increasing of the linac size but on the other
hand it also allows to increase transversal and
longitudinal acceptances which allows to tolerate longer
electron bunches with large transversal and longitudinal
emittances.

The location of different parts of the facility in the
accelerator hall is shown in Fig. 3.

Synchrotron radiation sources and FELs
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Figure 3: Accelerator hall (bottom view).

THE FIRST STAGE FEL

Design and Basic Parameters

The first stage FEL includes two electromagnetic
undulators with period 12 cm, phase shifter and optical
cavity. Undulator pole shape is chosen to provide equal
electron beam focusing in vertical and horizontal
directions. The matched beta-function is about 1 m. The
phase shifter is installed between undulators and it is used
to adjust the slippage. The optical cavity is composed of
two copper mirrors covered by gold. The distance
between mirrors is 26.6 m which corresponds to the
round-trip frequency (and the resonance electron
repetition rate) 5.64 MHz. Radiation is outcoupled
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through the hole made in the mirror center. The optical
beamline is separated from the vacuum chamber by
diamond window. The beamline pipe is filled with dry
nitrogen.

The FEL generates coherent radiation tunable in the
range 120-240 micron as a continuous train of 40-100 ps
pulses at the repetition rate of 5.6 - 22.4 MHz. Maximum
average output power is 500 W, the peak power is more
than 1 MW [5,6]. The minimum measured linewidth is
0.3%, which is close to the Fourier-transform limit.

Operation experience

For the last two years about 30 experiments were
carried out at the Novosibirsk THz FEL. They include:
pioneering works on THz ablation; study of micro- and
nanoparticles, vaccines, polymers, metamaterials;
production of nanotubes and nanostructures; composite
diagnostics; terahertz radioscopy, imaging, detection of
concealed objects; interferomety, holography &
tomography; speckle and Talbot metrology; ellipsometry;
fast water vapor detection; flame and gas detonation
study; impact of THz radiation on genetic materials;
impact of THz radiation on cells; study of integrated
proteomic response; coherent effects in gases; ultrafast
time-domain spectroscopy; interaction of atoms with
strong THz EM-field.

Five user stations are in operation now. Two other are
in progress. The new spectrometer has been installed
recently. It allows to measure continuously radiation
spectrum not interrupting user experiments (Fig. 4). Other
radiation diagnostics include Fourier spectrometer,
thermograph, microbolometer matrix, Shottky diode
together with wideband oscilloscope. The last one is used
for time-resolved measurements. It allows to detect
longitudinal power distribution of radiation pulses.
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Figure 4: Spectrum measurement diagnostic control
(white line - the measured FEL radiation spectrum, blue
line - water absorption spectrum).

Recently the third harmonics lasing was obtained. It
was achieved by suppression of the first harmonics lasing
using aperture-decreasing scrapers installed inside the
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optical cavity and proper adjustment of the phase shifter.
The measured detuning curves for the first and third
harmonics lasing are shown in Fig. 5.
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Figure 5. Normalized detuning curves for the lasing at the
first (blue) and third (red) harmonics and the detuning
curve for the amplified spontaneous emission at the third
harmonic (pink).

THE SECOND STAGE FEL

The second stage FEL includes one electromagnetic
undulator with period 12 cm and optical cavity. The
undulator is installed on the bypass where the electron
energy is about 22 MeV. Therefore the FEL radiation
wavelength range is 40 - 80 micron. The undulator design
is identical to the first stage one but it has smaller aperture
and higher maximum magnetic field amplitude. The
optical cavity length is 20 m (12 RF wavelengths).
Therefore the bunch repetition rate for initial operation is
7.5 MHz.

The first lasing of this FEL was achieved in 2009. The
maximum gain was about 40% which allowed to get
lasing at 1/8 of the fundamental frequency (at bunch
repetition rate ~1 MHz).
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Figure 6: Compensation of quadratic dependence of the

bending angle on energy by sextupoles in the first orbit
bending arcs.
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The significant (percents) increase of beam losses took
place during first lasing runs. Therefore sextupole
corrections were installed into some of quadrupoles to
make the 180-degree bends second-order achromatic. It
increased the energy acceptance for used electron beam
(Fig. 6).

The optical beamline (Fig. 7) which delivers radiation
from new FEL to existing user stations is assembled and
commissioned. The output power is about 0.5 kW at the 9
mA ERL average current. Thus, the first in the world
multiturn ERL operates for the far infrared FEL.

Figure 7: Optical beamlines for the first and the second
stage FELs. Radiation of both FELs is delivered to the
same user stations. Switching between FELs is done by
retractable mirror.

THIRD STAGE ERL AND FEL

Electron beam in the third stage ERL is accelerated four
times. The third FEL undulators will be installed on the
last track where the beam energy is 42 MeV. In this FEL
three permanent magnet undulators with period 6 cm and
variable gap will be used. The wavelength range will be
5-30 microns. The scheme of the third stage ERL with
FEL undulators is shown in Fig. 8. The electron
outcoupling is planned to be used here [7].
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Figure 8: The third stage ERL with FEL undulators.

All magnetic system elements and vacuum chambers of
the third stage ERL are assembled and installed. The first
shifts for lattice adjustment took place and 80% of
recuperation efficiency is already achieved. The signal
from the BPM installed in the accelerating structure near
the dump is shown in Fig. 9. All eight peaks here
correspond to the same beam at different stages — the first
four are in accelerating phase and the last four - in
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decelerating phase. One can see that the first and the last
peak amplitudes do not differ significantly. It means that
the beam losses mostly take place near the dump.
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FUTURE PROSPECTS

In the nearest future we plan to continue the third stage
ERL commissioning. The third FEL undulators will be
installed shortly. The optical cavity design and production
is in progress now.

The other important issue which we are working on
now is the operation stability and improvement of the
existing FEL parameters. We plan to make some
improvements of the RF system. The new power supply
for the exiting gun and new RF gun are being developed
now. The lattice optimization is in progress. More serious
modernization e.g. using the new type of undulators with
variable period [8] is also considered.
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INDIRECT COOLED SUPERCONDUCTIVE WIGGLER MAGNET

A.V. Bragin, S.V. Khruschev, N.A. Mezentsev, E.G. Miginskya, I.V. Poletaev, V.A. Shkaruba,
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Budker Institute of Nuclear Physics, Lavrentiev ave. 11, 630090 Novosibirsk, Russia

Abstract

Superconducting wigglers are very popular devices for
generation of the synchrotron radiation in the hard X-ray
spectral range. The one direction of the future progress in
wigglers development is reducing of the technical
complexity wigglers design as well as technical service
for cryogenic system. The BINP wigglers without liquid
helium consumption were a noticeable milestone of these
efforts. The next significant step toward additional
simplification wiggler design and service is indirect
cooling of the wiggler magnet. In this case the wiggler
magnet not immersed into the liquid helium, but cooled
by thermal connection link with the head of cryogenic
cooler.

This approach is used for design of the indirect cooled
wiggler for IMAGE beamline on the ANKA light source
(KIT, Germany). This wiggler also will be tested as a
prototype for damping wiggler for the damping rings in
the project of the Compact Linear Collider (CLIC) for
CERN.

This report summarizes some details of the wiggler
design as well as a result of the short prototype testing.

INTRODUCTION

Budker Institute of Nuclear Physics produced more
than twenty superconductive insertion devices which are
working now in many SR centres over whole world [1-5].

During thirty years history the number of goals for
design has been established and fulfilled. Among different
goals, the simplicity of the regular service and cryogenic
requirement is a very important.

From this point of view the wigglers development
history can be divided by few period. The fist devises
used a external storage for liquid helium, and operation
procedure included regular refilling, Later the using of the
commercial available Gifford-McMahon cryocoolers
permits reduced difficulties of regular cryogenic
operations, essentially reduce LHe consumptions and
increase the refilling time.

Cryocoolers and common progress in the cryostat
design permits achieve the real zero consumption of the
liquid helium, and since 2005 all manufactured devises
have this feature.

A currently developed wiggler can be the next step in
the cryogenic design. Here magnetic coils connected with
LHe volume by the number of cupper links and
thermosiphons. This approach permits to have relatively

*Zolotarev@inp.nsk.su
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simple access to the magnet and to the beam vacuum
chamber. Principally it’s possible to change whole
magnetic system inside cryostat during relatively short
time period (about two weeks) without complicated
operation (machining, welding).

This approach had been selected for prototype of the
damping wiggler for CLIC damping ring [6]. The huge
number of wiggler on the damping ring requires
extremely high reliability for every wiggler, so traditional
approach for magnet isolation in the LHe tank is not
suitable for this task. Moreover final selection of the
CLIC damping wiggler design requires testing different
technologies for coils wiring and the beam vacuum
chamber coatings. It is possible test different options
inside single cryostat.

The currently developed wiggler is dedicated for such
research work as well as for regular work for SR user on
the IMAGE beam line at ANKA storage ring. In
according to agreement between CERN, KIT and Budker
INP this wiggler should be installed on the ring in the
middle of the 2013.

PARAMETERS OF THE WIGGLER

The main parameters of the wiggler are presented in the
Table 1. These parameters are the subject of the
compromise between CERN and KIT requirement.

Table 1: Main parameters of the wiggler with indirect
cooling

Parameter Value
Period 51 mm
Peak fiels 3T
Magnet structure 1/4,-3/4,1,-1,...,-1,3/4,-1/4
Number of the full field poles ~ 68%2

Full number of the poles 72x2
Magnetic gap 18 mm
Vacuum chamber vertical 13 mm
aperture

Beam heat load 50 W
Maximum ramping time <5 min
Period for LHe refill with > 6 months
beam

LHe boil off @ quench <15
Field stability for two =10
weeks

Synchrotron radiation sources and FELs
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WIGGLER DESIGN
Magnetic Poles

Magnetic pole is a basic element of the wiggler
magnetic system. The design of the pole should satisfy
the magnetic field requirements, in other hand should
provide the reliable cooling of the superconductive coils.

In current project the ARMCO iron pole kernel has a
special shape with big parallelepiped in rear side
(Figure 1). This part work like a yoke for closing
magnetic flux between neighbour poles, and permits
make reliable big cross-section connection with cooling
links.

Figure 1. The general view of the wiggler pole

This design of the pole provides effective cooling of the
most critical internal layer of the superconductive coil. As
in most BINP wigglers each main pole has a two nested
coils. This solution more effective satisfies for critical
conditions for high currents and magnetic fields values.
Coils are wound by 500 A NiTi superconductive wire
with 0.9 mm diameter.

Magnetic System

Figure 2 shows the general layout of the magnetic
assembling. Assembling consist from two independent
halves for providing easy access to vacuum chamber..
Poles are fixed in the yoke frame. On the rear pat of yoke
the special cupper plate with LHe channel is located. The
cooling links of all poles thermally connected with this
plate. Vacuum chamber is connected with 20 K stages of
cryocoolers. These links cross-section is selected to
evacuate 50 W SR load from internal surface of vacuum
chamber. This load is possible in the case of multiply
wiggler section of the CLIC damping ring by radiation of
the upper flow wigglers.

Synchrotron radiation sources and FELSs
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Figure 2. Magnetic system assembling.

Cooling Conception

Figure 3 presents the cooling scheme of the wiggler
magnet. Wiggler cold mass includes LHe volume (about
90 1) which connected with magnet by two thermo-siphon
pipes.

vacuum
chamber
AN

SRDK 415

LHe vessel

}'LHe cooling tubes
! !
wiggler
1L 1L
] ]
SRDK 408 SRDK 408

Figure 3. The scheme of the wiggler cooling conceptions

Cold mass is suspended in an isolation vacuum and
surrounded two thermal shields with temperatures 20 K
and 70 K. Cold mass is connected with 4 K stages of the
two SHI SRDK 415 cryocoolers which permit evacuate
about 2 W power.

Another two SRDK 408 cryocoolers are connected with
thermal shield and vacuum chamber.

Figure 4 show the cross-section of the wiggler in detail.

Other Components

Principally with exception of the cold mass, the designs
of other wiggler components are similar to convential
BINP wigglers. This set includes current lead system,
thermal shields, superisolation mates, Kevlar ropes
suspension system, RF shield and temperature transition
for vacuum chamber. The designs of these components
were optimize during long history of the BINP activity in
the developing and fabrication of the superconductive
wigglers [1-5].
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Magnetic system

Figure 4: The cross-section of the assembled wiggler..

PROJECT SCHEDULE

In according with current contract between KIT, CERN
and Budker INP the next schedule for main milestones
had been established:

e  Conceptual design report May, 2012
e  Short prototype testing Oct., 2012
e  Full design report Oct., 2012
e Fabricating June, 2013
e  Factory acceptance tests Aug., 2013
e Site acceptance test, commissioning  Sept., 2013
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SUPERCONDUCTING QUADRUPOLE MODULE SYSTEM FOR THE
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P. Spiller, O. Kester, GSI, Darmstadt, Germany
H. Khodzhibagiyan, G. Trubnikov, JINR, Dubna, Russia

Abstract

The SIS100 heavy ion synchrotron, the core machine of
the FAIR complex, uses fast ramped superconducting mag-
nets. As for its ancestor, the Nuclotron operational at JINR
Dubna since 1993, its superconducting magnets are based
on iron dominated design and coils made of Nuclotron type
cables. The SIS100 magnets differ from the Nuclotron
magnets in the following points: they are longer, the beam
aperture was enlarged and the field quality improved, its
AC losses reduced. The coils have a lower hydraulic resis-
tance and the operation current is doubled. These achieve-
ments were obtained in a R&D collaboration between JINR
and GSI. Now in the realisation phase GSI will procure and
test the SIS100 dipole magnets, while JINR together with
GSI will finalise the design of the quadrupoles units (con-
sisting of one quadrupole and one corrector), procure, test
and assemble them into doublets. We report on the status
of the project, the scheme of the JINR-GSI collaboration
for developing and manufacturing the SIS100 quadrupole
modules and the steps required to achieve the start of the
series production.

INTRODUCTION

SIS100 is following the design of the Nuclotron, but its
circumference was increased by a factor of about 4 that
had several implications: the dipole magnet length was in-
creased by a factor of about 2, the aperture was increased
and a continuous triangular cycle demanded. Even though
the AC losses occurring in the magnet were reduced by
making a smaller end coil loop, replacing the ferritic brack-
ets with a stainless steel version, which acted as a flux short
path and thus created large losses, while the former two
parts reduced the eddy currents and thus the AC losses due
to the longitudinal B, field component matching the origi-
nal set target of 30% total loss reduction, the cable had to be
redesigned to adjust the hydraulic resistance for the larger
magnet, which now will provide ample cooling margin for
the SIS100 magnets [1, 2]. This approach was then picked
up for the NICA Booster and collider magnets [3] based on
the common R&D conducted from 2002 until now. Further
the field quality of the magnets was improved [4, 5, 6].

All that common interactions just naturally lead that
GSI is now producing the SIS100 dipoles and JINR the
quadrupole units of the SIS100 machine.

*e.fischer@gsi.de
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THE SIS100 MAIN MAGNETS

The redesigned Nuclotron cable, necessitated by the
cryogenic losses of the SIS100 dipole, is now also used for
the quadrupole (see Fig. 1), which allows introducing the
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Figure 1: The 3-turn quadrupole magnet lamination design.

reinforcement coil support structure similar to the dipole
and reusing the same components for the cable itself, the
bus bars, the voltage breakers, soldering joints and current
leads. Further low current quadrupoles are required for the
extraction and injection section, which now can be pro-
duced using the same magnet yoke but using an adjusted
low current Nuclotron type cable; the same as foreseen for
the correctors. The 3 turn quadrupole design reduces fur-
ther the types of various utilities as only one type of HTS
current leads is required and only one type of bus bars and
voltage breakers in the dipoles, quadrupole doublets, by-
pass lines, feed in lines, superconducting links, current lead
boxes. Quench measurements of the dipole can be directly
used for the quadrupole and only one single type of high
current superconducting joints is needed.

QUADRUPOLE UNITS

The quadrupole units consist of a quadrupole on which
one or two corrector magnets or a beam position monitor
are mounted.

The corrector magnets are requested to be operated with
1ow current (< 300 A) in order to reduce the heat leak from
the copper current lead pair as each magnet is powered
individually. Taking into account the advantage of Nu-
clotron type cables for fast ramped magnets, this design
was adopted with individually insulated superconducting
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strands, as shown in Fig. 2. After the coil winding the
stands are connected in series and the first and last of these
strands are connected to the current lead pair.

Polyimide tape 0.07 mm NiCr wire @ 0.2 mm
50% overlap, 1 layer
28 Superconducting strands
@ 0.5mm
~ w. Polyimide insulation

t=0.05mm

Polyimide tape 0.05 mm
50% overlap, 2 layers

B | CuNi tube

Polyimide tape 0.05 mm |’ .
i.d. 4 mm, o.d. 5 mm

50% overlap, 1 layer

Figure 2: The cable of the corrector magnets.

The steering magnet (Fig. 3(a)), which contains a ver-
tical and a horizontal dipole coil, and the multipole cor-
rector magnet (Fig. 3(b)), which contains a quadrupole, a
sextupole and a octupole coil, are designed as cos @ type
magnet. The chromaticity sextupole magnet (Fig. 3(c)) is
a superferric type. As first pre-series corrector the chro-
maticity sextupole magnet is being built in collaboration
between GSI and JINR. GSI has made the conceptual de-
tailed magnet design and JINR finalised the iron lamination
shape and manufactured the yoke (Fig. 4). The final design
of the coil was made by GSI and the manufacturing will
be completed, tested and assembled by JINR. This magnet
will be integrated into the first quadrupole unit and then
assembled into the first quadrupole doublet.

Figure 3: Sketch of the different corrector magnets:
a...steerer, b... multipole corrector, c...chromaticity sex-
tupole.

In parallel the design of the cable for the correctors is
further improved. A substitute of the CrNi wire is investi-
gated (e.g. Kevlar or carbon tape), which is considered to

Figure 4: The sextupole yoke.
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be less likely to break the insulation of the strands than the
hard metal CrNi wire.

The quadrupole magnets and corrector magnets are
mounted as one common magnetic and hydraulic unit. The
different unit types are listed in Table 1. One of the units is
displayed in Fig. 5.

Table 1: The different quadrupole units. QD...defocusing
quadrupole; QFl...focusing quadrupole, family 1;
QF2...focusing quadrupole, family 2; CH...horizontal
chromaticity sextupole; CV...vertical chromaticity sex-
tupole; ST...steering dipole; BPM...beam position
monitor. «—...upstream —...downstream

type quantity contents position
1 12 QD —
2 23 QD +BPM —
3 24 BPM+ QD —
4 24 CV +QD —
5 6 ST +QF1 —
6 17 ST +QF2 —
7 18 ST +QF1+BPM —
8 18 ST +QF2+BPM —
9 12 ST +QFl+ CH —
10 12 ST +QFl+ CH —

Figure 5: One of the quadrupole units consisting of a BPM
(on the left), a quadrupole (in the middle) and a steerer.

QUADRUPOLE CRYOMODULES

The SIS100 machine is based on a doublet lattice us-
ing the main bending dipoles as spectrometers to deflect
any wrong ions on a cryo collimator positioned between
the two quadrupoles. Thus two quadrupole units (see also
Table 1), which consist of one focusing and one defocusing
quadrupole with a corrector, steerer, or beam position mon-
itor mounted on them, and a cryocollimator are assembled
to one doublet (see Figure 6). Further at the beginning and
the end of the arc a multipole corrector magnet is mounted
in the (nearly) dispersion free area. This assembled com-
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Proceedings of RUPAC2012, Saintl-[Petersburg, Russia

quadrupole
unit

cryocollimator

o\
(}uadrupole unit

Figure 6: The doublet cryostat (above) and all the compo-
nents mounted on the common girder.

plex is then inserted in the cryostat. This doublet design has
been developed by GSI. Breakage of the cryostat vacuum
is an incident which needs to be foreseen in the design of
cryo components; thus such a test will be performed with
the prototype doublet in Dubna. A failure of this test can
be remedied reverting to single units as already used at the
Nuclotron.

PROCUREMENT AND TESTING

The doublet is manufactured in the following way:

e the quadrupoles with their corrector magnets are man-
ufactured and these units are tested at cold including
the measurement of the magnetic field, its axis and
homogeneity. These work packages are executed at
JINR. This cold test at this stage is mandatory as the
full aperture of the magnets is not accesible after the
vacuum chamber has been installed.

o After warm up the vacuum chambers are installed into
the unit and the end flange welded on them. If required
a BPM is installed on the quadrupole magnet.

e All components are mounted on a common girder and
their mutual alignment checked.

e Finally the girder and the thermal shield are mounted
inside the cryostat and aligned in the module.

At last this module is made ready for shipping.
Collaboration GSI-JINR for FAIR

The fabrication and testing of these modules will be a
collaboration effort (see Table 2). Components manufac-
tured by GSI and its subcontractors and components manu-
factured by JINR and its subcontractors will finally be inte-
grated at JINR and shipped to GSI as a major contribution
of the biggest German partner in the FAIR project. This
collaboration also shares the manufacturing responsibility:
JINR for the units and the components of the module, GSI
for the vacuum chambers, cryo-collimators and beam po-
sition monitors; GSI for the doublet functionality, module
safety and integration concept. JINR has started with the
preparation of a hall.
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Table 2: The quadrupole module components and their de-
livery.

GSI JINR
doublet design cables
wires quadrupoles
vacuum chambers chromaticity sextupoles
cryo-collimators steerers
beam position monitors multipoles
voltage breakers girders

doublet warm test unit testing
magnetic measurement con- integration and assembly
sulting of the doublet

In this hall the test benches capable of testing SIS100
and NICA magnets will be installed. Given the similarity
of the magnets the infrastructure of the hall will be shared
between the two projects.

CONCLUSION

The SIS100 is now in the procurement phase with the
start of the dipole series production. The integration of the
already designed modules is now detailed. The quadrupole
and corrector magnets will follow swiftly in a joint GSI-
JINR collaboration starting 2013. The design of the dou-
blets is being made by GSI. The units (quadrupole plus
associated correctors) will be manufactured and tested by
JINR. Finally the doublets will be assembled at JINR and
shipped to GSI ready for installation following the joint
proposal which was accepted by the FAIR council.
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PRODUCTION OF SUPERCONDUCTING MAGNETS
AND CRYOGENIC SYSTEMS AT IHEP*

S. Kozub, A. Ageyev, A. Bakay, 1. Bogdanov, E. Kashtanov, A. Orlov,
V. Pokrovsky, P. Slabodchikov, P. Shcherbakov, L. Shirshov, M. Stolyarov,
V. Sytnik, L. Tkachenko, S. Zinchenko, IHEP, Protvino, Russia

Abstract

Results of the development of fast-cycling
superconducting magnets for the FAIR project (European
Research Centre of Ions and Antiprotons, Germany) are
presented. Largest in Russia cryogenic system of 280 W
refrigeration capacity at 1.8 K temperature for cooling
with superfluid helium of superconducting RF separator
for the OKA experimental complex to produce a
separated Kaon beam from U-70 proton accelerator was
developed and commissioned at Institute for High Energy
Physics (IHEP). Experience of the cryogenic system
operation is discussed.

RESULTS OF ACTIVITY

New generation of high energy proton accelerators is
based on fast cycling superconducting (SC) magnets [1].
From 2002 IHEP collaborated with GSI, Darmstadt,
Germany. SC high field fast cycling dipole model was
developed and produced for SIS300 accelerator of FAIR
project (European Research Centre of Ions and
Antiprotons). The dipole is shown in Fig. 1 and its
parameters are presented in Table 1 [2].

Figure 1: SIS300 SC high field fast cycling dipole model.

Figure 2 presents the magnet training curve. The dipole
reached its operating current at third quench. The quench
current continued to increase and finally reached 7738 A
(about 6.8 T magnetic field). The ratio between maximum
current on the load line and nominal current is
7738/6720 = 1.15. During the training, quenches occurred
alternately in the upper and lower poles. This shows that
the two poles have the same quality as well as the same
level of stress.

*Work supported by ROSATOM
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Table 1: Parameters of the SIS300 SC dipole

Magnetic field, T 6
Operating current, kA 6.72
Field ramp rate, T/s 1
Number of layers 2
Strand number in cable 36
Stored energy, kJ 260
Inductance, mH 11.7
Coil inner diameter, mm 100
Length of SC coil, m 1
Mass of magnet, ton 1.8
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Figure 2: Training curve of the SIS300 dipole model.

Figure 3 presents quench currents for different ramp
rates. One can see that the quench current did not
decrease up to 1300 A/s (1.2 T/s).
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Figure 3: Ramp rate dependence of the SIS300 dipole
model.

Special design of SC wire and cable with stainless steel
core was developed for this dipole to decrease AC losses.
Measured AC losses exceeds computed values at currents
more than 3 kA because of eddy current losses in the iron
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yoke [2]. 6.8 T magnetic field in dipole aperture was
reached and it retains up to 1.2 T/s ramp rate.

Prototype of SIS300 fast cycling quadrupole was
produced and tested in 2011 [3, 4]. The dipole is shown in
Fig.4 and its parameters are presented in Table 2.

Figure 4: General view of SIS300 fast cycling quadrupole
prototype.

Table 2: Parameters of the SIS300 SC quad prototype

Central gradient, T/m 45
Operating current, kA 6.26
Rate of central gradient, T/m/s 10

Stored energy, kJ 38
Inductance, mH 2
Coil inner diameter, mm 125
Effective length, m 1
Number of layers 1
Number of turn in coil 80
Strand number in cable 19
Thickness of collars, mm 22

Thickness of iron yoke, mm 52
Magnet outer diameter, mm 324

Figure 5 presents training of the SIS300 quadrupole
prototype. The quench current of the magnet reached
8199 A in the first quench and 8734 A in fifth quench that
corresponds to 39% current margin. Measurements of the
quench current at various ramp rates showed that the
quench current was higher than 8.5 kA up to 5 kA/s (36
T/m/s, 2.8 T/s) ramp rate.
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Figure 5: Quadrupole quench current vs. quench number.
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Magnetic measurement results showed that measured
and calculated quadrupole gradient values practically
coincide. Figure 6 shows modules of the central and
integral lower harmonics at 3 kA current. Injection current
of SIS300 quadrupoles is 1.4 kA. One can see that values
of the harmonics are less than 2x10™ (the acceptable
level) at current higher than 1.4 kKA.
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Figure 6: Modulus of lower central and integral
harmonics of quadrupole magnetic field at 3 kA current.

At present prototypes of SIS300 fast cycling corrector
magnets are developed [5]. Main requirements to these
magnets are presented in Table 3, where L is magnet
length, t — time of powering to nominal magnetic force.
Inner diameter of the magnets is 250 mm, operating
current up to 250 A. In 2012 production and test of
SIS300 steering magnet prototype is planned.

Table 3: Requirements to SIS300 corrector magnets

Type of corrector
Chromaticity sextupole
Resonance sextupole
Steering magnet:

Force Lm ¢ts
130 T/m*  0.78 0.21
325 T/m> 1 0.5

Vertical dipole 05T 0.65 2.27
Horizontal dipole 05T 0.65 2.27
Multipole:
Quadrupole 1.8T/m 0.65 2.25
Sextupole 60 T/m” 0.65 2.18
Octupole 767 T/m®  0.65 2.24

IHEP takes part in development of cryogenic system of
SIS300. SC fast cycling magnets of SIS300 have
increased AC losses as magnetic field ramp rate of the
magnets is higher by order of magnitude than the ramp
rate of TEVATRON, HERA, LHC magnets. According to
calculation heat load for 4.5 K temperature level in
SIS300 equals 4.3 kW. SIS300 magnetic ring of 1.1 km
length will be halved for cryogenic strings cooled by
supercritical helium [6]. UNK cryogenic scheme was
took for basis but increased heat load in magnets
required using of four additional helium heat exchangers
in SIS300 cryogenic system in order to decrease
maximal temperature of single-phase helium in cryogenic
strings to 4.7 K that it necessary for stable SC magnets
operation (Fig. 7).
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Proposed scheme solution allows to realize cooling of
SIS300 magnets down to 4.5 K during 60 hours, that is
acceptable time. At present configuration and technical
requirements for cryogenic system equipment are defined.

Figure 7: Flow scheme proposed for cryostating the string
of SIS300 superconducting magnets. 1 - valves, 2 -
subcooler, 3 — heat exchanger, 4 — SC magnets string.

In 2007 the largest in Russia cryogenic system for
cooling SC devices by superfluid helium was put in
operation at IHEP for separated kaon beam. The system
cools two SC RF cavities by superfluid helium at 1.8 K
temperature [7]. Design refrigeration capacity of the
cryogenic system is 280 W at 1.8 K and it should deliver
5 g/s of liquid helium per the each cavity. Main parts of
the system are satellite refrigerator and KGU-500
cryogenic plant (Fig. 8), cryogenic transfer line with
distribution box, pumping group. Liquid helium plant of
the KGU-500 type to feed the satellite refrigerator is
commercially produced by GELIYMASH Company,
Moscow, and it has liquefaction rate of 150 I/hr. Satellite
refrigerator consists of cryogenic helium vacuum heat
exchanger, intercooling helium bath and two small helium
heat exchangers placed near each SC RF cavity. These
equipments were developed and produced by IHEP.

Figure 8: Cryogenic plant and large helium heat
exchanger of superfluid refrigerator system of kaon
channel.
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To reach 1.8 K the pumping group is to pump helium
tanks down to 1.64 kPa. Pumping group is arranged in 3
stages: 8 Roots blowers of the 2DVN-1500 type of the
first stage compress helium from 1.5 kPa to 2.5+3.0 kPa,
8 Roots blowers of the 2DVN-500 type of the second
stage compress helium to 4.0+5.0 kPa, and the third stage
of 8 slide-valve pumps of the AVZ-180 type finally
compress helium up to 103 kPa.

Control system of the cryogenic system includes 240
channels of data collection and remote control, 72
electronic modules, 5 computers for inputting and
outputting information in two control rooms.

Successful operation of the cryogenic system allowed
to supply necessary parameters of SC RF cavities and
record more than one million of kaon decay events.

CONCLUSION

IHEP successfully develops superconducting fast
cycling magnets and cryogenic system for SIS300
accelerator of FAIR project. 6.8 T magnetic field in
aperture of the dipole model was reached and the
magnetic field value did not reduced up to 1.2 T/s ramp
rate. Combination of these dipole parameters is unique in
world practice.

The critical current of SIS300 quadrupole prototype is
8734 A that corresponds to 39% current margin. The
critical current was higher than 8.5 kA up to 5 kA/s
(36 T/m/s, 2.8 T/s) ramp rate.

SIS300  cryogenic  system  supplies maximal
temperature of single-phase helium in cryogenic strings to
4.7 K that it necessary for stable SC magnets operation.

Successful operation of the cryogenic system for
separated kaon beam at IHEP allowed to supply necessary
parameters of SC RF cavities and record more than one
million of kaon decay events.
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Abstract

NICA is a new accelerator complex being under design
and construction at the Joint Institute for Nuclear
Research in Dubna. The actual design and the main
characteristics of superconducting magnets for the NICA
booster and collider are given. The magnets are based on
a cold window frame iron yoke and a single-layered
superconducting winding made from a hollow NbTi
composite superconductor cable cooled with the forced
two-phase helium flow. The first results of cryogenic tests
of the magnets for the NICA project are presented.

INTRODUCTION

The NICA/MPD project [1] started at the Joint Institute
for Nuclear Research (JINR) in Dubna in 2007. The goal
of the project is to carry out experimental studies of the
hot and dense strongly interacting quantum
chromodynamics matter and light polarized ions. The
NICA accelerator complex will consist of two injector
chains, a new 600 MeV/u superconducting booster
synchrotron, the existing superconducting synchrotron —
Nuclotron [2], and the new superconducting collider
having two rings each of about 503 m in circumference.

DESIGN AND MANUFACTURING OF
THE PROTOTYPE MAGNETS

The Nuclotron-type design [3-5] based on a cold
iron yoke and a saddle-shaped superconducting (SC)
winding has been chosen for the booster and the collider
magnet. The magnet includes a cold (4.5K) window
frame iron yoke and a SC winding made of a hollow NbTi
composite SC cable cooled with a two-phase helium flow.
Lorentz forces in the winding are supported by the yoke.
The main characteristics of the cable for the NICA
magnets are given in Table 1. A cross-section view of the
booster dipole and quadrupole magnets is shown in
Figures 1 and 2, -correspondingly. The main
characteristics of the NICA booster and collider magnets
are summarized in Tables 2 and 3, respectively. A full-
scale curved model dipole magnet for the NICA booster
was manufactured at the Laboratory of High Energy
Physics (LHEP) JINR in April 2011. The magnet is 2.2 m
long and has a radius of the curvature of 14 m.

The full-scale model quadrupole magnet for the NICA
booster was manufactured by LHEP at the end of 2011.

Superconducting accelerators and cryogenics

Table 1: Main characteristics of the cable for the NICA
booster and collider magnets

Characteristic Booster Collider
Channel diameter 3 mm 3 mm
Number of strands 18 16

SC strand diameter 0.78 mm 0.9 mm

Superconductor 50% Nb - 50% Ti
Diameter of filaments 7 pm 8 um
Cable outer diameter 6.6 mm 7.0 mm
Operating current (1.8T, 4.65K)  9.68 kA 10.4 kA
Critical current (2.5T, 4.7K) 14.2 KA 16.8 KA

The Nuclotron-type design was chosen for the
NICA collider. Two identical single-layer windings are
located in the common straight iron yoke one over the
other (see Fig. 3). Lorentz forces in the windings are
supported by the yoke. The yoke consists of three parts
made of laminated electrical steel. They are held together
by longitudinal steel plates welded with laminations and
frontal sheets. The magnets are cooled with the two-phase
helium flow which in series passes from the supply
header through the cooling channels of the bus bars,
lower and upper windings, iron yoke and then - enters the
return header. Each twin bore dipole or quadrupole
magnet is connected in parallel to the supply and return
helium headers.

A7 b 77777 U

228

Figure 1: Cross-section view of the bent dipole magnet
for the NICA booster.
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Figure 2: Cross-section view of the quadrupole magnet

for the NICA booster.

Table 2: Main parameters of the NICA booster magnets

Parameter Dipole Lens
Number of magnets 40 48
Maximum magnetic field 18T

(field gradient) 20.2 T/m
Effective magnetic length 2.2m 0.55m
Ramp rate 1.2T/s 13.5 T/(m-s)
Field error at R= 30 mm <610

Beam pipe aperture (h/v) 128 mm/65 mm
Radius of curvature 14.01m -

Overall weight 1020 kg 110 kg
Operating current 9.68 kA

Table 3: Main parameters of the NICA collider magnets

Parameter Dipole Lens
Number of magnets 80 86 (+12%)
Maximum magnetic field 18T

(field gradient) 23 T/m
Effective magnetic length 1.94 m 0.46 m
Ramp rate <05T/s -

Field error at R= 30 mm <2-10*

Beam pipe aperture (h/v)

120 mm/70 mm (@ 180*mm)

Distance between the beams 0.32m
Overall weight 1680 kg 300 kg
Operating current 10.4 kKA

* - the final focus lens
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Figure 3: Cross-section view of the twin aperture dipole
magnet for the NICA collider: 1 — iron yoke, 2 - SC coil,
3 — tube for cooling the yoke, 4 — beam pipe, 5 - bus -
bars.

A twin aperture model dipole magnet for the NICA
collider was manufactured at LHEP JINR in August 2011.
Production of the model collider twin-bore quadrupole lens
with hyperbolic poles (see Fig. 4) has been completed in
September this year.
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Figure 4: Cross-section view of the quadrupole magnet
for the NICA collider: 1 — beam pipe, 2 - SC coil, 3 — iron
yoke, 4 — bus - bars.
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FIRST NICA MAGNETS TEST RESULTS

A cryogenic test of the first dipole magnet for the NICA
booster synchrotron was carried out in May 2011. The
first quench occurred at 7705 A. After the 13" quench the
current reaches the nominal value of 9690A that
corresponds to the magnetic field induction in the gap of
1.8 T. Further training was stopped because of the power
supply and current leads limitation.

The measured static (at zero current) heat flow to the
magnet was 5.8 W. AC losses of 12 W were measured by
means of the calorimetric method while the magnet was
operating in the triangular cycle with the magnetic field
ramp rate of 1.2 T/s without a pause. This value agrees
well with the calculation and confirms the correct choice
of steel for the magnet yoke. The pressure drop of the
helium flow in the cooling channel of the magnet was 47
kPa during the operation in the indicated mode. Hydraulic
resistance of the cooling channel was 2 times higher than
the calculated value due to the fact that the cooling
channel of the cable has a diameter of 2.6 mm instead of
the designed one equal to 3 mm. The new winding of the
cable with a cooling channel of 3 mm in diameter was
fabricated and installed in the yoke of the magnet in
spring 2012. Cryogenic tests of the magnet with the new
winding were performed in May 2012. Training for new
winding consisted of a single quench at 9475 A. The
maximum current in the magnet of 11299 A was
determined by quench in the current lead. Measurements
of the harmonics of the magnetic field in the aperture of
dipole magnet have been done by means of the equipment
used for the Nuclotron magnets. Sextupole harmonic of
the field in the Booster magnet was about 10 times less
than in the Nuclotron magnet. The higher harmonics of
the field with the specified equipment was not observed.
We are currently developing methods and manufacturing
of new equipment for magnetic measurements in the
NICA magnets with much higher requirements for the
quality of the field in comparison with the Nuclotron
magnets. The first phase of the new equipment is
scheduled to start operation in mid-2013.

Experimental studies of the booster quadrupole magnet
were carried out in spring 2012 after upgrading the
power supply on the test bench. The current reached the
nominal value of 9690 A after the 4th quench. The
measured static heat flow to the quadrupole magnet was
3.3 W. AC losses of 4.4 W were measured by using the
calorimetric method while the magnet was operating in
the triangular cycle with the following parameters:
amplitude of the magnetic field gradient of 20.3 T/m, and
ramp rate of 20.3 T/(m-s) without a pause. AC losses as a
function of the magnetic field gradient ramp rate are
shown in Fig. 5. The pressure drop of the two-phase helium
flow in the cooling channel of the lense was 7 kPa during
the operation in the indicated mode.

At the moment the construction of the new test facility
for cryogenic testing of superconducting magnets is
performed at LHEP. Premises with an area of 2,600 m>
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were prepared to install the equipment. The
manufacturing of a power supply on 15 kA and HTSC
current leads are in the final stage. Contracts for the
cryogenic and vacuum equipment for the new test facility
for parallel testing of the SC magnets on 6 benches are in
preparation. Commissioning of the first stage of the new
test facility is scheduled for 2013.
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Figure 5: AC losses as a function of the magnetic field
gradient ramp rate in the aperture during the operation in
the triangular cycle for the NICA booster quadrupole
magnet.

CONCLUSIONS

The full-scale Nuclotron—type superconducting model
dipole and quadrupole magnets for the NICA booster and
collider were manufactured at LHEP JINR. First dipole
and quadrupole magnets for the NICA booster have
successfully passed the cryogenic test on the bench . The
nominal current of 9.7 kA was reached after short
training. The magnets were successfully tested in the
pulsed mode with a magnetic field ramp rate of up to 4
T/s. The stimated value of the sextupole harmonic of the
field in the Booster dipole magnet is about 10 times less
than in the Nuclotron magnet. Tests of the model magnet
and lense for the collider are scheduled for the autumn of
this year. The construction of the new test facility for
cryogenic testing of superconducting magnets is in
progress.
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Abstract

Since 2007 TRIUMEF started development of e-LINAC
which is a 50 MeV 10 mA CW electron superconducting
linear accelerator to be used as a driver to produce
radioactive ion beams through photofission. The
accelerator is based on five 1.3 GHz TTF/ILC elliptical
bulk Nb cavities technology to be mounted in three
cryomodules; an injector cryomodule with one cavity and
two accelerating modules with two cavities each. The
ISAC-II project superconducting heavy ion linear
accelerator was successfully completed in 2010 and we
now have in operation 40 superconducting bulk Nb QWR
cavities assembled in eight cryomodules. Results and
plans of the SCRF program and experience of ISAC-II
operation at TRIUMF will be discussed.

INTRODUCTION

SCRF development at TRIUMF started with the ISAC-
II project in 2000 [1]. In 2010 this project was completed
with commissioning of a 40 MV superconducting linac
for heavy ions. SCRF technology is now being used in a
second ‘in house’ linear accelerator, the e-LINAC, to
produce 50 MeV celectrons with intensities to 10 mA,
which will be used as a photo-fission driver for the
ARIEL rare isotope program at TRIUMF.

SCRF DEVELOPMENT FOR E-LINAC

E-LINAC [2] will consist of a 300 keV thermionic DC
electron gun with RF modulated cathode grid and five
elliptical 9-cell cavities, operating at 2°K, in three
cryomodules [3]. The layout and staging of the project
are presented in Fig.1.

50 kW 50 kW 50 kW 50 kW 50 kW
GUN 10 MeV | 25 MeV 50 MeV
|
[:1 1 | —1i I llllllllll:u ﬁulmlu IE memg 1
u
50 kW 50 KW 50 kW 50 kW 50 kW
INJECTOR - 2012 2014 DRIVER 2017

Figure 1: E-LINAC layout

Cavity Design

The e-LINAC cavity design draws from the 1.3 GHz
elliptical TESLA-type cavity. Each cavity operates at an
effective acceleration voltage of 10 MV with a design
goal of Qo=1e10. Operating at 2°K, the cavity dissipates
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10 W in the liquid He system. Operation with 10 mA
beam current requires 100 kW CW RF power into the
cavity. To deliver RF power into the cavity two
symmetrically opposed 65 kW CPI couplers are
employed, providing the appropriate beam-loaded power
while avoiding asymmetric coupler kicks. In result the e-
LINAC 9-cell cavity differs from the TESLA cavity in the
end cells, which are customized to adapt to the power
couplers on the one end and also to mitigate HOMs and to
flatten the field profile for the accelerating mode [4]. The
main RF parameters of the cavity are very close to
TESLA (Table 1). Simulations [5] show that multipacting
occurs in the equatorial region of the cavity. Stable
multipacting trajectories (over 40 RF periods) of order 2-
4 were obtained in the range of 1.32 ... 3.08 MV/m of the
accelerating gradient and 1-2 order trajectories are
obtained in a range of 3.08...17.16 MV/m.

Table 1: RF parameters of TRIUMF cavity in comparison
with TESLA (DESY) cavity

TRIUMF | DESY | TRIUMF/DESY
Frequency [MHz] 1300 1300
Ry/Q [Ohm] 1000 1030 3% less
Geometric factor G [Ohm] 290 270 7% more
EJ/E, 2.1 2.0 5% more
B,/E, [mT/(MV/m)] 44 42 5% more
Cell coupling [%] 2.0 1.9
HOM Dampers

HOM damper design concept is described in [4, 6]. A
stainless steel damper ring is used for the coupler end
while a CESIC ring is used for the opposite end. The rings
are connected to a liquid Nitrogen heat sink. The
conductivity of CESIC is measured by using the Q
perturbation method in the elliptical cavity at 100°K [7].
The result lies in the range 600...6200 S/m measured at
1.3 GHz and 660...3400 S/m at 24 GHz. The
conductivity value is significantly below the rated value
for CESIC, which is 15000 S/m.

Superconducting accelerators and cryogenics
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Figure 2: Spectrum of dipole HOM shunt impedances for TRIUMF cavity in comparison with TESLA nine-cell cavity

in the worst case the beam could be deflected by a dipole
HOM with accompanying beam loss. This effect is called
beam break up (BBU). It is dependent on the beam
current as well as the shunt impedance, quality factor and
resonant frequency of the dipole mode. The cavity has to
be designed so that the shunt impedances and quality
factors of the dipole modes do not restrict operation at 10
mA. Beam dynamic simulations result in a BBU criteria
of Rsh.d < 10 MQ. Expected fabrication tolerances result
in a spread in Ryq4 by a factor of ~2 [6]. Further
contingency is gained by adopting a more restrictive
criteria of Rgqg < 1 MQ. Spectrums of Ry,q4 for HOM
dipole modes for the e-LINAC nine-cell cavity with and
without dampers together with the spectrum for TESLA
cavity are presented on Fig. 2. Note that 1.72, 1.87 and
2.56 GHz modes (TE11) have marginal values of Ry 4
compared to the practical BBU limit. The calculations
assume the higher quoted value of CESIC conductivity
while the measured data are below this value. In this way
we could expect better damping at least for the 2.56 GHz
mode.

Cavity Fabrication

Fabrication of the nine-cell TRIUMF cavity is on-going
in collaboration with PAVAC Industries. A copper seven-
cell mock-up of the cavity is completed (Fig.3). This
cavity is now used for training on “field flattening’ and for
HOM studies.

The nine-cell niobium cavity design is shown in Fig.4
and utilizes a unique ‘smart bell’ fabrication sequence
with equator welds forming whole cells followed by iris
welds to form multi-cells. A J-Lab style scissor tuner is
employed and to avoid backlash the cavity is to be
stretched by ~1 mm during operation. The nine-cell cavity
fabrication now is underway with six ‘smart bells’
fabricated meeting the correct frequency. Work is now
starting on the end cells.

Superconducting accelerators and cryogenics

Figure 3: Seven-cell copper mock-up of the TRIUMF e-
LINAC cavity

Figure 4: Mechanical design of e-LINAC nine-cell cavity
SCRF Cavity Testing

Single cell cavity tests are important to qualify cavity
fabrication and Nb surface preparation processes. A series
of preparation process improvements have been done:

o Degassing of PAVAC single cell cavity in a vacuum
furnace at 800°C (FNAL) to remove Hydrogen from
the cavity surface.

o Completion of automatic HPWR unit to provide
extended automatic rinsing.
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e Cleaning pumping line to reduce contamination
from active pumping during the cavity test.

¢ Improvement of clean assembly procedure protocol.

e Upgrade RF variable coupler and RF feedthroughs
to allow RF multipacting and field emission
conditioning without overheating the RF line.

Single cell cavity test results are presented in Fig. 5
with red dots after upgrades and brown squares before
upgrades. Currently the cavity quality factor is Qu~10"" up
to Ea=20 MV/m with a maximum gradient of 26 MV/m
limited by local radiation levels. Green triangles on Fig.5
show the cavity Q-curve after improvements but
employing a fast cavity cooldown. We believe that the
cavity trapped magnetic flux due to thermal gradients
(Seebeck effect) [8]. The ‘slow cooldown’ result (red
dots) is obtained after warming the cavity above 10K and
re-cooling to reduce thermal gradients.

1.E+11

Qo

1.E+10

1.E+09

M before pumping line cleaning
fast cooldown
.s,low cooldowrl
1.E+08 f— ‘ : : .
0 5 10 15 20 25 30

Ea, MV/m

Figure 5: 1-cell cavity test results.

Plans for SCRF Development

For the nine-cell cavity test a vertical test cryostat is in
fabrication. A variable transverse coupler is complete and
second sound monitors to define quench location by
sound wave triangulation are in development. A vacuum
RF induction furnace is being developed to provide SC
cavities degassing at 600...800°C temperatures.

In addition further fundamental SRF material studies with
the p—SR and B—~NMR TRIUMF facilities are in
preparation [9].

ISAC-II SCRF DEVELOPMENT

Since the results for ISAC-II reported in [2] we have
two years of successful operation. One identified problem
is in the coupler line cables inside of the cryomodules
with several failures due to RF breakdown in the cable
isolation from RF glow discharge. Due to the flexibility of
the accelerator structure consisting from many cavities
with independent RF systems a failure can be easily
compensated by means of increasing gradients and
retuning other cavities. During planned shutdowns the
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damaged cables are replaced. To prevent this particular
cable problem we restricted forward power levels in the
RF amplifiers and initiated a cable test stand to develop a
more robust cable.

Phase I of ISAC-II is using 1 kW tube-type RF power
amplifiers, with a tube lifetime of ~12,000 hours. Two
prototype solid state amplifiers at 600 W are now
developed. Currently they are under test to take a decision
about a replacement program.

CONCLUSIONS

In the end of 2012 we expect delivery from PAVAC of
the e-LINAC nine-cell cavity and start SRF tests for
cavity commissioning. Main resources are concentrated in
this direction. Another important task for SRF
development is to support the ISAC-II linac for reliable
operation for users. TRIUMF is leveraging the installed
infrastructure to support fundamental studies in SRF for
student education and for implementation in current and
future projects.
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A POSSIBILITY OF HIGH-ENERGY BREMSSTRAHLUNG DOSIMETRY
BY INDIUM ACTIVATION
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V.A. Shevchenko, I.N. Shlyakhov, B.I. Shramenko, A.Eh. Tenishev, V.L. Uvarov#, NSC KIPT,
Kharkov, 61108, Ukraine

Abstract

Development of a number of promising photonuclear
technologies is connected with the use bremsstrahlung
(X-ray) sources having end-point energy up to 100 MeV
and average power of tens kW. Commonly, such radiation
sources are created on the basis of electron linacs. A
possibility of dosimetry of high-energy bremsstrahlung by
means of activation of a target from indium of natural
composition and establishment of absorbed dose on the
specific activity of the '""In isomer is reported.
Preliminary study of isomer activation as well as yield of
reference reactions from natural molybdenum in the
energy range 8...70 MeV was conducted by simulation
technique. Joint measurement of '“"In, *Mo, *Mo
activity as well as absorbed dose in the PMMA standard
dosimeters were carried out at LU-10 and LU-40 electron
linacs of NSC KIPT.

INTRODUCTION

It is known that photoactivation of isomeric states in
some nuclei is characterized by low energy threshold
values. For example, the threshold of the 115In(}/,\(’ )Hsmln
reaction equals 1078 keV [1]. The '""™In isomer goes into
the ground state with the half-life T,,=4.48 h, emitting in
the process the gamma-quantum of energy 336.2 keV,
which is convenient for detection. Owing to a low reaction
threshold, the natural indium (the "SI abundance makes
95.8%) can be activated by practically all photons of the
bremsstrahlung spectrum. This circumstance allows
suggest the presence of a relationship between the specific
activity of '°™In and the bremsstrahlung absorbed dose.

In a number of studies, the 115In(}/,\(’ )Hsmln reaction has
been used for dosimetry in y-facilities having ®’Co sources
[2, 3]. In that case the activation of indium was realized
with the photons of energy near the reaction threshold. The
present communication deals with the conditions of the
method applicability for high-energy bremsstrahlung.

MATERIALS AND TECHNIQUES

Experimental studies on indium activation processes
were performed at NSC KIPT linear accelerators LU-10
(electron  energy  E¢=8...12MeV) and LU-40
(Ep=35...95 MeV). For absorbed dose measurements,
Harwell Red 4034 (HR) detectors were used. They
represent 30x11x3 mm plates made from dyed PMMA,
commonly used as a standard dosimetry material [4].

To investigate the relationship between the specific
activity of '™In and the dose absorbed in the PMMA, it

* uvarov @kipt.kharkov.ua
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was suggested that the natural indium detectors together
with the HRs should be exposed to X-ray under conditions
of electron equilibrium. Besides, each target incorporates a
natural molybdenum foil to check the activation conditions
against the yields of the reference reactions
“2Mo(14.84%)(y,2n)""Mo and '®Mo(9.63%)(y,n)*’Mo.

The bremsstrahlung-induced y-spectra of indium and
molybdenum were measured with the HPGe detector,
which provided FWHM of 1.3 keV at 1332 keV.

For independent analysis of the photoactivation
processes and absorption of radiation energy in the
detectors, we have used the simulation method based on a
modified transport code PENELOPE-2008 [5]. The cross
sections for the reference reactions on the **Mo and '“"Mo
isotopes (see Figs. 1 and 2) were taken from the database
[6]. In the case of the 115In(y,y’)“smln reaction the situation
has turned out to be more complicated. Namely, the data
on its cross section, reported in different works, have
shown considerable variations (see Fig. 3).
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Figure 1: “’Mo(y,2n)*’Mo reaction cross section.
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Figure 2: Mo(y,n)*’Mo reaction cross section.
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Therefore, we calculated the 1Smpy yield for different
variants of cross section description. Then, the data
obtained were compared with the experimental results.

EXPERIMENTAL CONDITIONS

For experimental studies, we have used the output
device, which schematic is shown in Fig. 4.

A C F
e T, T, T,
R ‘ ______
L lp
L L L
[ T4

Figure 4: Schematic of the output device.

Behind the exit window of the accelerator A, downstream
of the electron beam there follow in succession the
converter C as a set of tantalum plates of total thickness
lc, the aluminum electron filter of thickness I, and the set
of three targets T;...T;. The targets were placed at regular
intervals L=10 cm one after another. The target T, was
arranged at the same distance normally to the beam axis
in the converter plane. Each target was composed of an
indium plate, 2x1x0.1 cm in size, contacting with the HR
detector and the molybdenum foil measuring
2x1x0.0lcm. The given geometry of the output device
permitted the radiation field of various intensity and
composition to act upon the targets in one run. In this
case, the targets T, and T, were used for evaluating the
contribution of photoneutrons via the (n,n") channel to the
57 yield. Table 1 lists the parameters of the radiation
formation path and target exposure.

Table 1: Characteristics of target irradiation conditions

Accel. EgMeV Ic,cm [g,cm I, UA Exp.,h
LU-10 9 0.24 1.4 20.0 0.2
35 0.4 5 3.7 1.0
LU-40 52.5 0.4 7 4.9 0.2
71 0.4 9 4.0 0.5
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RESULTS AND DISCUSSION

Experimental and simulation methods were used to
determine the ratio S of the specific activity of the '""™In
isomer in indium plates to the absorbed dose in the HR
detectors being in contact with the plates. Figure 5 shows
the function S(E¢) in the low-energy part of the electron
energy range studied. In simulation, the data on the '*™In
photoactivation cross section, taken from ref. [8], were
used. It can be seen that the calculated results are in good
agreement with the experimental data. It should be noted,
that in the energy range up to 9 MeV the reported data on
the '"“In(yy)'™In reaction cross section are also
sufficiently close (see Fig. 3).
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Figure 5: Ratio of specific '">™In activity in indium plate
to X-ray absorbed dose in PMMA (- experiment, m—
calculation).

Figures 6 and 7 show, respectively, the data on the
absorbed dose rate and, also, on Mo and *Mo yields in
the targets T, and Tj in the electron energy range 26 to
71 MeV. The observed compliance of the computed data
with the experimental results bears witness to both the
adequacy of the method of radiation process simulation
and the accuracy of description of reaction cross sections
for molybdenum isotopes. At the same time, the '"™In
yield data obtained by the two techniques are essentially
different (see Fig. 8).
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Figure 6: X-ray dose rate in PMMA as function of

electron energy.

The comparison between the T, and T, target activities
has shown that even at the photoneutron flux values being
the highest for all irradiation regimes (at Ej=71 MeV), the
contribution of the (n,n") channel to the Hsmpy yield is no
more than 1%.

Figure 9 shows the function S(E,). It was obtained by
averaging of measuring results on the targets T, and T;. It
can be seen that in the E, range between 35 MeV and

Radiation problems in accelerators
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71 MeV the S value decreases by ~ 10%. 1201
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HIGH PRECISION POWER SUPPLY FOR ACCELERATOR MAGNETS
Ajoy Sankar Banerjee, Variable Energy Cyclotron Centre, Kolkata 700064, India

Abstract

High precision power supplies used in accelerator
systems have stability of the order of 5ppm to 100ppm
depending on the functional requirement of the magnet to
be excited. The paper highlights the various design
considerations, aspects and important features for
obtaining high current stability of such high precision
power supplies.

INTRODUCTION

The stability of the high precision power supplies used
in an accelerator system is an important factor for
obtaining highly stable beam output required for various
experimental studies. Line, load and temperature
variations are the three important factors against which
these power supplies have to combat to maintain high
stability.

MAIN FEATURE OF THE POWER SUPPLY

Stability is the main important feature of these power
supplies which lies between +5ppm to +100ppm i.e. the
output current will have to remain in the error band of
+5ppm to =100 ppm under various environmental
perturbations such as
1. The input AC lines may ramp or step by +10%

2. The magnet resistance may vary by 20%.

3. The ambient temperature could change from 15°C to
45°C.

4. There are AC line harmonics and notches generated by
other power supplies.

5. The power supplies themselves generate a fundamental
600Hz rectifier ripple and some harmonics of 50Hz
due to line imbalances.

6. There are R.F. interferences.

The table 1 shows stability requirement of high

precision power supplies used for VECC room
temperature accelerator system.
Table 1. Stability Table
High precision Power Supply Stability
Main Magnet P.S. 3000A/150V 5
Analyzing Magnet P.S. 500A/150V ppm.
Trim coil P.S. 2500A/30V, 300A/25V 10 bom
Switching magnet P.S. 300A/150V ppm.
Quadrupole magnet P.S. 300A/30V
Steering magnet P.S. 10A/100V 100 ppm.
Valley coil P.S. 300A/30V

ACTION TO ACHIEVE HIGH STABILITY

® Proper selection of rectifier circuit configuration for
high ripple frequency to reduce ripple voltage

ajoy_banerjee2000@yahoo.com
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e Using both passive and active filter circuit for fine

reduction of ripple voltage
e Adoption of proper regulating loops for good voltage

and load regulation

e Using DCCT, working on zero flux principle, for
sensing load current with 0.001% accuracy for high
current regulation and stability

e Proper thermal management to control temperature of
the heat dissipating devices and critical components of
the power supply to minimize drift in characteristics

e Attenuation of R.F. pick-up and noise

e Taking proper action to reduce line disturbances

BLOCK DIAGRAM OF A HIGH

PRECISION POWER SUPPLY
AC. 0g.
e o 1 Y el e
SiHm
et 150 J
Power Supply 3
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Figure 1: Block diagram of power supply

Series pass transistor controlled linear mode circuit
configuration is generally adopted for simplicity in design
and control.

Rectifier Circuit

Secondary

Primary
3-phase

AC input
—®

DC
Output

Secondary

Figure 2: Rectifier circuit

Considering the optimum rectification condition twelve
pulse bridge rectifier circuit as shown in the Fig.2 is
adopted. This connection provides a low ripple voltage of
1.02%

LC Filter Circuit

The LC filter has almost constant ripple characteristics
at all load currents above I, where the diode conduction
angle reaches 180° and the current becomes continuous.

Magnetic and vacuum systems, power supplies
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Because of the good voltage regulation at current above
I, a bleeder resistor across the output is used.
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Figure 3: LC filter circuit.

Regulating Loops

3 nos. of regulating loops are used for high stability of
the power supply.

1) Inner Fast Voltage Loops: This attenuate the output
voltage ripple and hum and the output voltage fluctuation
due to main supply fluctuation.

2) Middle Slew Rate Loop: It ensures an excellent slew
rate linearity independent of the load and the set value.

3) Outer Slow Current Loop: It ensures the overall
stability of the power supply.

Voo Series pass
transistor banks

Inner fast
voltage loop

Middle slew
rate loop

Outer slow
current loop

Free wheel
diode
Gnd.

Figure 4: Regulating Loops

For successful operation of the regulating loops

o All the components used in the circuit are required to be
of high precision in nature. All the operational
amplifiers used should have low noise and low drift,
like OP-27 family.

o Current Transducer working on zero flux principal is
used for sensing DC current with 0.001% accuracy.

e Digital-to-Analog converter with true 16 bit resolution,
1 ppm/°C temperature drift and 2ppm noise is used in
the reference drive circuit.

e Precision low noise & low temperature drift voltage
reference source like REF101 is used in the reference
drive circuit.

e All the critical components like DAC, Reference
voltage source, burden resistance of the zero flux type
current sensor and the error amplifier are enclosed in a
Peltier cooler for low temperature drift of those
components.

High Precision Current Sensor DCCT

DCCT works on zero flux principal is used for sensing
DC current with 0.001% accuracy. The electronic control
circuitry is completely isolated from the main power
circuit of the power supply and earth for reason of safety
and stray current path which produces measurement error.
The measuring head, consisting of three identical toroids,

Magnetic and vacuum systems, power supplies
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senses the residual field and controls the amplifier in such
a way as to keep the net field zero.

DCCT Head
Ti T2 T3

Output
Voltage

Assymetry or
Peak Detector

Precision —
smpliter L .

Saturation
Detector

Figure 5: DCCT

A residual flux will cause asymmetry in the
magnetizing current resulting in an output voltage fed to
the power amplifier in the secondary circuit so that its
output current restores perfect flux balance and hence
zero residual field.

The secondary current is passed through the burden
resistor and the drop across it is calibrated to denote the
DC current.

THERMAL MANAGEMENT FOR
POWER SUPPLY STABILITY

e Peltier cooler and controller are used to keep the
operating temperature of the critical components, mainly
error amplifier, DAC and burden resistance of DCCT in
the regulating circuit, constant around 35°C slightly above
room temperature with 0.2°C accuracy in order to avoid
characteristic drift due to temperature variation.

Insulation

thickness _Active heat load

---- Internal
idth
Internal
height
PELTIER

ELEMENT

Internal
:;)l;';n % COMPONENT

T INTERNAL
SINK
Hot Air
Exhaust

TEMPERATURE

o7, \SD’SOR
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Figure 6: Peltier Cooler

Power Supply ‘ |

PWHM
controller

Inner Loop
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Desired
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I desired

TEC
[ ot

Measured Sensor

Temperature

Figure 7: Peltier Controller.

® Low conductivity water cooled heat sinks are used for
cooling of power transistors and diodes, small resistor is
added to the emitter of each of the transistors in parallel
for balance current sharing required for high stability of
the power supply.
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LCW cooled
transistor bank

Calculation of current
balancing resistor

I —
o M

Vi= Vee1- Re1le1 =VEE2+ RE2 |2
Re =Rz1=R
RL:‘-BE: -VEEL
I -Im

Diode mounting threaded hole

dmde hank M
Figure 8: LCW cooled heat sinks

® Pre-regulator System is used to reduce power
dissipation in the series pass transistor to improve
efficiency and stability of the power supply.

Transistors

3-Phs 50Hzs.
440 Volts

Figure 9: Pre-regulator system

o All the power supplies are placed in an air conditioned
environment with temperature around 25°C to 30°C.

R.F. PICK-UP ATTENUATION AND
SHIELDING OF POWER SUPPLY

The conducted R.F. pick-up transmitted to P.S. through
power cables form magnets in the R.F. field is attenuated
with R.F. filter and the radiated R.F. pick-up radiated
from the cyclotron chamber is minimized by properly
grounding and shielding of the power supply electronics
modules and cabinets to improve power supply stability.

3-Phase A.C. power input
through shislded cable

Conducted RF. pick-up
trough shislded power cable ;==1=1=t==7

R.F. Filter to ut'trnulh :
conducted RF.plek-up 7 “oooopoeee
RF. Ground i

Magnet coil exposed  RUF. shialded covering
to R_F. fleld In the for radiated R.F. pick-up
L]rl‘.'ﬂWﬁl! chamber

Figure 10: R.F Pick-up Attenuation & Shielding
LINE-INTERACTIVE UPS SYSTEM

This is used to overcome line disturbances. The
induction coupling acts as a store of kinetic energy. It
handles the line voltage dips, and keeps the generator
running before the diesel engine comes into action to run
the generator when main power fails. The choke and the
synchronous 3-ph. a.c. machine together act as a
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stabilizing filter and provide clean regulated power from
the mains during normal operation.The 3-ph.a.c. machine
acts as a synchronous motor when normal power exits.
The diesel engine operates when normal power fails.
Then the a.c machine acts as a generator.

""""" A H
M\#M — fi
g e bl ¥ ”HUr 7
1. harmonic distertion 4 outage
2 voltage impulse 3.zafe clean
3.voltage drop power

3Ph.acls
chine &,

110111 11V

=T TR T

Figure 11: Line Interactive UPS System

PERFORMANCE DATA OF A 5 PPM
HIGH PRECISION POWER SUPPLY

Table 2. Performance table

Parameter ppm
Short term stability: (30min) 3ppm
Long term stability: (8hrs) Sppm
Line regulgtlon: Ramp or step within +10% 0.5ppm
of supply line
Load regulation: Magnet coil resistance 0.5ppm
change within +10% ~PP
Temperature coefficient: (per °C)
*Ambient temperature variation at P.S. 0.2ppm
location in the range of 20°C to 30°C PP
*Cooling water temperature variation in the 0.050pm
range of 20°C to 35°C PP
Ripple: Current ripple in magnet 0.15ppm

Stability of a magnet power supply is the net deviation
of the load current value from the set value under the
condition of +/- 10% variation of input line voltage, load
resistance and temperature.

i +1.8 ppm
h’-ir;,m' = = 10,0 ppm [ - _
1 =
o E o {m 1 {w}

Flgure 12: Stability of a main magnet power supply

For the main magnet P.S. (3000Amps.150Volts.) the
stability has been calculated to be

+ 1.8 ppm - (- 2.7 ppm) = 4.5

Magnetic and vacuum systems, power supplies
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BEAM EXTRACTION SYSTEM FOR INDUSTRIAL ELECTRON
ACCELERATOR ILU-14

V. Bezuglov, A. Bryazgin, B. Faktorovich, E. Kokin, V. Radchenko, E. Shtarklev, A. Vlasov,
BINP SB RAS, Novosibirsk

Abstract

This paper describes beam extraction system for pulse
linear electron accelerator ILU-14 with energy range 7.5-
10 MeV and beam power up to 100 kW. The main aim of
this work was to achieve the uniform dose field in
radiation zone. Admissible dose nonuniformity is of no
more than £ 5% along the scanning length up to Im (if
necessary, the scanning length may be reduced).
Geometrical and electron-optical characteristics of all the
beam channel elements were optimized after computer
simulation of electron trajectories. To achieve the
required nonuniformity of dose field additional
electromagnets were installed. These magnets realize
beam focusing and centering of the beam endwise of the
channel, as well as correction of the scanning field.
Control system of magnets power supply allows the
online correction of electron beam.

INTRODUCTION

Radiating technologies reached now such wide
application in the industry that became its separate
branch. And improvement of generators of electron
beams occurs at the same time to high-quality
improvements of extraction devices. Questions of
efficiency of radiation, i.e. efficiency of process of
radiation became the main requirements at radiation of
production. The nomenclature of irradiated objects
considerably increased and diversified. Rigid modern
requirements to uniformity of dose fields of electronic
accelerators demand detailed consideration of the
questions connected with operation of extraction devices.
To improve radiation quality (dose uniformity) and obtain
competitive advantages the new system of the beam
output for the industrial accelerators of the ILU series is
developed. The main requirements to this system are
nonuniformity of the dose field not worse £5 %, and also
width of the beam scanning of 1 m (at energy of an
electron beam up to 10 MEV). In industrial accelerators
of ILU type an electron beam with duration 0.5 ms is
scanned along the output window from a titanic foil
(thickness of 50 microns). Uniformity or the set
nonuniformity of distribution of the beam intensity along
a foil is one of the most important parameters of radiating
and technological complexes on ILU base. The general
block diagram of the output path of the accelerator is
provided on fig. 1. After accelerating structure 1 beam
gets to the electron-optical channel. For control of the
beam position of rather central axis of the channel input
of the directing magnet 2, representing the two-coordinate
corrector of electron trajectories in the range +5sm is
supposed see. For formation of the cross-section size of a
beam (at initial adjustment of system without beam

Magnetic and vacuum systems, power supplies

scanning) the quadrupole doublet 3 is provided. For
control of beam parameters the graphite diaphragm 4
from which the signal will be taken off further will be
located. Necessary uniformity of the output current
density is offered to be reached by installation before the
main beam scanning system 6 of the correction system of
the scanning magnetic field 5. Also in extraction system
possibility of so-called horizontal beam scanning 7 across
the bell is provided. For receiving on the bell foil of a
beam with identical angular characteristics, especially at
big angles of scanning, it is necessary to install the
additional turning devices 8 ( Panovsky lenses) which
transform trajectories of electrons so that a beam falls on
a foil everywhere on its length at right angle. After an exit
of an electron beam from a bell possibility of its
transformation to bremsstrahlung by means of the
converter 9 is provided.

8
AN

N
K

Y
_

Figure 1: 1 — accelerating structure, 2 — control magnet,
3 — quadrupole doublet, 4 — diaphragm, 5 — bellows unit
with correction system of scanning field, 6 — scanning
chamber with scanning electromagnet, 7 — transverse

beam scanning system, 8 — Panovsky lenses,
9 — converter.
BEAM SCANNING SYSTEM

It is necessary to give special attention to formation of a
demanded dose field on an exit from the accelerator. First
of all, it is necessary to consider influence on a form of a
scanning field of the processes occurring in metal walls of
the vacuum chamber of beam scanning (a bell filler).

When giving a pulse magnetic field in a metal not
magnetic shield (screen) of scanning system which
divides on vacuum space of a beam deviation and the
scanning electromagnet which was outside, there is a
reaction of the induced currents which distorts a scanning
field. From [1] follows that the field inside the screen
HO(t) is superposition of the influencing field H1(t) and
the field H2(t) raised by currents, induced in the shield
thickness by pulse of HI1(t). In the same place it is
deduced that the field in the screen HO(t) raised by pulse
H1 (t), satisfies to the ordinary differential equation:
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L dHO
Hi(t)==-——=
)=

+HO(t), HO(0)=0, (1)
where L and R are inductance and active resistance of the
screen.

From the equation (1) it is obvious that the field form in
vacuum depends only on size of a ratio of L and R. For
the designs of scanning shields in accelerators of a ILU
series, the size of the relation of L/R makes size about
100 microseconds. The technique of definition of this
constant is stated in [2].

X -

T m A
ST, 12
AT O It -
e
200mkF 0.3mH 0.3mH
UCT (1)
. HO(t) |
B w20t )
;.-: .\-._ =
[ | HI (it )
W] 0.5 1 tims)

Figure 2: Calculated curves of currents and magnetic
fields in the simple generator of scanning.

Let's consider work of an equivalent chain of a
scanning electromagnet at the discharge on this chain of
capacity. On fig. 2 the scheme of a chain and the main
curves of currents, voltages, and also magnetic fields in
vacuum are presented. And, continuous lines reflected
results of calculation of transients for this scheme, and
points showed a curve of the exciting field H1(t) found
according to (1). For HO(t) we take i1(t) + i2(t). The main
time regularities of influence of the closed turn of a
vacuum shield on a working magnetic field are visible. It
is necessary to note big attenuation of a field in vacuum
HO(t) from brought active resistance of a filler R2.

The sign-variable scanning field during a pulse of a
beam current should be symmetric, concerning the
middle, not only on absolute amplitudes, but also on their
derivatives. This circumstance considerably reduces
possibilities of application of schemes of this kind
because of a big difference of working amplitudes of a
demanded symmetric reverse of this field.
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SYSTEM OF THE SCANNING FIELD
CORRECTION

For the purpose of elimination of the described effect
for the scanning electromagnet supply of the accelerator
ILU-14 the following scheme (fig. 3) was offered.

R; L
._\/\/V\_CUUK‘\_
0.395 mH
e Ly 3/ig\l c, |

fuc -
120 ka 1000V 100 mkF

Figure 3: The scheme of a working chain of a scanning
electromagnet taking into account a filler. i1, i2 and i3 are
currents in contours. Keys K1 and K2 are switched on at
the same time.

Presence of a correcting chain of L3 and C3 allows to
achieve symmetry of a sign-variable scanning magnetic
field during the beam current pulse (see fig. 4). It is
necessary to note that given results were received
provided that by R1=R3=0. Thus, we consider only
influence of the bell filler on a resultant magnetic field in
vacuum.
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Figure 4: The diagram of a scanning magnetic field with
use of a correcting power-supply circuit of a magnet.
During a beam pulse (a dark blue meander) the symmetric
part on amplitude of this distribution is used.

For computer modeling of electron trajectories the
beam on an entrance to the output channel is set or a
circle of the points, which gives the evident three-
dimensional image of the beam form deformation in the
plane of the output foil, or in the form of a round electron
spot with really measured distribution of current density
that allows to receive values of current density
distribution on the exit. Calculation of movement
trajectories of electrons in constant magnetic fields was
carried out by means of MathCAD software. By results of
this calculation the value of amplitude of a magnetic field
of the scanning electromagnet necessary for a beam turn
on the demanded length along the output window of the
accelerator is 0.11T. On fig. 5b calculated trajectories of
electrons with energy of 10 MEV are given in a way from
scanning electromagnet to the extraction window of the
bell. The bell height (axis Z) is 2 m.

Magnetic and vacuum systems, power supplies
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Figure 5: a — the histogram of output current density
without correction, b — the scanned electron beam with
energy of 10 MEV.

The power supply system of the scanning
electromagnet forms a current pulse, in a form reminding
piece of a sinusoid with duration of 0.5 ms and adjustable
amplitude. Scanning of the beam occurs on a linear site of
a sinusoid in the field of transition through zero. Speed of
scanning is proportional to a derivative of a magnetic
field and there can not be a constant during an
acceleration cycle.

On fig. 5a the calculated histogram of the output
current density distribution of the scanned beam is
provided. It is visible that the current density at edges of a
foil increases, and for achievement of the dose uniformity
the speed of beam scanning to edges should be raised.
Necessary uniformity of output current density is reached
by installation before a scanning electromagnet of the
system for scanning magnetic field correction. The
additional correcting field leads to equalizing of beam
scanning speeds along the output bell. The amplitude of
the correcting magnetic field is 0.012 T.

Magnetic and vacuum systems, power supplies
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Figure 6: Distribution of output current density with
necessary uniformity (at the top) and distributions of the
scanning (HREAL), correcting (HKOR) and total

(HTOT) magnetic fields (on the bottom).

On fig. 6 the histogram of output beam current density
along the bell (the sizes are specified in meters) with use
of the system of scanning magnetic field correction, and
also forms of scanning and correcting fields during the
beam pulse are illustrated.

RESULTS

The scanning system of the beam with energy up to 10
MEYV is produced and tested. The received nonuniformity
of the dose field in radiation zone was £10%. To improve
radiation quality (dose uniformity) and obtain competitive
advantages the correction system of a scanning magnetic
field was designed. Consequently, nonuniformity of the
surface dose is reduced to £5 %. This system will be
tested within projects of sterilizing complexes at FMBC
of A.Burnazyan (Moscow) and ‘“Park of Nuclear
Technologies” (Kurchatov, Kazakhstan).
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CHARACTERISTICS OF THE MODEL OF LINEAR ACCELERATOR
BASED ON PARALLEL COUPLED ACCELERATING STRUCTURE
WITH BEAM LOADING

Yu. Chernousov, V. Ivannikov, I. Shebolaev, ICKC, Novosibirsk, Russia
E. Levichev, V. Pavlov, BINP, Novosibirsk, Russia

Abstract

The S5-cavity model of linear accelerator based on
parallel coupled accelerating structure (LAPCAS) with
periodic permanent magnet focusing system (PPMFS)
and RF-controlled three-electrode electron gun is under
study. The work of the accelerator with electron beam is
demonstrated. Parameters of short pulses mode are the
following: electron energy — 4 MeV, pulse current — 0.3A,
pulse duration - 2.5 ns; parameters of long pulses mode
are the following: energy — 2.5 MeV, pulse current —
0.1A, pulse duration — (0.1 - 4) us. Working frequency of
the accelerator — 2.45 GHz. In RF-controlled mode the
capture about 100 % has been demonstrated. Beam
loading effect in the LAPCAS takes place. Data of
observation of this effect and compensation of energy
spread of accelerated electrons by delaying the moment of
injection in the LAPCAS are demonstrated. The equations
describing the transient process in the accelerating cavity
which is powered by an external RF generator and excited
by electron bunches are presented in a simplified form.

INTRODUCTION

Parallel coupled accelerating structure (PCAS) is a new
type of the structures and consists of separate accelerating
cavities feeding from common exiting cavity in parallel
[1]. The structure is equipped with an inside installed
reverse periodic permanent magnet focusing system
(PPMFS). The possibility to use the PCAS in the
accelerator technique demands experimental studies.
Accelerating cavities of PCAS work in standing wave
regime and beam loading effect — dependence of average
energy of accelerated electrons on time during the pulse
takes place in this structure. The methods of
compensation the energy spread of accelerated electrons
in the standing wave and traveling wave structures have
been discussed for a long time [2-5]. Now in some
installations the issue came into practical implementation
[1,6,7]. One of the methods to reduce this negative effect
— injection the electron pulse with delay relatively to
pulse of feeding RF power, so called VT-method. In this
paper the equations describing the transient process in the
accelerating cavity which is powered by an external RF
generator and at the same time excited by electron
bunches in a simplified form are obtained and data of
experimental observation of the beam loading
characteristics, beam loading effect and compensation of
energy spread in the LAPCAS by VT-method are
represented. For experimental observation of the beam
loading effect we used energy spread measurements by
method of absorption in retarding metallic plates [8].
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THEORY

Beam loading is defined as the energy reduction of
charged particles due to their interaction with an
accelerating structure [2]. Charged bunches, when passing
through the structure, generate RF oscillations that
decelerate the subsequent bunches. As a result average
energy of accelerated beam depends on time during the
pulse. To evaluate the energy spread due to the transients,
it is necessary to take into account that acceleration
voltage on the accelerating cavity is excited by two
independent sources: the external RF generator and
modulated electron beam. In the theoretical description
we assume that the electron beam consists of a train of
short bunches, RF pulse is an ideal step-function and that
all charged particles travel with the speed of light, the
difference between the frequencies of generator, cavities
and moving bunches is zero.

Evaluation of complex magnitude of equivalent
acceleration voltage U in the standing wave accelerating
cavity, which is powered by an external RF generator and
at the same time excited by electron bunches can be
described, as may be shown from [5], by the following
equations:

d
T—U+U=UG—UBO’

dt
20,

T:m’UG :UGO exp(i@),
0
_ 2(kZLE;)"? _IZL
CA+k)y T +k) O

where 7 is the filling time constant of these evaluations;
U, is complex amplitude of equivalent acceleration
voltage on the cavity, excited by the generator; U, and
U, are steady-state values of amplitudes of equivalent
acceleration voltage on the cavity, excited by the
generator (U ) and beam (U ) correspondently, real
positive quantities; @, is cavities eigenfrequency; k is
the coupling coefficient between the cavity and feeder
line; (), is the cavities unloaded Q - factor; Z is

effective shunt impedance per unit length; L is the
length of the accelerating cavity; P is the RF power

which excites the cavity; € — 7 is the phase of
generator-induced oscillations relatively to beam-induced

RF power structures and systems
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oscillations. The load due to the current is taken into

1ZL
(I+k
average current. The definitions of U ,7,k, O , Z are

taken from [3,4].
Then real part of U determines the energy gain U, of

account by the term U, = , where [ is

the beam, is expressed in term of angle & :
U, =Ug,c0o80 —Up,)[l —exp(—1/7)] 2

In accordance with relation (2) average energy of
accelerated charged particles depends on time.

Situation changes if the beam injects with delay 7,
relatively to the start of RF pulse.

Total acceleration voltage after moment 7 is:
U,=U,; U, =Ugcos0-Upy,)+
[Ugo cosOexp(—t, /1) —Ug,,1x (3)
exp(—(t —t,)/ 1)), 1>1,

Dependence on time disappears if:

Ug,cosOexp(—ty, /7)—Ug, =0. “4)
This equation determines the moment #,, of beam
injection:
2(kZLP.)"? cosd
0= T].n ( G) (5)
1ZL

For & = 0 the same expression is obtained in [4].

If the beam injects with delay time #; >{,,, in
accordance with equation (3) real part of equivalent
voltage U, decreases with time and correspondently

average energy of the beam decreases. If 7, <7, then

real part of equivalent voltage U , increases and average
energy of the beam increases with time.

EXPERIMENTALS

Experimental observations of the beam loading
characteristics were done on the electron accelerator,
which consists of 5-cavities model of PCAS and pulsed
three-electrode RF controlled DC high voltage electron
gun [1]. The RF-controlled gun forms RF-modulated
electron beam, which consists of a train of grouping
charged bunches on the frequency 2450 MHz with
duration of every bunch about 0.2 ns and with variable
parameters: energy 0 - 50 keV, value of pulse current 0-
0.5 A, pulse duration 0.1-5 ps. Delay time of the moment
I, of beam injection may be changed from O up to 5 us.
Accelerating structure feeds on the klystron KIU-111 [9].
In the experiments RF pulse duration of the klystron was
5 us, pulsed RF power varied up to 2 MW.

Beam loading effect and application of VT-method for

compensation of this negative phenomenon are
successfully investigated on the LAPCAS. The

RF power structures and systems
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Figure 1: Delay time of electron pulse (red) is 1 ps.
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Figure 2: Delay time of electron pulse is 1.8 pus.
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Figure 3: Delay time of electron pulse is 2.6 ps.

experimental observations of beam loading effect are
performed by the following way. Pulsed electron beam of
rectangular form with pulse duration of 1 us (test pulse)
with constant magnitude of injection current (0.1A) and
variable delay time was injected into the accelerating
structure. A Faraday cap with metal plates in front of
them was installed at the exit of the accelerator. Electrons
with high energy overcome the metal plates, and those
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with low energy get stuck in it. Part of accelerated beam
overcoming the metal plate of any thickness and electrons
passed through the plate fall into the Faraday cap and
pulsed current is recorded by oscilloscope. On the total
thickness of retarding plates 70-80 % of accelerated
electron beam is absorbed.

As one can see from the equation (3), output beam
energy and consequently the magnitude of a current
recorded by oscilloscope will increase during a test pulse,

if Ug,cos@exp(—t,/7)—Ug, >0.

The magnitude of a current recorded by oscilloscope will
decrease during a test pulse,

if Ug,cos@exp(—t,/7)—U,, <0.
The magnitude of a current recorded by oscilloscope will
remain a constant during a test pulse, if
Ug,cosOexp(—t, /17)—Ug, =0.
In other words, the dependence of beam energy on time
becomes the dependence on time of magnitude of a
current from Faraday cap recorded by oscilloscope.
Thereby, for experimental observation of beam loading
effect we used energy spread measurements by method of
absorption in retarding metallic plates [8] in pulse regime.
Pulse-energy characteristics of the accelerated beam are
represented on Fig. 1-3. Curves registered by
oscilloscope: 1- RF pulse of klystron (yellow); 2-
reflected signal from accelerating structure (green); 4 -
pulse form of accelerated beam (red). Electron pulses
from injector were of rectangular form. Delay time of

beam injection 7, relatively to RF pulse changed from
approximately 1us (Fig. 1) up to 2.6 us (Fig. 3). Figure 2
represents a point on the time scale, 7;,=1.8 us, where

the conditions (4), (5) take place, therefore, the recorded
current pulse has a rectangular shape. In this case it means
that average energy of accelerated electrons does not
depend on time.

CONCLUSION

The work of LAPCAS with electron beam in different
regimes is demonstrated. Short pulses mode: electron
energy — 4 MeV, pulse current — 0.3A, pulse duration -2.5
ns; long pulses mode: electron energy — 2.5 MeV, pulse
current — 0.1A, pulse duration - 0.1-4us. When the
electron gun worked in RF-control regime the capture
about 100 % was achieved. Beam loading effect in
LAPCAS takes place. Method of compensation of energy
spread of accelerated electrons by delaying the moment of
injection in the LAPCAS gives encouraging results. The
equations in the simplified form describing transients
allow interpreting the experimental pulse dependences
obtained by a method of retarding metallic plates in pulse
regime.
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NIIEFA ACCELERATORS FOR INDUSTRY AND MEDICINE

M.F. Vorogushin®,
D.V. Efremov Scientific Research Institute of Electrophysical Apparatus, Saint Petersburg, Russia

Abstract

The D.V. Efremov Institute (NIIEFA) is a leading
enterprise in Russia involved in designing and
manufacturing of applied and medical charged particle
accelerators, as well as electrophysical systems based on
these accelerators. Since the foundation of the Institute,
we have designed, manufactured and delivered to Russian
customers and abroad more than three hundred
accelerators of different types, in particular, cyclotrons,
high-frequency linear electron accelerators, high-voltage
accelerators and neutron generators. The activities of the
Institute in the field of accelerating engineering
encompasses all the stages of an accelerator
manufacturing, starting from R & D works to
manufacturing, installation, adjustment and maintenance
of the equipment delivered.

NUCLEAR MEDICINE

Among the present-day methods of medical
examination, the radionuclide diagnostics presents the
most complete information on available pathologies. The
method is characterized with a high sensitivity, the
shortest possible time needed for analysis and reliability
of the data obtained. A single-photon emission computer
tomograph (SPECT) is an apparatus the most widely used
for examination of great masses of population. This
apparatus uses radiopharmaceuticals labeled with short-
lived isotopes with the half-life period from several hours
up to 2-3 days. The clinical experience gained over a
number of years demonstrates that in about 20% of cases
more accurate positron-emission diagnostics is needed,
which applies ultra-short-lived isotopes with the half-life
from two up to one hundred and ten minutes. Radio-
isotopic  examinations allow cardio-vascular and
oncologic diseases, the death rate from which is the main
factor determining the age of a human life, to be detected
at very early stages. Cyclotron is the most proper
accelerator allowing necessary ultra and short-lived
isotopes to be produced in the most cost-effective way.

NIIEFA has been involved in designing and production
of cyclotrons since the day of its foundation. More than
forty different models of cyclotrons have been delivered
to Russian customers and abroad, and the majority of
these machines have been operated until now. Recently, a
series of compact cyclotrons has been designed specially
for production of medical isotopes [1]. The main
parameters of these cyclotrons are given in Table 1.

Specific features of these cyclotrons are: the external
injection of hydrogen negative ions, beam extraction by
stripping negative ions on carbon foils, the main
electromagnet of shielding-type with the vertical median

*vorogushin@luts.niiefa.spb.su
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plane, the same principle of construction of the RF-power
supply system, vacuum system and automatic control
system.

Table 1: Main Parameters of Cyclotrons for Medicine

Parameters CC-12 CC-18/9 MCC-30/15

Accelerated ions H H /D H /D

Ion energy, MeV 12 18/9 18...30/
9...15

Extracted beam 50 100/50  200/70

current, LA

Electromagnet:

- pole diameter, cm 90 115 140

- supply power, kW 5 7 12

- mass,t 10 20 41

Frequency of RF

oscillations, MHz 764 38.2 40.68

RF generator power,

KW 15 20 25

Energy consumption, 30 70 100

kW

To give an access to in-chamber components, the iron
core is made as a fixed part and a movable part. The
movable part is fixed on a support and can be moved
apart for a distance up to 800 mm.

The CC-12 compact cyclotron is intended for
production of ultra short-lived isotopes directly in medical
diagnostic centers. The CC-18/9 cyclotron (Fig. 1) allows
both ultra short-lived isotopes and short-lived isotopes to
be produced. The CC-18/9 machines are successfully
operated in PET centers in Turku (Finland), Saint-
Petersburg and Snezhinsk (Tchelyabinsk district), Russia.

Figure 1: The CC-18/9 cyclotron installed in Turku

(Finland).
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The MCC-30/15 cyclotron with the variable ion energy
provides production of ultra short-lived, short-lived and
long-lived isotopes for nuclear medicine. Two charge-
exchange devices are installed on the cyclotron for the
beam extraction into beamlines. A standard set of the
beamline equipment is: matching, switching and
correcting electromagnets, quadrupole lens doublet, beam
scanners, Faraday cup and necessary vacuum equipment.

The MCC-30/15 cyclotron together with the equipment
for two beamlines has been delivered to the University of
Jyvaskula, Finland and has been in operation since 2010
(Fig. 2). Preliminary works on organization of serial
production of medical cyclotrons are now underway in
NIIEFA.

Figure 2: The MCC-30/15 cyclotron installed in the
University of Jyvaskula (Finland).

RADIOTHERAPY AND NEUTRON
THERAPY

The D.V.Efremov Institute is the only national designer
of linear electron accelerators for radiation therapy, and
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« equipment for medicine is one of priority fields of its
activity. Over the years of the Efremov Institute existence,
several generations of medical accelerators have been
j designed and manufactured. About one hundred machines
< have been delivered to oncologic clinics of Russia and
CIS countries.

In the framework of international cooperation with the
“Philips Medical Systems. Radiotherapy” firm (Great
Britain), a small-scale production of SL-75-5MT
accelerators for radiotherapy was organized; up to 15
machines per year were produced. The SL-75-5MT
accelerator is a Russia-made version of the “Philips”
accelerator (up to 60% of Russian component parts), it is
< intended for X-ray radiation therapy with an energy of 6
=*MeV in the static and arc modes. About sixty machines
< have been manufactured and delivered to clinics of
= Russia.

In compliance with international standards, after ten
years of operation medical accelerators should be either
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subjected to updating or replaced. To meet these
requirements, additional medical equipment is required,
the cost of which can be several times more than the cost
of the accelerator itself. In this connection, recently a new
medical accelerator «ELLUS-6M» with an electron
energy of 6 MeV have been designed in the Efremov
Institute (Fig. 3) with the following additional equipment:

o multi-leaf collimator to form the X-ray therapeutic
beams maximally corresponding to the shape of a
tumor;

e translator, an automatic control system used to
transfer digital data from the treatment planning
system to the control console of the accelerator;

o device for the detection of the X-ray radiation passed
through the body of a patient and the table top and
for forming the portal images;

¢ modified patient-support system.

Figure 3: The «ELLUS-6M» accelerator in the N.N.
Petrov Institute of Oncology, St.Petersburg.

The «ELLUS-6M» accelerator is equipped with a
computer control system compatible with all additional
medical equipment. The accuracy of the irradiator rotation
velocity setting, the grid modulator of the electron source,
which ensures ten-fold variation of the irradiation dose by
changing the pulse length, allow the dose rate to be
controlled depending on the rotation angle (the IMRT
mode).

The accelerator is equipped with the treatment planning
system, laser pointers and dose field analyzer with a
double-channel measurement system on the basis of
diamond detectors. The accelerator with the additional
medical equipment has been delivered to the N.N. Petrov
Scientific Research Institute of Oncology (St. Petersburg)
where starting since 2011 it undergoes medical and
operational life tests. After successful completion of the
tests, the «ELLUS-6M» accelerator can find wide
application including the replacement of obsolete
accelerators SL-75MT and cobalt apparatus “Rocus”.

Medical and industrial applications
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Nowadays, the accumulated clinical experience has
demonstrated that up to 30% patients with severe
radioresistant forms of malignant tumors need radiation
therapy treatment using neutron ionizing radiation.

The 14 MeV neutrons necessary for radiation therapy
can be produced on comparatively low-cost and small-
sized neutron generators on the basis of high-voltage
accelerators. The NG-12-I neutron generator designed and
manufactured in NIIEFA was used in the system of the
Ural Center of Neutron Therapy. After updating the
generator specially for neutron therapy of malignant
tumors, it provides the neutron yield up to 3-10' n/s [2].

By now, more than two thousand patients with tumors
localized in the head and neck regions have received
treatment. In opinion of oncologists, radiation therapy in
combination with the neutron beam is highly effective.
The majority of patients (79%) demonstrated the
complete resorption of tumors and in 76% of cases
complete remission was observed. The results obtained
provide solid grounds to consider promising the
introduction of similar facilities into clinics of Russia.

NON-DESTRUCTIVE TESTING

The most important line of activities of NIIEFA in the
field of accelerating engineering is designing and
construction of systems for non-destructive testing of
large-scale products based on linear accelerators with
energy ranging from 3 to 15 MeV. NIIEFA has delivered
more than thirty similar machines both to industrial
enterprises in Russia and abroad. New accelerators, UEL-
10-D and UEL-6-D, have been designed and
manufactured especially for non-destructive inspection of
products of atomic, chemical and shipbuilding industries.

Radiation characteristics of these machines are as
follows: energy of accelerated electrons is 10/6 MeV and
maximum average dose rate 1m from target on the central
axis is 30/10 Gy/min. The asymmetry of the X-ray field is
no more than 5%.

The UEL-10-D accelerator, 2040x950x950m’ in size
and 1160 kg in weight, is mounted on a trolley of a bridge
crane using a special yoke. This yoke allows the position
of the irradiator to be changed relative to an object under
inspection: from 180° (rightwards) to 135° (leftwards) in
the horizontal plane and from 45° (upwards) up to 95°
(downwards) in the vertical plane. The irradiator is made
as a support frame of aluminum profile. In contrast to
previous models, all the equipment is housed inside the
irradiator including the high-voltage power supply system
consisting of a high-voltage rectifier and pulse magnetron
modulator (Fig. 4).

Different defects, such as voids, cracks and foreign
inclusions and their localization can be detected by
radiographic, radioscopic and tomographic methods [3].

In the radiography, the X-ray beam passed through an
object inspected is recorded on the X-ray film. An
advantage of this method is a possibility for inspection of
objects with a thickness of up to 600 mm for steel.
Quality of the image obtained meets the requirements of
the international ASTM E142 standard. Standard film size
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is 3000x4000 mm. For products of the aforementioned
thickness, linear accelerators are the only available tool,
which provides a required quality of inspection.

Figure 4: The UEL-10-D accelerator at the Izhorskie
Zavody, St. Petersburg.

In radioscopy and tomography, an object under
inspection is scanned layer-by-layer by a fan-shaped X-
ray beam. A line of scintillation detectors is used instead
of the X-ray film. A shadow image of a defect is obtained
on the monitor of the operator workstation in the real-time
mode.

Compared to the radiographic inspection, the
radioscopic method offers higher efficiency and lower
operating costs. In the radioscopy, a standard set of the
linear accelerator equipment is supplemented with the
following (Fig. 5): beam collimation system, detection
system, system for positioning an object under inspection,
operator workstation with a software.

Figure 5: The UEL-15-D accelerator installed in China.

High degree of spatial resolution allows radioscopic
systems to be used for inspection of large-scale vehicles
and containers without their opening to expose either
arms or contraband goods. For this purpose, linear
accelerators of the LINAC-2(4) model with an energy in
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the range from 2 up to 4 MeV have been designed and
manufactured in NIIEFA. The accelerators are made with
local radiation shielding. Figure 6 shows a LINAC-4
accelerator functioning as a part of the SMITH HEIMAN
system (Germany) intended for customs inspection [4].

Proceedings of RUPAC2012, Saintl-[Petersburg, Russia

oppositely located and covered with metal foil serve to
extract an electron beam into the atmosphere. Such a
design ensures the double-sided irradiation of a material
for one passage. The automatic control system is made on
the basis of an industrial computer.

Figure 6: The LINAC-4 accelerator in the SMITH
HEIMAN system, Germany.

HIGH-VOLTAGE ACCELERATORS FOR
RADIATION PROCESSING

High-voltage charged particle accelerators are ranked
high in the ine of the accelerating equipment designed and
manufactured in NIIEFA. By now, more than one hundred
and thirty high-voltage electron and ion accelerators for
various purposes have been delivered to Russian
customers and abroad. In NIIEFA first high-voltage
accelerators were designed on the basis of electrostatic
generators. The maximum proton energy attained 10
MeV. About thirty similar machines intended for research
in the field of nuclear physics, particles’ injection into
cyclic accelerators and ion implantation were
manufactured. Many of these accelerators have been
updated and have been in successful operation till
nowadays, for example in the Federal Nuclear Center in
Germany, the University of Helsinki and in the Institute
of Nuclear Research, Kazakhstan.

Further, radiation processing of different materials and
products with an electron beam to modify their molecular
structure and impart new properties becomes one of the
most promising fields of practical application of high-
voltage accelerators with a charged particle energy of up
to 1 MeV.

To introduce radiation processing on industrial
enterprises, a series of high-voltage accelerators with an
electron beam power of up to 50 kW has been designed in
NIIEFA. A typical accelerator of this series is the
“ELECTRON-10" (Fig. 7), which consists of a high-
voltage generator, electron source, accelerating structure
and irradiation field forming system. The high-voltage
generator is made on the basis of a single-phase
transformer - rectifier, Power is supplied from an ac
3-phase mains 380 V, 50 Hz. Two extraction windows
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Figure 7: The «Electron-10» accelerator at the plastic
materials production plant, [zhevsk.

The main parameters of the accelerator are: the energy
in the 500+750 kV range, maximum current of
accelerated electrons — 70 mA, non-uniformity of the
current linear density along the scanning length of 1200
mm is not more than 5%. Accelerators of this series are
equipped with a compact local radiation shielding and can
be installed together with the equipment of rtechnological
lines in conventional rooms. The running hours per year
are five thousand hours, which meets the requirements for
industrial equipment.

More than fifty such accelerators have been delivered.
The machines were used for commercial production of
roofing, shrink polymer tape for protection of
underground gas and oil lines against corrosion, foamed
polyethylene and polymer tape with an adhesive layer [5].

A recent advance of NIIEFA in the field of high-voltage
accelerators on the basis of three-phase transformer-
rectifier is an «KELECTRON 23» with an electron beam
power of up to 400 kW and an energy of 1 MeV.

An important field of application of high-voltage
accelerators is the activation analysis. The method is used
to determine the element composition of a substance by
irradiating it with fast or thermal neutron fluxes (14 and
2.5 MeV) with subsequent measurement of the induced
gamma activity of irradiated samples.

The most easily available source of neutrons for these
purposes is facilities constructed on the basis of high-
voltage ion accelerators. 14 MeV neutrons are produced
as a result of the D-T reaction under interaction of
deuterium ions accelerated up to 150-300 keV with
trittum of a metal-tritium target. The D-D reaction
produces neutrons with an energy of approximately 2.5
MeV. More than sixty neutron generators producing
neutron fluxes with an intensity of up to 10" n/s have
been designed and manufactured in NIIEFA.

Medical and industrial applications
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RF ACCELERATORS FOR RADIATION
PROCESSING

Several models of linear accelerators with the electron
energy ranging from 3 up to 15 MeV and average beam
power up to 15 kW have been designed and manufactured
in NIIEFA for high-energy radiation processing. The
accelerators are equipped with horn scanning chambers.
Thickness of objects under processing depends on the
electron energy; the velocity and throughput depend on
the beam power. To generate a directed X-ray beam, an
accelerator is equipped with a tungsten-nickel target.

More than fifteen accelerators of the UEL-8-8S model
with an energy of 8 MeV and beam power of 5 kW are
operated in Russia and abroad, in Poland, Hungary, China
and France. In addition to electron beam processing of
products of irregular configuration, these machines are
also used for the element analysis on the basis of
photonuclear reactions. Construction of such systems
allowed the use of a highly effective method of the
activation analysis to be pioneered at a number of mines.
The method is used for detecting ore samples for the
content of various chemical elements, up to fifty in
number, including Au. The time needed for the analysis of
one sample for the content of aurum is less than 22
seconds, and the throughput is one million of analysis per
year.

The aforementioned systems operate at a mining — and-
processing integrated works in Navoi, Uzbekistan, in the
analytic service of geological field parties in Batogai
town, Yakutia. For the “in-line” processing of products in
standard industrial premises, a 3 MeV UELV-3-3S
accelerator with a beam power of up to 3 kW equipped
with a local radiation shielding has been designed.

Figure 8: The UELR-10-10S accelerator installed in
Beijing, China.
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The UELR-10-10S accelerator (Fig. 8) has been
designed and manufactured in NIIEFA specially for
commercial sterilization centers to be used for processing
of disposable medical utensils. Typical penetration depth
of electrons is up to 40 mm. Characteristics of the
accelerator are as follows: electron energy is 8§ MeV,
nominal average beam power is 10 kW, radiation field
size is 800x20 mm’ at a distance of 200 mm from the
extraction window foil and uniformity along the scanning
length of 5%. The accelerator can be operated in the long-
term mode: three shifts with a one-hour interval between
shifts.

CONCLUSION

Technical characteristics of the accelerating equipment
designed and manufactured in NIIEFA are on a par with
their foreign analogs and in some cases are even superior
to their competitors. Taking into account expenditures for
transportation, customs duties, intermediary firms,
warranty/after-warranty servicing (especially in case of no
foreign service centers), delivery of spare parts, etc ., the
total cost of the equipment is much lower.

Nowadays, the demand for applied accelerators round
the world increases rapidly. Proper activities towards
marketing, promotion and patent right protection as well
as the organization of serial production of the accelerating
equipment being at present in ever-growing demand can
ensure the competitiveness of national projects.
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FLNR HEAVY ION CYCLOTRONS FOR INVESTIGATION IN THE FIELD
OF CONDENSED MATTER PHYSICS INDUSTRIAL APPLICATIONS

B. N. Gikal, Joint Institute for Nuclear Research, Dubna, Russia

Abstract

Applied research on heavy ion beams are carried out in
many scientific centres of the world. Some of the
developed technologies are successfully used in industry,
for example, a well-known method of track membranes
production using heavy ion beams, which as a rule have
an energy from 1 to 3.5 MeV/nucleon. At FLNR several
specialized accelerators have been created for this
purpose.

Since 1983 a complex based on the IC-100 cyclotron
for industrial manufacturing of track membranes operates
at the JINR Flerov Laboratory of Nuclear Reactions
(Dubna, Russia). The modernization in 2003 equipped
the cyclotron with a superconducting ECR ion source as
well as with an axial injection system. High intensity
heavy ion beams of Ne, Ar, Fe, Kr, Xe, I, W have been
accelerated to an energy of 1.2 MeV/nucleon.

The DC-60 cyclotron with smooth ion energy variation
was designed by FLNR for the research center at L.N.
Gumilev Euroasian State University in Astana
(Kazakhstan). The cyclotron equipped with an ECR ion
source accelerates ions from Carbon to Xenon. The
energy of the extracted beams can be varied from 0.35 up
to 1.7 MeV/nucleon.

In 2009-2010 a cyclotron complex for a wide spectrum
of applied research in the field of nanotechnologies
(template technologies, track membranes, surface
modification, etc.) was designed at the Flerov Laboratory
of Nuclear Reactions. This complex includes a
specialized DC-110 cyclotron, which produces high
intensity beams of accelerated Ar, Kr, and Xe ions with a
fixed energy of 2.5MeV/nucleon. The DC-110 cyclotron
is at the commissioning stage now.

The accelerated ion beams of U400 and U400M
cyclotrons (FLNR) have been used for several years
already by the Russian Space Agency (Roscosmos) for
investigation of radiation resistance of electronic devices.
For these experiments ions with atomic masses of 4+209
and an energy of 3+6 MeV/nucleon are used. Now a
specialized channel and a facility for carrying out these
investigations on the beams of ions with energies of 25-
55 MeV/nucleon is being mounted.

I1C-100 CYCLOTRON

In 1985, at the Laboratory of Nuclear Reactions of
Joint Institute for Nuclear Research, the IC-100 cyclic
implanter of heavy ions was developed [1, 2]. The
cyclotron was designated for acceleration of ions from
2C* to *Ar’" with a fixed energy of ~1.2 MeV/nucleon
at acceleration at the fourth harmonic of the high voltage
system and ~0.6 MeV/nucleon for acceleration at the
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sixth harmonic. A PIG type internal ion source was used at
this accelerator; the mentioned source determined the
mass range of accelerated ions. For more efficient
application of the complex and for industrial production of
track membranes, it was proposed to switch to irradiation
of films with heavier ions [2].

In the course of the upgrade performed in 20032005, the
IC-100 implantation complex was equipped with a system
of beam axial injection from an external superconducting
ECR ion source (Fig. 1). This provided a possibility of
obtaining intense beams of highly charged ions of Xenon,
lodine, Krypton, Argon, and other heavy elements of the
Periodic Table [4]. The launching and the adjustment of
systems of the IC-100 cyclotron were performed using
K" and P?Xe*" beams. The intensity of accelerated
and extracted beams is ~2pA. **Ar’" beams with a current
of more than 2uA, *°Fe'® beams with a current of 0.3pA,
127122* beams with a current of up to 0.25pA, ?Xe***
beams with a current of ~0.6pA, "*W**" beams with a
current of ~0.015uA, and so on were also accelerated.

Figure 1: General view of the IC-100 cyclotron.

DC-60 CYCLOTRON

A specialized accelerating facility based on the DC-60
cyclotron was built by the Flerov Laboratory of Nuclear
Reactions in collaboration with the Institute of Nuclear
Physics (Almaty, Kazakhstan) for the Interdisciplinary
Scientific Research Center of the Gumilev Eurasian

Medical and industrial applications
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National University (Astana, Kazakhstan). The facility,
based on the heavy ion cyclotron DC-60, is capable of
providing intense heavy ion beams ranging from Lithium
to Xenon in the energy range of 0.35-1.7 MeV/nucleon.
The facility is supplied with a (10-25)xZ kV (Z — the ion
charge) low energy beam channel as well. Heavy ions are
produced by the Electron Cyclotron Resonance Ion
Source (ECR) (Fig. 2). The whole facility was designed,
built, and put into operation over the period of 2004—
2006 [3], [4]. Main parameters of the DC-60 cyclotron
are shown in Table 1.

Table 1. Main parameters of DC-60
ECR ion source

ION BEAM INJECTOR C e L
+ axial injection system
MAGNET
Magnet pole diameter 1.62 m
145T - main mode
Cyclotron magnetic field 1.25+1.65 T - magnetic field
variation
Weight of magnet ~ 100 tons
Magnet power 67 kW
Correction coils:
- radial coils 5 sets
- azimuth coils 2 sets
Total power 1 kW
RF SYSTEM
- frequency 11.00 + 17.5 MHz
- harmonic number 4 and 6
- dee voltage 50kV
- RF power 20 kW

Pressure in cyclotron

107
vacuum chamber (1+2)-10"" Torr

Main accelerated ion beam parameters

Tons Li +~ Xe

Mass to charge ratio A/Z 612

Accelerated ion energy ~ 0.35 + 1.7 MeV/nucleon
Beam intensity 6-10" - 1-10" pps
Discrete ion energy Due to A/Z ratio
change

Smooth energy variation -30% / +20%

with respect to nominal Due to magnetic field
one variation

Low energy ion beam parameters

Ions He + Xe
Mass to charge ratio (A/Z) 2+20

Ion energy from ECR source 10 + 20 keV/charge

Discrete ion energy change Due to change of A/Z

Due to extracted potential

Smooth ion energy variation R
gy variation in ECR source

Medical and industrial applications

Figure 2: Photo of DC-60 cyclotron facility.

DC-110 CYCLOTRON

The project of the DC-110 cyclotron facility for applied
research in nanotechnologies (track pore membranes,
surface modification of materials etc) has been designed
by the Flerov Laboratory of Nuclear Reactions of the Joint
Institute for Nuclear Research (Dubna) [5]. The facility
includes an isochronous cyclotron DC-110 for
acceleration of intense Ar, Kr, Xe ion beams with a 2.5
MeV/nucleon fixed energy (Table 2). The cyclotron is
equipped with a system of axial injection and with an 18
GHz ECR ion source. The cyclotron with a 2m diameter
magnet pole creates in the working gap a magnetic field of
1.67 T. The RF system operates at a fixed frequency of
7.75MHz. The extraction system is equipped with an
electrostatic deflector.

Tons of “Ar®, ®Kr®* and ?Xe®®" are chosen for
acceleration in the cyclotron because they have a
mass/charge ratio close to 6.667, 6.615 and 6.6
respectively. It allows realizing an acceleration mode on a
practically fixed RF system frequency and with a fixed
magnetic field level. Variation of ions energy and change
of acceleration mode are not envisaged in this cyclotron.
The cyclotron complex is equipped with two channels and
two facilities for irradiation of polymeric films. The
accelerator provides a possibility of preparing one of the
facilities for irradiation while the second facility is being
used for film irradiation. It raises considerably the
efficiency of equipment. The DC-110 cyclotron is at the
commissioning stage now (Figs. 3,4).

Table 2. Basic parameters of DC-110 cyclotron.

Accelerated ions 40 AP 6t 86 13 132 5, 20+
Mass to charge ratio of  6.667 6.615 6.6
accelerated ion, A/Z
Ions energy, MeV/n 2.52 2.52 2.52
Magnetic field, T 1.683 1.67 1.666
RF frequency 7.753  7.753 7.753
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Figure.4: The facility for irradiation of polimer films at the

DC-110 cyclotron

SINGLE-EVENT EFFECTS (SEE)
TESTING AT FLNR CYCLOTRONS

The Russian Space Agency (Roscosmos) carries out
investigations of single-event effects (SEE) in electronic
devices using ion beams of U400 and U400M
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cyclotrons of the Flerov Laboratory of Nuclear Reactions
[6]. U400 cyclotron delivers beams of ions with atomic
masses of 4+209 at energies of 3+29 MeV/nucleon [7].
U400M cyclotron [7] was intended for acceleration of ion
beams in two modes:

- acceleration mode of high energy ions - 19-3
MeV/nucleon (mass to charge ratio of accelerated ions
A/Z=2.8-5),

- acceleration mode of low energy ions - 5-10
MeV/nucleon (mass to charge ratio of accelerated ions
A/Z =7-10).

Both options are used for testing of electronic devices.
A beam channel of low energy ions is now in operation
(fig. 5). Ions of O, Ne, Ar, Fe, Kr, Xe, Bi with an energy
of 3+6 MeV/nucleon are available to users. At the end of
2012 the installation of the channel will be finished for
testing at high energy ion beams. Beams of ions from C up
to Xe with energies from 25 to 53 MeV/nucleon will be
available for carrying out experiments.

REFERENCES

[1T B.N.Gikal, S.N.Dmitriev et al., "IC-100 Accelerator
Complex for Scientific and Applied Research ". ISSN
1547-4771, Physics of Particles and Nuclei Letters,
Vol. 5, No. 1, pp. 33-48. © Pleiades Publishing, Ltd.,
2007

[2] B. N. Gikal et al., “Upgrading of IC-100 Cycle
Implantator,”Preprint OIYal R9-2003-121 (Dubna,
2003).

[3] B. Gikal et al., “Project of the DC-60 Cyclotron with
Smoothly Ion Energy Variation for Research Center
At L. N. Gumilev Euroasia State University in Astana
(Kazakhstan),” in Proc. of the XVII Cycl. Conf.
andTheir Applications (Tokyo, Japan, 2004,), pp.
205-207.

[4] B.N.Gikal, S.N.Dmitriev et al., “DC-60 Heavy Ion
Cyclotron Complex: The First Beams and Project
Parameters”, ISSN 1547-4771, Physics of Particles
and Nuclei Letters, 2008, Vol. 5, No. 7, pp. 642—644.
© Pleiades Publishing, Ltd., 2008.

[5] B.N.Gikal, G.G.Gulbekyan, S.N.Dmitriev et al., “The
project of the DC-110 heavy ion cyclotron for
industrial application and applied research in the
nanotechnology field” Physics of Particles and Nuclei
Letters, Vol. 7, No. 7(163), pp. 891-896. 2007.

[6] V. A. Skuratov, V.S. Anashin, A.M.Chlenov, V.V.
Emeliyanov, B. N. Gikal, G.G. Gulbekyan, LV.
Kalagin, Y.A. Milovanov, Y.G. Teterev, V. L
Kazacha, “Roscosmos Facilities for SEE Testing at
U400M FLNR JINR Cyclotron”. Proceedings of
RADECS 2011 PJ-8, pp.756-759, 2012.

[7] B. Gikal, I.Kalagin, G. Gulbekyan, S. Dmitriev,
“Status of the FLNR JINR cyclotrons”. Proceedings
of PACO09, Vancouver, BC, Canada FRSREP099, pp.
5011-5013.

Medical and industrial applications



Proceedings of RUPAC2012, Saintl-IPetersburg, Russia FRXCHO04

Fig. 5. General view of the ion beam transport line and experimental set up for SEE testing at U400M cyclotron.
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Abstract

There are presented in the review the facilities and
complexes that were created and are applied in the Insti-
tute of Nuclear and Radiation Physics (INRP) RFNC-
VNIIEF to simulate under laboratory conditions the effect
of NM penetrating radiation on the special-purpose ob-
jects. There is given a brief description of the design and
characteristics of different-type electron accelerators,
pulsed nuclear reactors (PNR) as well as two irradiation
complexes PUL’SAR and LIU-10M-GIR2 that are lo-
cated in the adjacent halls.

INTRODUCTION

Within several decades there was being created in
INRP RFNC-VNIIEF a specialized stock of irradiation
facilities on the base of electron accelerators, PNR and
complexes aimed at carrying out - under laboratory condi-
tions - system researches of radiation resistance of arma-
ment and defense technology (A and DT) standard objects
against the effect of NM penetrating radiation.

According to state standards there is performed certifi-
cation of experimental facilities as test equipment — simu-
lating facilities for B and BT testing as to radiation effect
of NM, power generating systems and space.

IRRADIATION COMPLEX PUL’SAR

The multi-purpose irradiation complex PUL’SAR [1,2]
that has been under operation since 1991, possess widest
test potentialities in factor-by-factor and joint loadings for
laboratory elaboration and resistance tests of B and BT
against NM penetrating radiation.

The leading facility of the complex is a high-power
pulsed linear induction accelerator of electrons LIU-30
[3-5]. Into the complex structure there is also included a
booster reactor BR-1M [6] aimed at generation of
gamma-neutron radiation - both independently and jointly
with accelerator LIU-30 [7]. In order to provide more pre-
cise simulation of penetrating radiation effect, into the
complex there are included: pulsed electron accelerators
STRAUS-2 and ARSA and generator of X-radiation
pulses ILTI-1. The typical chart of PUL’SAR facilities ar-
rangement is given in Fig.1 while the basic characteristics
of the facilities are available in Table 1.

Fig.2 gives the chart of LIU-30 accelerating system of
which is evident that it is produced of 36 sequentially
connected modules with self-contained supply and inde-
pendent control of each module. Into accelerator structure
there are also incorporated a transportation channel and
output device with a target ensuring the required charac-
teristics of electron beam and bremsstrahlung field.
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Fig. 1. Chart of PUL’SAR irradiation complex facilities
arrangement. 1 — accelerator ILTI-1; 2 — booster-reactor
BR-1M; 3 — object under irradiation; 4 — accelerator
STRAUS-2; 5 — accelerator ARSA; 6 — accelerator LIU;
7 — accelerator hall; 8 — irradiation hall; 9 — reactor hall.

Table 1. Irradiation complex PUL’SAR

Facility Radiation characteristics

LIU-30 Pp™™ =1,5-10" R/s in @ 11 cm,
P =510"" R/s in @ 60 cm,
Ebound. = 4, 15,25, 40 MeV, 1, = (5-25) ns

BR-1M @, = 10" n/cm?in & 10 cm,
®,"™ =5-10" n/em®, D," = 160 kR,

D, =1,1 kR,Wo=11MJ, 1>55us

STRAUS-2 | P,™* =10"R/sin & 5 cm,
Pp'™ =10’ R/s in & 80 cm,

Ebound. =3 MeV, Tps = (18-25) ns

ILTI-1 P =3-10""R/s in @ 5 cm,
Py ™= 510" R/s,

Ebound. <700 keV, Ths — 40 ns

ARSA Pp=3-10""P/s in @10 mm,

Epound< 1 MeV, =10 ns

where Pylm(Pbslm), Dylm(Dbslm), ®,"™ — dose rate, dose of
gamma-radiation, bremsstrahlung and neutron fluence at a
distance of 1m from facility at the area with diameter &.

Each module of the accelerator channel contains one
block of four inductors on radial lines (RL) with water in-
sulation possessing common accelerating tube 2 (see Fig.
2). Each inductor has two radial lines formed by a central
disc electrode and grounded toroidal screen disconnected
on the internal diameter. The energy in the radial line is
stored at their electric capacitance charging ~ 850 ns from
five-cascade pulse voltage generators (PVG) produced us-
ing Arkadiev-Marx circuit. Into the accelerator structure
there are included 72 PVGs, their total energy store being
~1,5 MJ. At closing the RL gap by controlled switches of
trigatron type 3, located uniformly by azimuth, there are
formed at the inductors output the pulses of accelerating
voltage of alternate polarity. The acceleration of high-
current electron beam takes place within the first voltage
pulse ~ 0.8 MV/block amplitude and 30 ns duration at
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half-height. To switch all radial lines there are used 2432
switches turned on with nanosecond accuracy according
to the prescribed time program.
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Fig. 2. Configuration of LIU-30 accelerating channel
with additional cathode and focusing system, where 1 —
radial lines; 2 — accelerating tube; 3 - switches; 4 — drift
tubes; 5 — solenoid coils; 6 — basic two-emitter cathode; 7
— anode electrode of injector blocks; 8 - annular protec-
tive diaphragm; 9 — multilayered target; 10 — focusing
system; 11 — additional (second) cathode; 12 — transporta-
tion channel; 13 — high-current electron coaxial beams;
Oa, Ob, la ... 36b — numbers of injector and accelerating
semi-blocks.
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The voltage of each two inductors is concentrated in
accelerating gaps formed by drift tubes 4. Inside the tubes
there are placed solenoids 5 forming a magnetic field with
induction ~ 0.5 T on the axis for the sake of stability and
accelerating electron beam keeping from radial expan-
sion. A 6-MJ capacitor bank serves as a source of mag-
netic field energy in the accelerator channel and output
device.

The formation of hollow electron beam and its injection
to the accelerating system is realized with the aid of a cy-
lindrical foil-free magneto-insulated diode formed by
cathode 6 and anode 7 summing up the voltage of four in-
jector blocks of inductors. The beam increases energy
when passing through 64 accelerating gaps and drifts to
the distance of 4.2 m to target 9 of the output assembly or
focusing section 10 (see Fig.2).

The LIU-30 facility uses the operation modes with the
boundary energy of electrons equal to 4, 15, 25 and 40
MeV. The decrease of pulse duration is implemented
through its front deceleration by intrinsic electromagnetic
fields of the beam. At the accelerator output there are
produced bremsstrahlung pulses of 4 ns duration at half-
height while the bremsstrahlung dose is 1.5 kR at a 1 me-
ter distance from the target and dose rate - 3-10"" R/s.

With the aid of additional cathode 11 there is realized
in accelerator LIU-30 the mode of two bremsstrahlung
pulses formation per one startup of the facility. Fig.3
gives the configuration of accelerator tube with two cath-
odes. The diameters of emitting edges of the first cathode
are 60 mm and 150 mm, while for the second cathode it
is — 250 mm. In this case the dose of bremsstrahlung at a
1 meter distance from the target constitutes 300 R for the
first pulse and 2.2 kR for the second one. The interval be-
tween the pulses can vary from 0.1 ps to 1.5 ps.

As a result of experimental researches in
bremsstrahlung dose rate increase through beam compres-
sion at the output from the accelerator there are obtained:
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maximal dose rate of bremsstrahlung ~ 1.5-10" rad/s and
dose ~ 240 krad (TLD) in a spot of ~ 100 cm” area and
radiation pulse duration - 16 ns [8].

A pulsed reactor with metal core BR-1IM (booster-
reactor) is included to complex PUL’SAR [6, 7]. In a
hall designed for joint operation with other facilities of
complex PUL’SAR the center of BR-1M core can be ar-
ranged within the limits of 3 meters from the central axis
of the hall (see Fig. 1).

At independent operation reactor BR-1M is placed in a
hall with the following dimensions (14x10x8) m’. The
object under testing can be arranged in any point of the
hall as well as in a container of the central channel with
the dimensions: 9.4x30 cm. The original design of the
BR-1M core made it possible to achieve record parame-
ters of fission pulse for fast pulsed nuclear reactors with
metal core and essentially increase the resource of fuel
elements what will give the possibility to use the facility
within at least 25 years and realize all promising pro-
grams of researches.

Movable accelerators of electrons STRAUS-2 and
ILTI-1 are aimed at simulating sequential in time effects
of two or three pulses of NM gamma-radiation at their
joint operation with accelerator LIU-30. Accelerator
STRAUS -2 is created basing on a five-cascade double
stepped line with water insulation the external diameter
being equal to 1.3 m [9,10].

A small accelerator ARSA is aimed at simulating the
effect of pulsed gamma-radiation on semiconductor de-
vices and electronics; it also can operate jointly with other
facilities of the complex.

The modes of joint functioning of the complex electro-
physical facilities make it possible to form the required
fields of loading on separate devices of large objects to
study the functioning of protective systems and service-
ability recovery of articles B and BT. At microsecond in-
tervals between the radiation pulses of the facilities there
can be provided the accuracy of LIU-30 synchronization
with STRAUS-2 not worse than 10 ns, while with ILTI-1
~ 50 ns.

IRRADIATION COMPLEX LIU-10M-GIR2

The irradiation complex LIU-10M-GIR2 was put into
operation in 1994, It was created on the base of linear in-
duction accelerator LIU-10M, pulsed nuclear reactor
GIR2 and high-current pulsed electron accelerator
STRAUS-2 that is also widely used for independent tests
both in the mode of bremsstrahlung pulses generation and
those with the use of electron beam put to the atmosphere.
Into the complex there is also included a small pulsed ac-
celerator of electrons ARSA. The chart of the complex fa-
cilities arrangement is presented in Fig.3, while the basic
characteristics of the facilities are given in Table 2.

Accelerator LIU-30-10M [12] is produced on the base
of the developed in VNIIEF stepped forming lines, the
wave processes in which increase several times the output
accelerating voltage as compared to the charging voltage
of the line. The accelerating system consists of injector,
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16 standard accelerating modules incorporating one in-
ductor, electron beam transportation channel 4 meters
long and output device with a target assembly. The di-
mensions of the accelerating system without the transpor-
tation channel are as follows (12x3.5x2.4) m’. The di-
ameter of inductors is 1.1 m, the length — 0.58 m. The
number of switches in the forming lines is 341. The
maximal energy store in 18 Arkadiev-Marx generators is
184kJ. The acceleration and transportation of the beam is
in the longitudinal guiding magnetic field with the induc-
tion of 0.5T. The energy store of the magnetic field ca-
pacitor bank is 0.65 MJ.

At joint operation of LIU-30 and STRAUS-2 accelera-
tors with different time intervals the accuracy of synchro-
nization constitutes +10 uc, £2, £10 u ﬂ:10(1)1 us.

1 5 2 10

—

Yckoputens JINY-10M

— s
Fig. 3. Chart of LIU-10M-GIR2 complex facilities ar-
rangement. 1,2 — accelerator and irradiation halls; 3 — pro-
tective wall; 4 - gate; 5 — beam transportation channel; 6 —
reactor rail gage; 7 — core biological shielding; 8 — sliding
hatch; 9 — two possible places of STRAUS-2 accelerator
arrangement; 10 — gate opening; 11 — output device of
LIU-10M.
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Table 2. Irradiation complex LIU-10M-GIR2

Facility Radiation characteristics

LIU-10M  [P,,™*=4-10"R/s in &8 cm,
P ™=4-10'"" R/s in @55 cm,
Epouna =< (20+25) MeV, Tps—(10+20) ns

GIR2 ®,"*=10"n/cm? in @30cm,
®,'™=3-10"n/cm?, D,"™=60 kR,

D,'™=3 kR, W¢=7MJ, ©>300 us

STRAUS-2 [P,,"*=10"? R/s in &5 c¢m,
Pi/™=10° R/s in @80 cm,

Erona=3 MeV, Tp=(18-25) ns

ARSA P,=3-10'"R/s in &10 mm,

7=10ns

EboundAS 1 MeV,

Reactor GIR2 (reactor gamma-source) is a pulsed reac-
tor with metal core and neutron reflector (see Table 1).
The irradiation process on GIR2 can be realized only in-
side the core in the hall with the following dimensions:
(10x10x8) m®. The maximal fluence of neutrons with the
energy of >0.1 MeV beyond the “neutron window” is
1.1-10" n/ecm?, beyond the reflector — 1.5-10"* n/cm*. The
dose of accompanying y-radiation is 40 and 60 kR, corre-
spondingly.

The use of booster mode of the complex operation makes it
possible to generate 200-J fission pulses of GIR2, pulse width
1..2 ps and high — up to 10 pulses per session — pulse
repetition rate.
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ELECTRON ACCELERATORS

The researches in radiation resistance are also per-
formed in INRP on direct-action pulsed electron accelera-
tors RIUS-5 and RIUS-3B [13].

To simulate the effects of gamma-radiation dose in
armament and defense technology (A and DT) articles
there are applied linear resonance accelerators of elec-
trons LU-50, LU-10-20 and LU-7-2 [14, 15].

The characteristics of accelerator LU-50 are as follows:
energy of accelerated electrons - 55 MeV; average current
of electrons — 0.24 mA; pulse current — 10 A; average en-
ergy of bremsstrahlung quanta ~6 MeV; pulse duration -
10 ns; bremsstrahlung exposure rate up to 3.3 kR/s at a
distance of 1 meter from the target at the area & 0.18m
the heterogeneity being no worse than 30%. The average
beam power is 10 kW.

The characteristics of accelerator LU-10-20 are as fol-
lows: regulated energy of accelerated electrons is (5+9)
MeV; average current— 1.3 mA; pulse duration — 3.5 ps;
pulse repetition rate - 10+1000 Hz; power of electron ra-
diation absorbed dose near the output window — up to
5 Mrad/s; bremsstrahlung exposure rate at a 1 meter dis-
tance from the target at the area & 0.2 m the heterogene-
ity being no worse than 30% - up to 500 R/s. The average
power of electron beam is 10 kW. The accelerator irradi-
ates the objects with the dimensions up to
700x750x2000 mm.

The characteristics of accelerator LU-7-2 are as fol-
lows: energy of electrons is 6.5 MeV; pulse duration —
4.5 ps; average power of electron beam — 2kW, average
bremsstrahlung exposure rate — up to 250 R/s at the area
of 800cm® the heterogeneity being no worse than 30%;
pulse repetition rate - 600 Hz.

In order to develop the stock of testing equipment in
RFNC-VNIIEF there are carried out the works on the
creation of a multi-terra-watt facility GAMMA aimed at
producing high-power 2-MeV bremsstrahlung pulses at
the area of up to 1m?. It is assumed that the facility will
consist of several 2-MeV modules [16].

As a result of computation and experimental works
performed there was created and is now successfully
functioning the first module of the facility — high-current
pulsed accelerator of electrons - GAMMA-1 [1].

The STRAUS-R pulsed accelerator (overall dimensions
4.7x2.2x2.4 m’) aimed at roentgenographic researches
and operating in the mode of electron beam focusing on
the target, refers to a series of accelerators on stepped
lines [17]. It is also used to study radiation resistance in
the mode of bremsstrahlung pulses generation: boundary
energy of electrons — 3.5 MeV, pulse amplitude of beam
current - 55 kA, current pulse duration at half-height -
6065 ns, bremsstrahlung dose on the output flange - 11
kR, while at a distance of 1 meter from the target - 36 R
the diameter of irradiated spot being 9 and 100 cm, corre-
spondingly, at bremsstrahlung pulse duration at half-
height — (45+50) ns [18].
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PULSED NUCLEAR REACTORS

Today there are 6 pulsed nuclear reactors in INRP:
BIR-2M, BR-1M, BR-K1, BIR-2M, GIR2, BIGR [6,7].
Being different in design, fuel composition and basic pa-
rameters these facilities can be divided to three groups.

Into the first group there are included the reactors with
metal core BIR-2M, BR-1M, BR-K1 and GIR?2 that are
characterized by short pulse and comparatively low en-
ergy release. The fuel of these reactors represents an alloy
of highly enriched uranium with molybdenum; it has high
strength properties and provides operability of the core
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elements under pulsed heating followed by occurrence of
considerable mechanical stresses.

To the second group there can be referred reactor VIR-
2M which core represents solution of uranium salt in
usual water.

The third group includes reactor BIGR with the core of
unique high-temperature ceramic fuel in the form of com-
pressed homogeneous mixture of dioxide of highly en-
riched uranium and graphite

Basic pulse characteristics of the enlisted PNR are pre-
sented in Table 3.

Table 3. Characteristics of RENC-VNIIEF pulsed nuclear reactors

Reactor BIR-2M BR-1M BR-K1 GIR2 VIR-2M BIGR

. U+6%Mo |U+9%Mo [U+9%Mo [U+9%Mo |UO,SO4+ |[UO,+C
Core material :

alloy alloy alloy alloy H,0 ceramic

Fuel mass, kg 121 176 1511 178 7.1(1041) |833
Core dimensions, cm B22x21.7 | D27x27 362x75 330 J55x63 J76x67
Irradiation cavity, mm 40 100 Z308x360 142,2300| 2100
Energy release, MJ 3 11 30 7 60 280
Half-width, ps 55 53 1200 300 2600 2000
®, 10"n/cm? >0.1MeV in the cavity |5 10 5.1 1 7 70
on the surface of the core 0.6 3.5 1 8
Dy, 10° Gy in the cavity 1 2 5 30
on the core surface 0.06 0.5 0.65 0.6 0.5 2.4

The reactors are equipped with different experimental
devices making it possible to change the relation of neu-
tron and gamma components of ionizing radiation in order
to extend the potentialities of methodology of armament
and defense technology (A and DT) testing. Below is
given a brief description of the specified reactors exclud-
ing those considered before — BR-1M and GIR2.

Reactor BIR-2M (fast pulsed reactor, modified) is a
typical representative of PNRs with metal core. The core
components are produced of alloy of highly enriched
(85% by *U) uranium with molybdenum (6 mass %).
Initially the reactor (BIR-1) was put into operation in
1965. In 1970 the reactor was displaced to a special-
purpose building, updated and called BIR-2. After its
equipping with automated systems SUZ (System of Moni-
toring and Safety Provision) and IIS (Integrated Informa-
tion System) on the base of mini-computer, the BIR-2M
reactor was put into operation in 1991.

Reactor BIR-2M is a basic facility of the created in
VNIIEF branch center of neutron measurements (OBNI).
On the reactor there were obtained and certified the refer-
ence neutron field OP-2, neutron source OI-R-17 and
source of thermal neutrons OI-T-22.

Reactor BR-K1 (booster reactor “Kaskad”, version 1) is
a pulsed reactor with metal core. The core material is an
alloy of enriched (36% by ***U) uranium with molybde-
num (9 mass %). The reactor was put into operation in
1995 and represents a multi-purpose nuclear-physical fa-
cility aimed both at testing the elements of the conceptual
project of two-section booster reactor “Kaskad” and at re-
alizing different irradiation experiments.

Medical and industrial applications

The shape of reactor core represents a hollow cylinder
with the following overall dimensions: length - 75 cm, ex-
ternal diameter — 62 cm. The size of the internal cavity is
as follows: length - 36 cm, internal diameter— 30.8 cm. By
analogy with reactor BR-1M, the core of reactor BR-K1 is
of a circular structure: it is divided to discs (blocks) while
the discs — to coaxial rings. The core blocks are put to a
hermetic casing of stainless steal filled with helium. The
distinguishing feature of reactor BR-K1 is a horizontal
alignment of the core what ensures convenient loading of
samples to the central cavity and considerable size of the
cavity for irradiation.

Reactor VIR-2M (water pulsed reactor) is a pulsed re-
actor with a solution core using salt solution (uranyl sul-
phate) of highly enriched (90% by **°U) uranium in water
as fuel. The volume of fuel solution is 104 1, uranium
mass - ~ 7.1 kg. The fuel solution is filled up to a hard
cylinder tight case of stainless steel (height - 2w,
?0.68 m, the wall thickness 65 mm). In the case bottom
there is a hemispherical channel (PSK) its internal radius
being 300 mm. The central channel (CC) with the internal
diameter 142 mm and six channels for control rods (ab-
sorbing rods of lithium hydride) placed uniformly along
the circumference 360mm in diameter are welded on the
case head (cap).

As a rule, irradiation is realized in two experimental
channels — central and PSK - as well as in any point of the
bottom hall (10x10x2.5) m® in the field of PSK radiation.
The irradiated objects can also be placed into auxiliary
experimental channels. The levels of reactor radiation in
these channels are approximately 10 times lower than in
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CC. The operation on static power up to tens of kilowatts
is also possible. Reactor VIR-2M is fitted up with a shock
table what makes it possible to simulate if necessary the
effect of air-shock wave (ASW) with maximal overload
15 arbitrary units ~1s after n-y-radiation pulse.

Reactor BIGR (fast pulsed graphite reactor) put into
operation in 1977 is a pulsed reactor with hard neutron
spectrum most powerful in the world. It has got a shape of
a hollow cylinder with the following dimensions by fuel:
height - 67 cm, external diameter - 76 cm, internal diame-
ter - 18 cm. The reactor core consists of elements which
shape is similar to fuel rings of reactor BR-1M. The core
is divided into 3 blocks: immobile block, block of coarse
adjustment. A steel tube is used as a pulsed block. The
core is put into a hermetic casing filled with helium.

Irradiation is possible in the central channel of the con-
tainer (diameter — 10 cm, height — 550 cm) and outside
the core in a hall with the following dimensions:
(11.5x10x8)m”’. Due to a high level of residual gamma-
radiation the admittance to the hall is forbidden, thus, the
irradiated objects are delivered to the core (from the op-
posite sides) remotely on the special trucks.

SUZ (System of Monitoring and Safety Provision) of
the facility provides a means for generation in the auto-
mated mode of pulses on delayed neutrons of different
shape including rectangular ones. This mode serves to
simulate effects of NM radioactive products. The power
in this case can vary from 0.5 mo 500 MW, while duration
- from 0.5 to 100 s.

The reactor is equipped with a pneumatic test-shock table
UIS-5 what makes it possible to simulate the air shock wave as
well as complex effect of ionizing radiation and air shock
wave. The accelerated mass is up to 300 kg, overloads —
up to 1500g, time of load =5 ms.

CONCLUSION

Today INRP RFNC-VNIIEF possesses a unique stock
of electron accelerators and pulsed nuclear reactors as
well as two special irradiation complexes to simulate un-
der laboratory conditions the effects of NM penetrating
radiation, power generating systems and space on the spe-
cial-purpose objects. This ensures carrying out under
laboratory conditions of system researches of B u BT
standard objects radiation resistance against the effect of
NM penetrating radiation. The works on keeping test and
mastering new levels of effect are being constantly per-
formed on the facilities. There are also carried out the
works on creation of multi-terra-watt irradiation facility
GAMMA.
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TECHNIQUE AND INSTRUMENTATION FOR BUNCH SHAPE
MEASUREMENTS

A.V. Feschenko, Institute For Nuclear Research, Moscow 117312, Russia

Abstract

Bunch shape is one of the most important,
interesting but difficult to observe characteristics of a
beam in ion linear accelerators. Different possibilities of
bunch shape measurements are considered but the
emphasis is put on the Bunch Shape Monitors (BSM)
developed in INR RAS. The operation of BSM is based
on coherent transformation of a longitudinal structure of a
beam under study into a transverse distribution of a
secondary electron beam through rf scanning. BSM
characteristics found both by simulations and
experimentally are presented. Modifications of BSM are
described. Some experimental results of bunch
observations are demonstrated.

INTRODUCTION

A longitudinal distribution of intensity in bunches I(¢)
or I(z) as well as more complicated functions additionally
dependent on transverse coordinates and time are meant
by a bunch shape. The main requirement for bunch shape
measurements is phase resolution. In ion linacs for typical
bunch phase durations ranging from several degrees to
several tens of degrees the resolution of 1° looks
adequate. The corresponding temporal resolution, for
example for 400 MHz, equals to 7 picoseconds. Small
dimensions along the beam line, small beam distortion,
wide range of measurements in beam intensity and
sufficient one in phase, small power consumption and
sufficient lifetime are of importance as well.

In ion beams, as opposite to electron ones, an attempt
to extract information on bunch shape through beam
electromagnetic field results in aggravation of phase
resolution due to large longitudinal extent of the particle
field to say nothing of the frequency response range of a
beam monitor. The problem can be overcome if one
localizes a longitudinal space passing through which the
bunch transmits information on its shape. This approach
can be implemented if a longitudinally small target is
inserted into the beam and some kind of radiation due to
interaction of the beam with this target is detected.

Different kinds of radiation are used or proposed to be
used: Cherenkov radiation [1], detached electrons in case
of H-, including photo-detachment by a laser beam [2-4],
high energy electrons (8-electrons) [5], X-rays [6].
Electrons obtained due to residual gas ionization are also
used [7,8], the space of their generation being localized
by electron collimation and separation in energy.

However low energy secondary electrons are used most
extensively. The distinctive feature of these electrons is a
weak dependence of their properties both on the type of
primary particles and on their energy. Due to this features
the detectors can be used for almost any ion beam.
Among the characteristics of low energy secondary
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emission, influencing the parameters of the bunch shape
monitor, one can mark out initial energy and angular
distributions as well as time dispersion or delay of the
emission. Time dispersion establishes a fundamental
limitation on the resolution of the detector. The value of
time dispersion for metals is estimated theoretically to be
about 107°+107"* s [9], which is negligible from the point
of view of bunch shape measurements. The experimental
results of time dispersion measurements give not exact
value but its upper limit. It was shown that the upper limit
does not exceed (4+2)-10™"% s [10].

Operation of bunch shape monitors with low energy
secondary electrons is based on coherent transformation
of a time structure of the analyzed beam into a spatial
distribution of secondary electrons through rf modulation.
The first real detector is described in [11]. In this detector
the electrons emitted from the thin strip target are
accelerated by electrostatic field and simultaneously
modulated in energy by rf electric field. Further energy
analysis in a magnetic field enables to spatially separate
the electrons with different energies, each point of the
spatial distribution corresponding to a particular point of
the longitudinal distribution of the analyzed beam. The
detector described in [12] uses the same principle except
for the feature that the processes of electrostatic
acceleration and rf modulation are separated in space.
Both the above detectors use rf modulation in energy or in
other words a longitudinal modulation. Another
possibility is using a transverse scanning. The electrons
are modulated in transverse direction and deflected
depending on their phase. Spatial separation is obtained
after a drift space. In the first proposal of the bunch shape
detector with transverse modulation of low energy
secondary electrons, made in the early sixties [13], a
circular scan with the help of two rf deflectors is foreseen.
The circular scan provides a band of measurements equal
to a full period of the rf deflecting field. However the
bunches in linear accelerators are normally much shorter
than the period and instead of a circular scan one can use
a linear one thus twice loosing the phase range of
measurements but essentially simplifying the detector.

BSM WITH TRANSVERSE SCANNING

Principle of Operation

The BSM operation principle has been described in
detail earlier [14+16]. Briefly it can be repeated with the
reference to fig. 1. The series of bunches of the beam
under study crosses the wire target 1 which is at a high

negative potential (U about -10kV). The target
represents a tungsten wire of 0.1 mm diameter.

Interaction of the beam with the target results in emission
of low energy secondary electrons. The electrons are

targ
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accelerated by electrostatic field and move almost radially
away from the target. A fraction of the electrons passes
through input collimator 2 and enters rf deflector 3
operating at a frequency equal to or multiple of the linac
accelerating field frequency. Deflection of the electrons at
the exit of the rf deflector depends on their phase with
respect to deflecting field. Downstream of the drift
distance the electrons are spatially separated and their
coordinates are dependent on phase of the deflecting field.
Temporal structure of the analyzed ion beam is initially
transformed into that of secondary electrons and then into
spatial distribution of the electrons. The intensity of the
electrons at a fixed coordinate is proportional to the
intensity of the primary beam at a fixed point along the
bunch. These electrons are separated by output collimator
4 and their intensity is measured with electron detector 5.
Adjusting the deflecting field phase with respect to
accelerator rf reference, one can obtain a longitudinal
distribution of charge in the bunches of the analyzed
beam.

g

- U, v
~Uge + %s\n{rm‘#—gﬂ)#—[._ﬂm

[;"g Secondary electrons Ifz)
A  U—
~ Ii ,)’"W,j’é

Analyzed beam

\ - U, . -
| | -U foc + % sin(ar + @)~ U gopr
i

Figure 1: Principle of operation of Bunch Shape Monitor
(1 - target, 2 - input collimator, 3 - rf deflector combined
with electrostatic lens, 4 - output collimator, 5 — electron
collector).

Main Parameters

The most important characteristic of BSM is its phase
resolution. We define phase resolution by a simple

relation Agp = AZ , where Z

max

« 1s the amplitude of

nz

electron displacement at collimator 4 plane, n is a
harmonic number of the deflecting field with respect to
the fundamental bunch array frequency and AZ is a full
width at a half maximum of the electron beam at the
collimator 4 for zero phase duration bunches of the
analyzed beam. To decrease AZ and hence to improve
the resolution the electron beam must be focused. In the
first BSM [14] a separate electrostatic lens located
between the input collimator and the rf deflector was
used. Later rf deflector was combined with electrostatic
lens [17] by additionally applying focusing potential U .

to the deflector electrodes (fig.1). This solution enabled to
bring the deflector nearer to the input collimator thus
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decreasing temporal structure distortions and to improve
deflector stability by reliably suppressing multipactoring.
To steer the electron beam additional potential difference
U is also applied between the deflector electrodes.

Evidently the size of the collimator should not exceed
AZ . Otherwise the size of the collimator is to be used in
the above formula instead of electron beam size AZ .

The value of maximum displacement Z can be both

max
calculated and found experimentally [15]. As for the AZ
value, its finding is not a trivial task. To find the value of
AZ for the purpose of phase resolution evaluation both
theoretical and experimental data are used. Initially
focusing properties of the detector can be found
experimentally using thermal electrons. Heating the wire
target made of tungsten, it is possible to visually observe
the thermal electron beam on the phosphor covering the
front surface of the plates of collimator 4 through the
viewing port. The size of the focused beam of secondary
electrons can be measured by adjusting the steering
voltage U for the turned off rf deflecting field. After

that computer simulations can be done to find the value of
AZ for real parameters of the low energy secondary
electrons taking into account a real spatial distribution of
the deflecting field. Sometimes instead of full width at a
half maximum a double rms size is used.

The simulations are done with the following
assumptions. Bunches of the primary beam are considered
to have a S-function type longitudinal distribution. The
target is an ideal cylinder with no surface roughness.
Deceleration of primary electrons in target material is not
taken into account. Initial energy of secondary electrons is
distributed within the range of 0+30eV according to a
typical for secondary emission distribution function [9].
Initial angles with respect to the emitting surface are
randomly distributed within the hemisphere. The delay of
emission is randomly distributed within the range of
(0+6)-10"s.

To simulate electron motion from target 1 to input
collimator 2 three models have been examined: coaxial
line model, wire and plane model and a model with a real
3D geometry. Due to concentration of the electric field in
the vicinity of the target the influence of the outer
boundaries in not essential and all the three models give
approximately the same results. The fields in the deflector
are calculated in a quasi-static approximation.

The example of typical behaviour of phase resolution
versus deflecting voltage for different input collimator
sizes is presented in fig. 2. The calculations are done for
the frequency of 352.2 MHz. Because of displacement of
the trajectories of those electrons, which pass through the
output collimator, off the deflector axis due to rf
deflecting field the electrons are defocused and the value
of AZ increases with increasing of the deflecting voltage.
As a result the resolution changes rather slowly within a
wide range of the deflecting voltages. The effect depends
on electron beam size in the deflector which depends on
the input collimator size.

steer

steer
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Figure 2: Dependence of phase resolution on deflecting
voltage for different input collimators.

Another important characteristic is an ability of
measuring small intensities. This feature is especially
important for longitudinal halo measurements. Using a
secondary electron multiplier as an electron beam detector
5 (fig.1) enables the measurements to be done within 5
orders of intensity magnitude.

The limitation of BSM use for high intensities is due to
two reasons. The first one is target heating. In case of
tungsten target before its destruction the overheating is
manifested as arising of thermal electron current. A bunch
substrate increasing within the beam pulse is observed
when bunch behaviour within the beam pulse is measured
[16].

The second limitation is effect of space charge of the
analysed beam.

Influence of Analyzed Beam Space Charge

Influence of electromagnetic field of the analyzed beam
on bunch shape measurement accuracy has been
estimated and analyzed elsewhere by several authors
including the author of this report [18-23].

The influence of the electromagnetic field of the
analyzed beam results in two effects: deterioration of
phase resolution and appearance of a specific error which
we call phase reading error. Deterioration of phase
resolution results in a loss of a fine longitudinal structure
and phase reading error distorts the shape of the measured
function. Both effects depend on many parameters and
vary along the bunch. As opposite to the phase resolution
which is influenced by many factors the phase reading
error is due only to electromagnetic field of the analyzed
beam.

We use two models for the analysis of bunch field
influence for two utmost cases. The first model is suitable
for relatively long bunches. Boundary conditions are
supposed to be kept constant while the bunch passes the
BSM chamber. The fields are found by multiple solving
of Poisson equation in the beam frame for fixed bunch
positions as the bunch passes the chamber. Electrostatic
fields found in the beam frame produce both electric and
magnetic components in the lab frame. The field effecting
secondary electrons is represented as a superposition of
electromagnetic field of the bunch and an unperturbed
electrostatic field due to target HV potential. In case of
short bunches the charge distribution providing
invariability of target potential has no time to be formed.
Electrostatic fields of the bunch in the beam frame are
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found by Poison equation multiple solving for boundary
conditions with the target absence. The field effecting
secondary electrons is found similarly to the first model
as a superposition of electromagnetic field of the bunch
and an unperturbed electrostatic field due to HV potential
applied to the target. The considerations on applicability
of the models are given in [22].

Figures 3 and 4 demonstrate a behavior of phase
resolution and phase reading error along the bunch of H'
beam for the two models. In both cases the target position

is at the beam center.
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Figure 4: Resolution and phase reading error for the
following beam parameters: W=200 MeV, o,=1.2 mm,
0,=1.2 mm 0,=2.1° (Model 2).

Experimental data available [22] demonstrate
applicability of BSM for the measurements at high peak
currents, but do not reveal the measurement errors and are
not straightforward ones. The only directs experiment
confirming negligibility of the errors was done with the
20 mA beam [15]. The measurements were done for the
full beam and for the beam collimated at the BSM
entrance. No difference in the measured distributions was
observed.

MODIFICATIONS OF BUNCH SHAPE
MONITOR

Additionally to the basic detector above described there
are three BSM modifications: BSM for H beams, Bunch
Length and Velocity Detector (BLVD) and Three
Dimensional Bunch Shape Monitor (3D-BSM).

BSM for H- minus Beams

In case of H beam a fraction of the detached electrons
after interaction with the BSM target gets into the
secondary electron channel of BSM and the detected
signal represents a superposition of signals due to low
energy secondary electrons and the detached electrons
[24]. The effect has been analyzed in [25]. The energy of
the detached electrons differs from that of low energy
secondary electrons so the two groups of the electrons can
be effectively separated. BSM for H beam includes
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additional element — bending magnet located between the
output collimator and the electron detector.

Bunch Length and Velocity Detector

BLVD is a BSM, which can be mechanically translated
along the beam line [26-29]. In this detector a time of
flight method of energy measurements is implemented.
The translation results in a shift in phase of the observed
distribution. Measuring the value of the translation and
the value of the shift one can find an average velocity of
the beam. The accuracy of bunch shape measurements for
this detector is the same as for normal BSM. Special
procedure of velocity measurement enables to decrease
systematic error to +0.1%. Total error of velocity
measurements is typically within +(0.3+0.4)%.

Three Dimensional Bunch Shape Monitor

3D-BSM is aimed to measure a three dimensional
distribution of charge in bunches [30,31]. Due to high
strength and concentration of electric field near the wire
target the electrons move almost perpendicular to its axis
with very small displacement along the wire in the area
between the target and the input collimator. Additional
slit perpendicular to the target installed outside the beam
enables to separate the secondary electrons emitted from a
fixed coordinate along the wire. For fixed position of the
wire and fixe position of the additional slit the intensity of
the electrons passed through the slit is proportional to
beam intensity at the fixed transverse coordinate. The
phase distribution of the separated electrons is measured
in the same manner as in basic BSM. Moving the target
and the slit and each time measuring longitudinal
distribution one can obtain a three dimensional
distribution of charge in bunches.

INRACTIVITY IN DEVELOPMENT AND
FABRICATION OF BUNCH SHAPE
MONITORS

The first BSM with transverse scanning of low energy
secondary electrons has been developed and built in INR
in the eighties and the first measurements has been done
in 1988 during commissioning of INR linac. Since that
time BSMs of various modifications have been developed
and built for several accelerators including SSC Linac
(four BSMs), CERN Linac-3 (one BLVD), CERN Linac-
2 (two BSMs, one 3D-BSM), DESY Linac-3 (two BSMs,
one BLVD), JHP-RFQ (one BLVD), SNS Linac (eight
BSMs), CERN Linac-4 (one BSM), J-PARC Linac (three
BSMs).

It should be noted that the detectors of this type have
also been developed in other laboratories [32-34].

MAIN BSM SYSTEMS

The main BSM systems are rf system, HV system,
electron detection system and control system.
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RF System

The system includes rf deflector, rf amplifier and phase
shifter. Depending on bunch lengths and BSM design
features both fundamental bunch array frequency and
higher harmonics are used. There is a variety of deflector
types used in BSMs. For the deflector combined with the
electrostatic lens the most suitable are the cavities based
on coaxial or parallel wire lines. HV potentials are
applied to the deflector electrodes at zero points of rf
electric field. Typical value of rf power required for
deflector excitation is near 10 W. Phase of the deflecting
field is normally adjusted from pulse to pulse and the
most suitable are voltage controlled electronic phase
shifters.

HV System

The system is intended to supply HV potentials to the
target and electrostatic lens as well as to secondary
electron multiplier. Typical value of target potential is
—10 kV. To provide BSM tuning with thermal electrons a
filament source is foreseen at HV target potential. To
provide steering of the electrons an adjustable voltage
difference of several hundred volts must be superimposed
on focusing potential.

Electron Detection System

Secondary electron multipliers are most widely used. In
this single channel system only one phase point is
detected for a fixed phase setting hence multiple beam
pulses are required for bunch shape measurement. The
detection system of 3D-BSM [31] uses 30-channel
electron collector thus enabling the measurement of the
whole longitudinal distribution to be done per single
beam pulse. This possibility also exists in BSM described
in [33, 34] where the electrons are detected with micro
channel plate, phosphor screen and CCD camera.

Control System

In principle any type of control system can be used.
However the most recent our developments are based on
LabView platform with the use of National Instruments
control modules.

DEMONSTRATION OF MEASUREMENT
RESULTS

Here just for demonstration we confine ourselves with
basic BSM or its modification for H beam with a single
channel for electron signal detection. Normally different
phase points are measured for different beam pulses and
the signal is digitized within the beam pulse. It is implied
that bunches are reproducible from pulse to pulse though
can vary within the beam pulses. Bunch shape
measurements can be used for restoration of longitudinal
emittance, setting of accelerating field parameters,
longitudinal beam matching etc. However the data
directly obtained from BSM represent no more than a two
dimensional function of phase and time. If the
measurements are done with increased gains of secondary

Control and diagnostic systems



Proceedings of RUPAC2012, Saintl-[Petersburg, Russia

electron multiplier a longitudinal halo and bunch tails can
be observed after stitching together the pieces of the
measured functions. The examples of such a data reported
in [35] are shown in fig. 5, 6.
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Figure 5: Typical BSM experimental data.
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Figure 6: Longitudinal profile combined from several
measurements with gains ranging within 3500.
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BEAM DIAGNOSTIC INSTRUMENTATION FOR THE
NSLS-II BOOSTER *

O.1. Meshkov, BINP, Novosibirsk, Russia; NSU, Novosibirsk, Russia
V.V. Smaluk, BINP, Novosibirsk, Russia

Abstract

For a successful commissioning and for effective
operation of the NSLS-II Booster a number of beam
parameters should be measured in real-time mode. The
main parameters and features of the diagnostics of the
NSLS-II booster are briefly described. The diagnostics
will be applied as well as during booster commissioning
as well as during routine operations.

List of diagnostics

Six fluorescent screens (beam flags) are used for
Booster commissioning and troubleshooting. The beam
closed orbit is measured using electrostatic BPMs with
turn-by-turn capability. The circulating current and beam
lifetime are measured with DCCT. The fill pattern is
monitored with FCT. The betatron tunes are measured
with a set of two pairs of striplines, the first pair is for
excitation and the second one — for beam response
measurement. Visible synchrotron radiation is used for
observation of the beam image during ramp and for
emittance measurement. (Fig.1)
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Figure 1. Layout of Booster beam diagnostic

vibration, etc.). The schematic layout of the Booster is
shown in Fig. 1, the beam diagnostic instruments are
marked. The beam diagnostic instruments are listed in

The supplied equipment and subsystem components are
durable and capable of operating in the accelerator
environment (with the presence of EMI, radiation,
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Table 1: Booster beam diagnostic instruments.

Diagnostic device Number
BPM 37
DCCT 1
FCT 1

SR monitor 2
Fluorescent screens (Beam flags) 6
Stripline 2
Tune measurement system 1

Beam Position Monitors

To provide the accuracy of orbit measurement, which is
sufficient for good orbit correction, it is recommended to
use at least 4 BPMs per one period of betatron oscillation.
One more BPM will be installed between the extraction
septum magnets. Therefore, total number of BPMs is 37.
Each BPM consists of four RF pickup -electrodes
connected to vacuum-tight feedthroughs with a
characteristic impedance of 50 Q.

Two types of BPM have been designed. The 1%-type
BPM has an elliptical cross-section 41%x24 mm, the button
electrodes are placed at an angle of 45 degrees relative to
the horizontal axis, total number is 28. The 2"-type BPM
has an elliptical cross-section 60x21 mm, the button
electrodes are placed at an angle of 30 degrees relative to
the horizontal axis, total number is 9.The BPM
electronics should provide turn-by-turn beam position
measurements and the beam orbit measurement. The
vacuum-tight feedthrough with mounted button electrode
and SMA plug is produced by MPF Products [1]. This
part of BPM is exactly the same as for NSLS-II beam
transport lines.

DC Current Transformer

A DC Current Transformer is used to measure the beam
current, lifetime and injection efficiency. A Bergoz New
Parametric Current Transformer (NPCT) [2] has been

chosen. The device should provide the following
specifications:
Beam current range 0-50 mA
Resolution <5 nA/Hz"
Bandwidth DC to 10 kHz
Output voltage range from | -10 Vto 10 V

The In-Flange NPCT-CF4.5"-60.4-120-UHV-C30-H
with radiation-tolerant sensor will be installed at the
Booster. The In-Flange version of the transformer is
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mounted in the vacuum chamber between two flanges,
has short axial length, includes a ceramic gap
vacuum-brazed on kovar.

Fast Current Transformer

A fast current transformer is used to measure individual
bunch charges (intensity) and filling pattern. To fulfill the
Specifications, the wideband current transformer Bergoz

FCT-WB-CF6"-60.4-40-20:1-UHV-H [3] has been
chosen
Bergoz In-flange.FCT is a wideband current

transformer designed to be bolted in place as part of the
accelerator vacuum chamber. Its purpose is to observe the
beam longitudinal profile or waveform up to the highest
possible frequency allowed by the current transformer
bandwidth.

Table 2: Specifications of Bergoz FCT

Turns ratio 20:1
Sensitivity (nominal) 1.25 V/A
Rise time (typ.) 200 ps
Droop <6 %/us
Upper cutoff frequency -3 dB (typ.) | 1750 MHz
Lower cutoff frequency -3 dB <9.5 kHz
Position sensitivity (on axis) 0.2 %/mm
L/R time constant (min.) 17 ps
Max. charge/pulse (pulses <1 ns) 0.4 uC
Max. peak current (pulses >1 ns) 400 A
Max. r.m.s. current (f > 10 kHz) 14 A

Fluorescent Screens

The beam flag consists of an integrated system of
components that can be reconfigured and interchanged,
whereby Cerium-doped Yttrium Aluminum Garnet
(YAG:Ce) screen can be easily taken out of a
UHV-compatible body. Typical resolution of the
fluorescent screen is about 50 pm. The YAG plates are
produced by Crytur Company [4] (Czech Republic).

The screen is placed inside a cylindrical volume and
move inside and outside of the vacuum chamber. The
CCD-camera is placed outside the median plane of the
accelerator and is radiation-protected with the lead shield.
The screen can move between two fixed positions, inside
and outside of the vacuum chamber.

The CCD camera GCI1290 [5] (Allied Vision
Technology, USA) will be used for the beam image
registration. To move the beam flag, the pneumatic drive
DSNU-25-80-PPS-A [6] (FESTO Company, Holland) is
used.

Synchrotron Radiation Monitor

The synchrotron radiation (SR) monitor provides
routine measurements of transverse beam profiles and
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beam sizes with spatial resolution better than 50 um in
each plane. The synchrotron radiation monitor consists of
a metallic mirror placed inside the vacuum chamber, light
output window, image formatting optics and a CCD
camera. Two ports of SR output are proposed; the first
one is located in the 3™ arc, the second one is close to the
diagnostic straight section.

Tune Measurement System

The tune measurement system should provide
measurement of the betatron tunes in the range of £0.5 (in
units of the revolution frequency) around the design
working point. The measurements have to be performed
for a single bunch charge of 100 pC and for a train of 150
bunches with 10 pC/bunch for each injector cycle without
any data drop. The tunes should be available to the
injector control system during whole energy ramp
duration T, between the beam injection and extraction
with at least 20 time steps. The system should have an
ability of magnifying the tune range of interest and
providing sampling of every booster ramp (Tab. 3).

Table 3: Parameters of the tune measurement system

Tune measurement error less than
0.0005

Time of a single measurement ~4 ms

(vy and v,) (measurement mode)

Time of one scanning in full 500 ms

frequency range (search mode)

Budker Institute has a large experience in development
and usage of tune measurement systems. A tune
measurement system, similar to the described below, has
been implemented for the Siberia-2 storage ring at
Kurchatov Institute (Moscow, Russia).

The system is able to perform tune measurements using
two methods.

The kicking method is the main one. The beam is
excited by radio frequency (RF) pulses with the frequency
close to fz=(1+ w,)fo, where f; is the revolution
frequency, 14, — is the fractional part of the horizontal
(vertical) tune. Duration of the RF pulse is 100-500 us.

The second method of tune measurement is based on
white noise beam excitation. To excite the betatron
oscillations, white-noise signal is used instead of RF
pulses. Total number of measurements during the Booster
energy ramp is 128 (64). The measurements of horizontal
and vertical tunes are performed simultaneously.

Striplines

Two identical sets of four 50-Ohm striplines are used.
One set is a kicker for beam excitation; another one is a
pickup for measurement of a beam response signal..

The stripline electrodes used for kick are mounted at
the angle of 45° relative to the horizontal plane using a
BINP-made 50 Q/450°C vacuum-tight feedthrough for
SMA plug with bearing capacity Characteristic
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impedance of the stripline is close to 50 Q. The length of
stripline is 450 mm, which is about 3A/4 (A is the
wavelength) at RF frequency of 499.68 MHz.

Design of Interface Between Booster Diagnostics
System and Booster Control System

Booster Diagnostics control subsystem will conform to
NSLS-II control system standards. It will be EPICS-based
and the preferable operating systems for IOCs are
RTEMS (Real-Time Executive for Multiprocessor
Systems) and Linux. The diagnostics controls pursue the
utilization of commercial off-the-shelf hardware to reduce
cost as well to achieve better reliability.

Conclusion

A list of typical problems of the accelerator physics
related to the measurements of beam parameters can be
conventionally divided into three stages.

1.Commissioning: passing of the beam in transport
lines; measuring of the beam emittance and matching it
with the accelerator acceptance; observation and
correction of the beam trajectory at the first turn closing;
beam monitoring during adjustment of injection and
capture by the accelerating RF-field.

2.0Operative control for a regular work. At this stage
routine measurement and correction of the following
beam parameters are necessary: circulating current and
lifetime; filling pattern; closed orbit; betatron and
synchrotron frequencies; chromaticity; longitudinal and
transverse beam sizes.

3.Accelerator physics tasks necessary for the
optimization of the machine operation: measurement and
correction of magnet lattice functions; study of nonlinear
beam dynamics; research of collective effects and
suppression of instabilities; analysis of external
beam-perturbing factors.

We believe that the diagnostics described above are
adequate for solving of all these problems.
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HIGH-VOLTAGE ACCELERATORS INTENDED TO PRODUCE
CONTINUOUS AND PULSE NEUTRON FLUXES
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Abstract

Recently, in NIIEFA a series of high-voltage
accelerators intended to produce continuous and pulse
neutron fluxes with a yield of 10'°-10'* n/s has been
designed. The facilities designed can be used for
operation in the continuous, microsecond and nanosecond
modes, in any combination. In the pulse microsecond
mode, ion currents of up to 100 mA with pulse lengths
ranging from 2 up to 100 ps can be obtained on target. In
the nanosecond mode, the accelerator produces an ion
beam current of up to 5 mA with a pulse length in the
range of 2-30 ns.

Over the last years the interest towards pulse neutron
generators is growing due to continuation of research in
the field of nuclear physics using time-of-flight methods.
One more reason of such interest is that the development
of high-effective systems for the detection of fissionable
substances, explosives, drugs and poisons is a currently
central issue. R & D works have been carried out in
NIIEFA to design and build neutron generators, which
produce neutron fluxes of high-intensity in the continuous
operating mode and, in addition, will be capable of
producing neutron fluxes in a wide range of the pulse
repetition rate and pulse length.

The NG-12-2 neutron generator [1] is a high-voltage
accelerator of deuterium ions with an acceleration voltage
of 300 kV and a beam current of deuterium atomic ions of
up to 15 mA.

The general view of the NG-12-2 neutron generator is
shown in figure 1.

Figure 1: The NG-12-2 Neutron Generator Installed in the
Institute of Nuclear Physics and Chemistry, CAEP, China.

*d-soln@luts.niiefa.spb.su
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The ion injector is installed in a high-voltage terminal
of the accelerator and consists of an ion source with initial
beam forming system, analyzing 90° electromagnet,
autonomous vacuum system, electric power supply and
control systems. The ion source is of an ECR type with a
four-electrode ion beam forming system [2]. Spatial and
angular characteristics of the beam at the accelerating
tube input are controlled with a double-focusing
analyzing electromagnet and electromagnetic solenoid
lens.

The ion optical system of the accelerator was designed
so that to obtain at the accelerator output in the switching
magnet plane a deuterium ion beam with a current of up
to 20 mA, an emittance and regular divergence values
required for its further transport towards the target. A 45°
electromagnet serves for the beam switching to two
beamlines. The first of them is intended for the operation
in the continuous and pulsed microsecond modes. An ion
beam with a pulse length of 10-100 ps and pulse
repetition rate up to several kHz is produced by the
microwave discharge modulation in the ion source. The
second is designed for the production of ion pulses with
the 1-2 ns length on a stationary target. Such pulses are
produced in a beamline, which consists of a beam
chopper, klystron particle buncher, target device and beam
focusing and measuring system. The system of
nanosecond pulse forming is described in detail in [3].
The length of the beamline is about 6 m.

Thus, the neutron generator described in the paper
allows a beam of atomic ions with a current of up to 15
mA and beam diameter of 20 mm to be obtained on a
rotating target of 230 mm diameter. In the pulsed mode, a
pulse length can be 10-100 ps and current amplitude of up
to 20 mA. In the second beamline, a peak ion current of
10 mA with a pulse length of 1.7 ns was obtained. The
pulse repetition rate can be set to 1, 2, 4 MHz; a mode is
provided when it can be smoothly varied in the 1-100 kHz
range.

The generators of the NH-12-2 model can be
successfully operated at large research centers. However,
there exists a demand for less expensive generators with
lower neutron yield but also equipped with auxiliary
systems to widen the fields of possible applications.

The NG-111 neutron generator is designed for a neutron
yield of 5x10''n/s in the continuous operating mode. It is
equipped with a system for production of pulse neutron
fluxes in the microsecond range by modulating the ion
source discharge. The generator is a deuterium ion
accelerator with an acceleration voltage of 180 kV and
atomic ion beam current on target up to 5 mA. An ECR
ion source is also used in the accelerator. An
electromagnetic analyzer mounted behind the accelerating
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tube serves for the mass separation of the ion beam and its
simultaneous switching between two beamlines. This
makes much simpler the design of the injector and the
whole accelerator. The ion-optical system of the
accelerator with the main focusing element being an
adjustable input lens of the accelerating tube serves to
form a beam with parameters required for its transport to
the target in the continuous operating mode and its
modification in the beamline, in which a nanosecond
pulse is produced. The latter is completely similar in
design to the beamline of the NG-12-2 neutron generator.
The NG-111 generator is shown in Figure 2.

i
Figure 2: The NG-111 neutron generator at a test facility.

One more generator, the NG-111I-1, with a yield of
2x10" n/s has been developed on the basis of
duoplasmatron ion source, which allows shorter beam
current pulses, compared to the ECR source, to be
obtained in the microsecond mode. This is very important
for certain applications. Figure 3 shows the general view
of the NG-111-1 neutron generator.

Figure 3: The NG-11I-1 Neutron Generator at a Test
Facility in the MIPHI.
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A deuterium ion beam produced by the duoplasmatron
is accelerated up to 180 keV, separated with a 90°
electromagnetic analyzer and directed towards the target
through a beamline. The atomic ion beam current on
target is up to 3 mA both in the continuous and
microsecond pulse modes. To produce nanosecond pulses,
a system similar to that of the NG-12-2 generator is used
with minor modifications in power supply systems of the
beam chopper and buncher.

Nowadays, the designing of the NG-10 neutron
generator has been finished and works on its
manufacturing have been started. This machine is
designed to work as a reference source of a neutron flux
and neutron flux density. The accelerator is designed for
obtaining a stable current of an atomic deuterium ions on
target up to 500 pA with the acceleration voltage
smoothly controlled in the 120-150 keV range.
The generator can be operated both in continuous and
pulse modes. The current amplitude of the atomic
deuterium ions is 1mA, pulse length can be varied from 2
up to 100 ps, pulse repetition rate can be controlled from
single pulses to 20 kHz.

Works to increase the neutron flux intensity are in
progress. For the neutron generator with a yield of
5x10'2-10" n/s, an ECR ion source with a current of up to
100 mA and pulse lengths in the 10-200us range has been
designed. The source has been successfully tested at a test
facility in NIIEFA.

The control systems of the designed generators are
based on industrial computers, which provide control of
the accelerator parameters, keep the parameters within a
selected range, inform the operator on the current state of
the main sub-systems and switch the accelerator off in
case of an emergency. The power supply sources of the
accelerators operate at a frequency of 20 Hz, which
allowed their overall dimensions to be significantly
decreased and the stability of operation to be increased.
High-voltage systems are controlled via fiber-optical
communication channels.

In conclusion, four neutron generators have been
designed and built over the last years in NIIEFA. These
machines can satisfy a demand of research centers for a
sufficiently wide range of applications. Different
configurations of these accelerators can be provided and
output parameters can be varied on request.
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Abstract

A CCI-3 cyclotron system has been designed to be
installed in the Vinca Institute of Nuclear Sciences,
Belgrade, Serbia. This system will be operated in the
laboratory of nuclear-physical methods of the elemental
analysis. The system includes a compact cyclotron and a
system for beam shaping with specified energy
characteristics. The cyclotron ensures the acceleration of
negative hydrogen ions up to energy in the range from 1
to 3 MeV and a beam of protons is extracted by stripping
on a thin carbon foil. The beam-shaping system ensures
the beam of protons with a spectrum width not more than
0.1%. The main unit of the beam-shaping system is a
magnetic analyzer with a bending angle of 270°. To date,
the equipment of the cyclotron system has been
manufactured and tests have been carried out on test
facilities in the D.V. Efremov Institute. Installation will
be performed in 2012.

The CC1-3 cyclotron system has been designed at the
D.V. Efremov Scientific Research Institute of
Electrophysical Apparatus (NIIEFA), St. Petersburg with
an active participation of specialists from the Vinca
Institute of Nuclear Sciences, Belgrade, Serbia. The
system will ensure effective technological facilities
necessary to carry out analytical research in the Vinca
Institute, in particular RBS, PES, NRA u PIXE
spectroscopies. Strict requirements are imposed for
parameters of accelerated proton beams: the energy range
should be from 1 to 3 MeV, spectrum width no more than
0.1%, accuracy of energy setting not worse than 1 keV
and current ranging from 10 to 100 nA.

To attain the aforementioned parameters, we have
chosen the version of the system consisting of a compact
cyclotron with a beam-forming system (Fig. 1) and
systems of power supply, automatic control, vacuum
pumping and water cooling.

The compact cyclotron is intended to accelerate
negative hydrogen ions. An extraction by stripping on a
thin carbon foil allows a proton beam with a final energy
up to 1-3 MeV to be delivered. The current of the
extracted beam of protons is 20 pA. The cyclotron
comprises the following units and elements: an
electromagnet with a vacuum chamber, resonance system,
probes and stripping device, external injection system and
high-frequency generator.

"Mudrolubov_VG@]uts.niiefa.spb.su
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The beam-forming system is designed to ensure beam
parameters, which are not typical for cyclotrons. The
beam-forming system includes a matching magnet and
switching magnets, doublet of quadrupole lenses,
correcting electromagnets and magnetic analyzer.

Figure 1: The compact cyclotron CC1-3 with a beam-
forming system.

The major part of the cyclotron is a four-sector
shielding-type electromagnet (Fig. 2). The electromagnet
is 1400 mm in dia, pole diameter is 600 mm and average
induction is 0.98 T. Gap hills/values are 50/100 mm. The
maximum acceleration radius for the 3 MeV energy is
250 mm. The power consumption of the magnet is 5.2
kW; its mass is 6.5 tons. The upper beam of the magnet
can be moved upward up to 500 mm.

)

Figure 2: The magnet of the cyclotron.
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The vacuum chamber of the cyclotron (Fig. 3) consists
of a casing and two covers. The casing is a hollow thick-
walled cylinder of carbon steel, which simultaneously is a
part of the iron core. Pole pieces of the magnet with
welded rings of stainless steel are the covers of the
chamber. Such a structural concept provides necessary
mechanical strength of the chamber and also forms a type
of a volume to improve pumping of the vacuum chamber.
A cryogenic pump, vacuum chamber of the matching
magnet, RF power in-feeding device, AFT trimmer,
stripping device and probes are fastened to flanges of the
vacuum chamber casing.

with
accelerating system, stripping device and probes.

Figure 3: The vacuum chamber resonance

The resonance accelerating system is located
completely inside the vacuum chamber volume and is
fixed to a side surface of the vacuum chamber casing. The
system consists of two mirror-symmetrical quarter-wave
resonators. An inner conductor of each resonator consists
of a dee and a stem. The dees in the vicinity of the magnet
axis are galvanically coupled. An outer conductor of the
system is claddings of the magnet and vacuum chamber
valleys as well as plates connecting the upper and lower
claddings of chamber. The side surfaces of the valley
claddings follow the shape of the side surfaces of the
magnet sectors and serve as dummy dees. The system is
equipped with an inductive RF power in-feeding device,
AFT trimmer and RF-probe. Stems, dees and claddings
are cooled with water. The central part of the dees is
made removable and it is cooled by thermal contact with
the dees. The operating frequency of the resonance
system is 59.7 MHz and it corresponds to the 4™ harmonic
of the revolution frequency for hydrogen ions. The design
power of active losses in each resonator is 1.6 kW at an
RF voltage amplitude of 25 kV.

The high-frequency generator consists of a control and
stabilization module and RF-power amplifier. The main
parameters of the high-frequency generator are as
follows: operating frequency — 59.7 MHz, frequency
stability — 1.107, phase stability — +0.5°, output power —
5 kW and accelerating voltage amplitude stability — 10,
Generator triode 3CWS5000A7 is used in the power
amplifier. The RF power is transmitted to the resonance
system through a flexible coaxial feeder.
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Three versions of a negative ion beam generation are
considered in the technical project: radial or axial inner
sources and an external injection system. Stringent
requirements are imposed on the energy spectrum of the
accelerated ion beam and current stability, therefore the
last version of the aforementioned has been chosen. The
external injection system is located under the
electromagnet. The system consists of a source of
negative ions with an ion-optical system for the beam
additional acceleration and focusing, differential pumping
chamber, two electrostatic lenses, spiral inflector and an
ancillary equipment. The ion beam current at the injector
output is 0.5 mA, ion energy is 11.5 keV, calculated
normalized emittance is not more than 0.3 @ mm-mrad.

The cyclotron is equipped with two probes designed for
removal of the maximum beam power of 60 W. The
probes have similar connection dimensions, electrical and
water connectors. A remote drive ensures radial travel of
the probes from the minimum allowed position of ~ 100
mm to the position when the probes are outside the
acceleration area. The stripping device is equipped with a
drive, which allows one of three charge-exchange foils to
be quickly installed to the working position and also the
foil radius and angle of location to be varied. The charge-
exchange foil is a carbon film of 0.2 um thickness with a
glue substrate. We were not sure if this foil would suit us
as 1 MeV ions lose ~15 keV when passing through the
foil. In this connection, pilot samples of this foil were
manufactured and tested on the operating cyclotron
CC-18/9 with an ion energy of 1-2 MeV. Simultaneously,
a technique for fabrication of foils with a smaller
thickness has been developed and tried out, which will
allow energy losses to be reduced and reliability of the
stripping device to be increased.

The major part of the beam-forming system is an
analyzer, which consists of an analyzing magnet (Fig. 4)
and two collimators installed at the inlet and outlet of the
analyzing magnet vacuum chamber. The analyzing
magnet ensures a bending angle of 270° with a bending
radius of 600 mm. To expand the potentialities of the
beam-forming system, three fixed dimensions of the input
and output slits of 0.5, 1 and 2 mm are provided. The
design energy resolution behind the output slit is not
worse than 0.05%.

Figure 4: The analyzing magnet.

Medical and industrial applications
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The matching magnet is intended to make coincident
the axis of the extracted beam with the ion guide axis. A
doublet of quadrupole lenses focuses the beam to the
input slit of the analyzer. The switching magnet specifies
the beam bending angle for its further transport, either 0°
or £15°. To measure the beam parameters when it is
transported to targets, the beam transport system contains
the following diagnostic means: beam profile monitors
(scanners), which are used to measure the beam profile in
horizontal and vertical planes, and Faraday cups to
measure the beam current.

The power supply system is intended to supply electric
power to the cyclotron equipment. The maximum
installed power of the equipment is 40 kW. The system
consists of a power switchboard, two power supply racks
for magnets and lenses and two power supply racks for
the external injection system as well as power supply
units for step motors and the mechanism moving upward
the upper beam of the magnet.

The automatic control system is of distributed
architecture. It consists of Mitsubishi and Fastwel 10
controllers and computers, each being responsible for the
control of one or several sub-systems of the cyclotron.
The main unit of the control system is an industrial (host)
computer, which inquires slave controllers and transmits
the information acquired to computers of the operator’s
workstation; receives commands from the operator’s
workstation and performs their arbitration and
distribution. Data exchange is realized via network
interfaces of three types: the Ethernet, an upper level
network, the ProfiBus DP and RS-485, low-level
networks.

The Ethernet networks the host Mitsubishi controller,
which is responsible for the control, interlock and
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signaling sub-system, host computer, computers of the
operator’s workstation, computer of the beam current
measuring system and an industrial computer, which
controls the RF system.

The ProfiBus DP links the host controller, controllers
of devices of the cyclotron, and beam-forming system,
vacuum system, power switchboard, power supply racks
of the external injection system, water cooling system as
well as control units of the power supply system of
magnets and lenses. The RS-485 networks the host
computer, vacuum measuring units and controllers of
turbomolecular pumps as well as the computer of the
beam current measuring system and drivers of step
motors of devices for measuring the beam current density.
In addition, the RS-485 links the controller of the
cyclotron and beam-forming system devices with drivers
of step motors of probes and the stripping device.

The vacuum system contains a cryogenic pump used in
the vacuum chamber of the cyclotron, four
turbomolecular pumps for the external injection system
and beam-forming system, mechanical dry pumps, gate
valve, valves, leak valves and pressure gages to measure
low and high vacuum.

The equipment of the cyclotron will be cooled with
distilled water circulating in the water-cooling loop of the
cyclotron building. Four water distribution boards are
used to distribute cooling water to remove the heat
released by the heat-loaded components and units of the
cyclotron, to control pressure and stabilize water flow
rates.

At present, the equipment has been designed,
manufactured and tested at test-facilities of the D.V.
Efremov Institute. Installation of the system is planned to
have been finished by the end of 2012.
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ACCELERATION TECHNIQUE DEVELOPED AT JINR FOR HADRON
THERAPY

E.M. Syresin, Joint Institute for Nuclear Research, Dubna, Russia

Abstract

The JINR activities are aimed on the construction of
accelerators for proton and carbon ion therapy. JINR-
IBA have developed and constructed the proton cyclotron
C235-V3. The cyclotron will be delivered in the first
Russian hospital center of the proton  therapy in
Dimitrovgrad in 2012.

The project of the medical carbon synchrotron was
developed in JINR. The project goal is accumulation of
the superconducting Nuclotron technology at construction
of the medical carbon synchrotron. Accelerated '>C ion
beams are effectively used for cancer treatment.

The PET is the most effective way of tumor
diagnostics. The intensive radioactive ''C ion beam could
allow both these advantages to be combined. JINR-NIRS
collaboration develops formation of a primary radioactive
ion beam at intensity on the tumor target of 10° pps for
the scanning radiation.

A superconducting cyclotron C400 has been designed
by the IBA-JINR collaboration. This cyclotron will be
used for radiotherapy with proton, helium and carbon
ions. Its construction was started in 2010 within the
framework of the Archarde project (France).

The interaction between delta electrons and DNA
molecules is one of the important processes in the hadron
therapy. The formation of low energy electrons and DNA
ions are presented for the KEK electrostatic storage ring
with the electron target developed by JINR-NIRS
collaboration.

PROTON CYCLOTRON (C235-V3

The JINR-IBA collaboration has developed and
constructed the C 235-V3 proton cyclotron for
Dimitrovgrad hospital proton center. The C235-V3
cyclotron, superior in its parameters to the IBA C235
medical proton cyclotron, has been designed and
manufactured by the JINR-IBA collaboration. This
cyclotron is a substantially modified version of the IBA
C235 cyclotron.

Modification of the extraction system is the main aim
of the new C235-V3 cyclotron [1-2]. The main feature of
the cyclotron extraction system is a rather small gap (9
mm) between the sectors in this area. The septum surface
consists of several parts of circumferences of different
radii. The septum thickness is linearly increased from 0.1
mm at the entrance to 3 mm at the exit. The proton
extraction losses considerably depend on the septum
geometry. In the septum geometry proposed by JINR,
where the minimum of the septum thickness is placed at a
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distance of 10 cm from the entrance, the losses were
reduced from 25% to 8%. Together with the optimization
of the deflector entrance and exit positions it leads to an
increase in the extraction efficiency to 80%. The new
extraction system was constructed and tested at the IBA
C235 cyclotron. The experimentally measured extraction
efficiency was improved from 60% for the old system to
77% for the new one.

One of the nearest goals is to modify the sector spiral
angle at R>80 cm for improving the cyclotron working
diagram and reducing of coherent beam losses at
acceleration. The coherent beam displacement z from the
median plane is defined by the vertical betatron tune Q,:
z o< Q2. At Q=0.2 the coherent beam displacement
corresponds to 7 mm and at the free axial oscillation
amplitude of 2-3 mm can cause beam losses due to
reduction of the sector gap in the C235 cyclotron. An
increase of the vertical betatron tune from Q,=0.2-0.25 to
Q,=0.4 in C235-V3 permits the coherent losses at proton
acceleration to be reduced by a factor of 3-4.

Figure 1: Cyclotron C235-V3 in JINR engineering center.

SUPERCONDUCTING SYNCHROTRON
FOR CARBON THERAPY

A project of the medical superconducting synchrotron
(Fig. 2) dedicated for the carbon therapy has been
designed in JINR [3]. The basis of this medical
accelerator is the superconducting JINR synchrotron —
Nuclotron [4]. The Nuclotron type straight dipole
magnets [4] were adopted for the optic of the medical
synchrotron and beam delivery system. The
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superconducting magnets permit to reduce the accelerator
electrical consumption, the size and weight of the
accelerator and the carbon gantry.

The superconducting electron string ion source is planed to use
for *C* injection in the carbon linac. The compact IH linac will
apply as synchrotron injector.
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Figure 2: Layout of the carbon therapy hospital center on
the basis of superconducting synchrotron.

The FODO structure is more preferable for injection
and extraction schemes and corrections of the closed orbit
distortions. The synchrotron magnetic system [3] consists
of 4 superperiods, which involves 8 straight dipole
magnets, 8 quadrupole lenses and multipole correctors.
The maximum magnetic field in dipole magnets
corresponds to 1.8 T. The multiturn injection is realized at
fulfilling of the horizontal acceptance during 10-15 ion turns. The
stored beam intensity is equal to 10" ions C®* per pulse.
The working point corresponds to betatron tunes Qy,
=3.25. Nonlinear 3 order resonance 3Q,=10 is used for
slow beam extraction. The intensity of extracted beam is
equal to 10° pps.

The beam delivery system [3] consists of following
sections: the extraction section; the foil section provided
equal beam emittances in both transverse planes; the
accommodation section; the section for beam delivery in
the cabin; the section of beam transportation between the
medical cabins; the isocentric gantry; the channel with
fixed beam position cabin. The beam delivery system
should provide the fixed transverse beam sizes in the
gantry isocenter. These sizes do not depend on the gantry
rotation angle, the extracted ion energy, emittance of the
extracted carbon ion beam.

The extracted carbon beam has non symmetric
horizontal and vertical emittances, the vertical emittance
is few times larger horizontal one. A special scattering
foil is installed in the beam delivery system to provide
both equal horizontal and vertical beam emittances. The
accommodation section is used to provide same optical
beam characteristic in the vertical and horizontal
directions at exit. It accommodates the beam optic to the
gantry for any its rotation angles. The section for beam
delivery in cabin consists of the chopper, the achromatic
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bend and 2 triplets. The chopper involves 4 dipole
magnets. The beam is pick-upped by an absorber trap,
when dipoles switch off. The beam is transported in the
channel when magnets switch on. The section of beam
transportation between cabins has the horizontal betatron
phase shift 2w and vertical one m. The optic of the
isocentric gantry is achromatic at beam transportation to
the tumour target. The gantry optic provides equal
horizontal and vertical beta functions and zero alpha-
function on the tumor target. The parameters of gantry
optic is adjusted to obtain the equal vertical and
horizontal beta and alpha functions at the gantry entrance
at variation of extracted beam emittances and sizes.

The JINR-IBA collaboration develops superconducting
cyclotron C400 and carbon gantry in frame work of
Archade project [5]. This gantry is planed to use in JINR
carbon synchrotron complex. The gantry provides
rotation around the patient on an angle 0-180°. The
positioner also rotates together with patient on an angle
180°-360°.  The main gantry superconducting dipole
magnet has aperture 20x20 cm at magnetic field
homogeneity of 10, The magnetic field rate corresponds
to 1 T/min. The magnet is cooled by 4 He-free
criocoolers. The distance from dipole magnet exit to
isocenter corresponds 2 m.

FORMATION OF PRIMARY
RADIOACTIVE CARBON ION BEAMS

Accelerated ion beams of the positron-emitting ''C
isotope (half-lifetime is about 20 min) were first used at
NIRS-HIMAC for cancer therapy applications. The use of
the "'C ion beam could allow both these advantages to be
combined because this beam could be simultaneously
used both for cancer treatment and for on-line positron
emission tomography. Verification of the radiation dose
in the tumor target will be carried out simultaneously with
cancer treatment.

In the ISOLDE scheme the ''C isotope is produced
through the nuclear reaction "N (p,0)''C in the target
chamber filled with N, gas. The nitrogen gas target also
contains 5% of H, to produce 11CH4 molecules. The
Electron String Ion Source [6] is one of the promising
ion sources for generation of the positron-emitting ''C**
ion beam at the intensity of 6:10° pps. The charge
capacitance of the Krion-2 ion trap is 6-10" elementary
charges. As was shown experimentally [6], adjusting the
electron energy, injection time, and time of ion
confinement, one can get up to 50 % of C* in the total
ion beam pulse extracted from the source. So, the existing
ion source Krion-2 could produce around 2:10° C*
particles per pulse at an optimized ion conversion
efficiency. The maximum number of C** ions produced
per pulse in Krion-2 corresponds to 4-10°. The further
increase of ion intensity in Krion-2 is restricted by
electron string capacity at magnetic field 3T. The
developed in JINR new ESIS Krion-5T with magnetic
field 5-6T will produce 6:10° ''C** ions per pulse.
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The radioactive carbon beams are planed to use for the
HIMAC raster scanning irradiation. According to the this
therapy requirements, the ion source should produce C**
ion beams with the intensity of 6-10° particles per pulse
and pulse width of 0.1 ms. The project number of ions
produced in the ring per injection-extraction cycle and
applied for the scanning irradiation corresponds to 2-10°
particles. Maximum number of extracted ions is equal
10® pps at HIMAC raster scanning.

SUPECONDUCTING CYCLOTRON C400
APPLIED FOR CARBON THERAPY

Carbon therapy is the most effective method to treat the
resistant  tumors. A compact superconducting
isochronous cyclotron C400 was designed by JINR-IBA
collaboration [5]. This cyclotron will be used for

radiotherapy with protons, helium and carbon ions. The
12 6+

C and 4He2+ ions will be accelerated to the energy of
400 MeV/amu and H," ions will be accelerated to the
energy 265 MeV/amu and protons will be extracted by
stripping.

Three external ion sources will be mounted on the
switching magnet on the injection line. The '>C®" ions are
produced by a high performance ECR at the injection
current of 3 pA.

The design of the C400 magnetic system was based on
its main characteristics: four-fold symmetry and spiral
sectors; deep-valley concept with RF cavities placed in
the valleys; elliptical pole gap is 120 mm at the center
decreasing to 12 mm at extraction; accelerate up to 10
mm from the pole edge to facilitate extraction; pole radius
is 187 cm; hill field is 4.5 T, valley field is 2.45 T;
magnetic induction inside yoke is less 2-2.2 T; the
magnet weight is 700 tons and the magnet yoke diameter
is 6.6 m; the main coil current is 1.2 MA. The sectors
have following parameters: the initial spiral law with
parameter NA=77 cm with increasing spiral angle to the
final radius with parameter NA~55 cm; the sectors
azimuth width is varying from 25° in the cyclotron center
to 45° at the sectors edge; axial profile is the ellipse with
60/1874 mm semi-axis, at the final radii the ellipse axial
profile is cut by the planes at the distance z= + 6 mm. The
optimized sector geometry provides vertical focusing
Q.~0.4 in the extraction region.

Extraction of protons is supposed to be done by means
of the stripping foil. It was found that 265 MeV is the
energy of protons for 2-turns extraction..

It is possible to extract the carbon beam by means of
one electrostatic deflector (which is located in valley
between sectors) with a 150 kV/cm field inside. Septum
of the deflector was located at the radius 179.7 cm for
tracking simulation. The extraction efficiency was
estimated as 73% for the septum with increased (0.1 — 2)
mm thickness along its length. The extraction of the
carbon and proton beams was realized by the separate
channels. It is possible to align both beams into one
direction just before the energy degrader. Both beams
have a spot with oy <l mm at this point. Transverse
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emittances are equal to 10 T mm-mrad and 47 mm-mrad
for the extracted carbon beam.

FORMATION AND INTERACTION OF

ELECTRONS AND BIOMOLECULAR

IONS IN ELECTROSTATIC STORAGE
RING

The basis of hadron therapy is the modifying action of
carbon ion or proton beams on biological structures. In
the case of carbon therapy, ions cause double strand DNA
breaks due to direct ionization, and delta electrons
produced in this case result in the DNA ionization along
their trajectories. Most delta electrons have energy under
30 eV; ions and protons produce about 10° secondary
electrons. Below we discuss the results of experiments
related to the interaction between low energy electrons
and bimolecular ions produced in the KEK electrostatic
storage ring [7]. The KEK electrostatic ring with a
perimeter of 8.1 m was first used to store different
bimolecular ions, including ions of DNA molecules with
a mass of up to 60000 u. The maximum ion energy is 30
keV/Z. A special electron target was developed for
investigating the interaction between low energy electrons
and biomolecular ions in the electrostatic storage ring in
the framework of the JINR-NIRS-KEK collaboration [7].
The maximum energy of the target electrons is 100 eV,
the maximum electron current is equal to 2 mA, and the
length of the electron—ion interaction region is equal to 20
cm.

The cross section of the interaction between target
electrons and ions of DNA molecules (oligonucleotide
d(AAA)) has a maximum for a relative electron and ion
energy of 4.5 eV. The peak in the cross section of the
electron interaction with DNA ions is determined by the
contribution of sugar—phosphate breaks and dissociative
recombination and electron capture dissociation.
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PROSPECTS FOR INTRODUCTION OF HOME-MADE EQUIPMENT FOR
RADIONUCLIDE DIAGNOSTICS

A.P. Strokach”, M.F. Vorogushin, A.V. Stepanov, O.G. Filatov
D.V. Efremov Scientific Research Institute of Electrophysical Apparatus, Saint Petersburg, Russia

Abstract

The radionuclide diagnostics allows the most of
diseases to be diagnosed at a very early stage and
therefore it has received much attention over the last
years. The current concept of the radionuclide diagnostics
advancement takes into account Russia geographic and
demographic features, and supports the introduction of
the home-made equipment into practice. As a basis, the
concept assumes the establishment of regional diagnostic
centers at large hospitals in each Russian Federal district.
Each such a center should be equipped with a cyclotron of
the CC-18/9 model, modules for radiopharmaceuticals’
synthesis, single-photon emission (SPECT) and positron
(PET) scanners. The yield of radiopharmaceuticals’
production will satisfy the needs of such a center and of
30-35  SPECT-“satellites” located in  diagnostic
departments of hospitals situated up to 1000 km from the
center. In future, autonomous PET- centers, each equipped
with specialized CC-12 cyclotrons, modules for
radiopharmaceuticals’ synthesis and with 3-4 PET
scanners can be established on the basis of these
diagnostic departments. The implementation of the
Federal Targeted Program on the serial production of
cyclotrons and SPECT will require 5-6 years to increase
the number of the people examined per year up to 1.0-1.2
million.

Nowadays in Russia the radionuclide diagnostics based
on the use of radioactive isotopes is beyond the reach of
the majority of people. In accordance with the program of
the Ministry of Health and Social Development of the
Russian Federation in force at present, three large federal
medical high-technology centers are to be built in
Dimitrovograd, Obninsk and Tomsk; PET-centers and
radionuclide therapy departments are to be built in
Krasnoyarsk, Nizhniy Novgorod and Novorossisk. The
higher yield of radioisotopic products should be provided
in Moscow, Obninsk and Tomsk.

The suggested construction of federal high-tech
medical centers in the vicinity of the nuclear-power
industry facilities offer definite advantages due to the
location of the sources of radioactive products close to
consumers. However, there are serious disadvantages
connected with necessary staffing these federal centers
with a qualified medical and technical personnel and a
large volume of capital construction. It is sufficient to
note that thousands of patients and accompanying persons
from all regions of the Russian Federation will come to
these center,s and all these people will need a place to live
in. For example, Dimitrovgrad or Obninsk, towns with a
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population of 100-120 thousand people, will have to
accommodate tens of thousands of people per year who
need diagnostics and treatment. In this context, a
developed infrastructure is needed including hospitals
with medical and auxiliary personnel, hotels, public
catering, transport, etc. The total number of tomographs
functioning in three federal centers will be much lower
than it is required for Russia in compliance with the world
standards.

So, this program does not take into account geographic
and demographic features of our country and in view of
large volumes of necessary capital construction, including
residential housing, and serious staff problems, the
delivery of modern therapies to the majority of people
will be postponed for an indefinite period of time. There
are grounds to suppose that an expensive import
equipment will be purchased to equip these centers, and
interests of the national manufactures will be completely
ignored.

NIIEFA in cooperation with other organizations can
manage to completely equip radionuclide diagnostic
centers mostly with home-made equipment by analogy
with the operating PET center in the Russian Research
Center for Radiology and Surgical Technologies,
Pesochnyi, St. Petersburg [1].

In NIIEFA the designing of a new series of cyclotrons,
the CC-12, CC-18/9 and MCC-30/15, has been finished
and prototypes of these machines have been manufactured
(digits here denote the design energy of proton/ deuterium
ion beams). When designing these machines, the
following innovations were realized: the acceleration of
negative hydrogen ions generated by an external source
and extraction of beams of accelerated protons and
deuterons by recharging on thin carbon foils. Three
CC-18/9 and one MCC-30/15 cyclotrons have been
manufactured and put into operation. These machines are
used for production of a wide set of ultra short-lived and
short-lived radionuclides used in medicine for PET and
SPECT diagnostics. The CC-18/9 and MCC-30/15
cyclotrons also produce short-lived radionuclides for the
contact radiation therapy. The CC-12 cyclotron
specialized only in production of ultra short-lived
radionuclides is nowadays under tests at a test facility in
NIIEFA.

A prototype of the double-detector single-photon
emission computerized tomograph “EFATOM” has been
designed and manufactured [1]. After successful technical
and clinical tests, the “EFATOM” was put on the list of
the medical equipment allowed to be produced in Russia.

So, prototypes of the major equipment, cyclotrons and
tomographs, to be used in the present-day radionuclide
diagnostics have been designed and manufactured in
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NIIEFA. A Federal Targeted Program on the serial
production of cyclotrons and single-photon tomographs
has been approved, which allows the problem of
centralized supplies of competitive home-made
equipment to medical institutions of Russia to be
successfully solved.

Nowadays, the State Corporation “ROSATOM” is
conducting negotiations with a number of firms on the
joint production of PET tomographs,
radiopharmaceuticals synthesis and packing modules and
protective boxes.

Taking into account vast territories of Russia and
comparatively short half-life of the radionuclides used for
diagnostics, it is reasonable to build regional centers for
the radionuclide diagnostics in each federal district of
Russia [2]. This will allow a decentralized production of
short-lived radiopharmaceuticals and location of SPECT
and PET tomographs proportionally to the population
density. These centers should be established on the basis
of large medical institutions (medical scientific and
therapeutical centers, republican, regional and municipal
hospitals, oncologic dispensaries), which have a well-
developed local infrastructure. In these institutions,
diagnostics of cardiological, oncological and neurological
patients is a routine practice and they are staffed with
qualified medical and technical personnel experienced in
diagnostics and treatment of similar diseases.

Each of the regional centers of the radionuclide
diagnostics shall be equipped with a cyclotron of the
CC-18/9  type, radio-chemical laboratory  with
radiopharmaceuticals synthesis and quality control
modules and two types of tomographs, SPECT and PET.
The centers can be equipped with home-made equipment
on a centralized basis. The radiopharmaceuticals for PET
and SPECT tomography will be produced in these
centers, and examinations of patients will be carried out.
Alongside with positron and single-photon isotopes
produced on cyclotrons, comparatively long-lived
“reactor” isotopes will be also used for these purposes. In
addition to the own needs, each center can provide
functioning of up to 30-35 SPECT- “satellites” located in
republican, regional and district hospitals located at a
distance of up to 1000 km from the center. After the
identification of a disease, therapy to patients will be
administered in the hospitals, which have functioning
rooms of the radionuclide diagnostics. To equip such
rooms all over the country, the total number of SPECT
needed is estimated to be 325-330 apparatus.

In future, up to 50-60 autonomic PET centers can be
established in largest hospitals on the basis of similar
rooms of the radionuclide diagnostics. Such a PET center
shall include the following equipment: CC-12 cyclotrons,
modules for ultra-short-lived radiopharmaceuticals
synthesis and positron scanners. Yields of the
radiopharmaceuticals produced on a CC-12 cyclotron
provide functioning of 2-3 PET scanners located in the
vicinity of each cyclotron. Over the whole country, the
number of functioning scanners can reach up to 120-140
apparatus.
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The aforementioned number of regional and autonomic
centers will bring the radionuclide diagnostics in RF
within the reach to all levels of the country population,
and the situation will be similar to countries with
developed economy. In 5-6 years, the scale of
examinations will be 1.0-1.2 millions patients per year.

Thus, to reach the world level in medical services,
130-140 PET scanners and 320-330 SPECT scanners, 10
cyclotrons of the CC-18/9 model, 50-60 cyclotrons of the
CC-12 model and 3-4 machines of the MCC-30/15 should
be introduced to the national clinics and hospitals. The
MCC-30/15 cyclotrons are used for large-scale production
of various radionuclide products, for medicine included.
[3]-

In view of qualified personnel, raduonuclide products
available in federal regions, scales and limited terms for
the introduction of new equipment, it is reasonable to start
practical implementation of the program in the Federal
Northwestern District as the most ready for this purpose.
We think that installation of single-photon tomographs in
St. Petersburg (in several hospitals and dispensaries),
Kaliningrad,  Arkhangelsk, Cherepovets, Vologda,
Murmansk, Petrozavodsk, Syktyvkar, Velikiy Novgorod,
Pskov and Severodvinsk will be sufficient to provide the
population of the Federal Northwestern District with
modern medical diagnostic apparatus. For this purpose in
large hospitals of the aforementioned cities and towns,
rooms for isotopic diagnostics equipped with SPECT and
other necessary equipment should be established in
accordance with a standard plan. Simultaneously,
hospitals should be re-equipped, as far as possible, with
new medical equipment, staffed with qualified attending
personnel and provided with a storage bank of data on the
health level of the RF population.

In compliance with the effective world standards, the
Northwestern Federal District should be equipped with up
to 34 SPECT and up to 13 PET tomographs. At present,
there are 12 and 4 functioning apparatus, respectively, all
in St. Petersburg.

Ready radiopharmaceuticals labeled with I-123, Ga-67,
In-111, Tc-99m and other isotopes will be supplied to new
diagnostic rooms from St. Petersburg (produced on the
CC-18/9 cyclotrons and three MGC-20 cyclotrons),
Gatchina and Sosnovyi Bor (Mo0-99/Tc-99m reactor
generators).

Personnel training can be organized in the Russian
Research Center for Radiology and Surgical Technology
(RRC RCT), where functions a large system consisting of
two  cyclotrons, target devices, modules of
radiopharmaceuticals’ synthesis and quality control. It
should be noted that home-made equipment is also
applied. The RRC RCT provides their own needs and, in
addition,  regularly  supplies ultra  short-lived
radiopharmaceuticals to St. Petersburg and short-lived
radiopharmaceuticals to Moscow.

The RRC RCT is one of the leading medical centers in
Russia, and it can promptly and effectively deliver
consultation services for the patients in the Northwestern
District.
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In conclusion we should to draw attention to a profound
economical and social effect to be produced by the
introduction of the nuclear medicine methods into the
national Healthcare Service as the state of health, higher
quality of life and larger life span of millions of people
are concerned.

The suggested concept of the radionuclide diagnostics
advancement on the basis of regional centers established
in each Federal district fits well into the existing today
organization of medical services to the population of the
Russian Federation. The concept gives proper weight to
geographic and demographic features of the country, and
within the shortest time and in the most cost-effective
way will allow the majority of the RF population to be
provided with modern medical diagnostics and
subsequent therapy mostly using the home-made medical
equipment

The main customer of the new production for medicine
is the state. Therefore, in the case of expansion of a high-
tech equipment production in Russia, the expenditures of
the state budget for purchasing medical equipment abroad
will be substantially reduced. An additional saving can be
obtained due to the use of the PET-center standard plan
designed by the State Corporation “ROSATOM”.
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The production of the high-tech home-made equipment
for the nuclear medicine will result in a larger number of
worksites and higher qualification level of the personnel;
will give an impetus to progress in adjacent fields of
science and engineering. So this will stimulate higher
technological development of our country.
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METHOD OF STATE AND ALIGNMENT MONITORING FOR CRYSTAL
DEFLECTORS OF RELATIVISTIC IONS*

A. Gogolev#, S. Uglov, TPU, Tomsk, Russia
A. Taratin, JINR, Dubna, Russia

Abstract

The calculations of the parametric X-ray radiation
(PXR) characteristics produced by 158 GeV/u Pb nuclei
in silicon crystal deflectors were carried out. The PXR
intensity at the maximum angular distribution was about
4 ph/Pb/sr, which should allow to monitor the state and
the orientation of the deflector by means of the
observation of the PXR spectrum characteristics.

INTRODUCTION

Systems of relativistic particle beam steering based on
the use of channeling effect are widely applied in leading
research centers of Russia and foreign countries. It was
experimentally shown that with use of short crystals one
can obtain extracted beams with intensity of
~ 10" protons/cycle with efficiency of ~ 85% [1].

The radiation resistance of crystals is one of important
characteristic in the applications of crystals for beam
control of accelerator. Estimation of the limit value of the
particle flux through the crystal before its destruction has
been obtained in the experiments carried out at CERN
(Switzerland) and BNL (USA) and is equal to ~2:10%
protons/cm’. Silicon crystals with efficiency 80 + 85%
reliably provide the extraction up to 10' particles per
cycle duration of 1+ 2 seconds. When intensity of beam
is about 10" protons the crystal loses the capability to
deflect the particles [2].

An operative control is required in the case of using
crystal deflectors for the accelerator intensive beam
collimation. The control should allow to conclude about
the state and alignment of the crystal collimator relative to
the beam halo.

In paper [3] we were proposed concept a method of
exploiting parametric PXR as a monitor of deflector
quality and orientation. PXR is emitted in directions
satisfying the Bragg condition when relativistic charge
particles are incident on a crystal and its properties
strongly depend on kinematics of process [4-6]. Since its
first observation [7] one studied using electron beams of
different energies [8, 9]. The first experiment with the aim
of PXR observation from heavy charged particles was
carried out on the 70 GeV proton beam at IHEP [10].
After that PXR has been successfully observed from 5
GeV protons and 2.2 GeV/u carbon nuclei in a silicon
crystal on the external beams of the Nuclotron at LHE
JINR [11, 12]. Recently, PXR produced by 400 GeV/c
protons in silicon deflector has been observed [13].
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The aim of this paper is to calculate the spectral and
angular characteristics of the PXR from silicon deflectors
when relativistic Pb nuclei are passing through them.

SIMULATION

The layout of numerical experiment is similar to work
[13]. Fig. 1 shows the layout in the horizontal plane for
the experiments with quasi-mosaic (QM) and strip (ST)
silicon crystals. A beam of Pb nuclei with energy
158 GeV/u entered a crystal in the collimation geometry
so that it is parallel to the deflecting planes, which are the
(111) and (110) crystallographic planes for the QM and
ST crystals, respectively.
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Figure 1: The simulation scheme details: (a) for quasi-
mosaic crystal, (b) for strip crystal.

Simulation was carried out for a Gaussian incident
beam with the cross-section ¢ = 1,0x0,7 mm® and
6=10,7x7,8 prad® divergence. A beam of Pb nuclei
crossed the crystal with an offset of 0,7 mm depth in the
QM case and in the centre in the ST case.

PXR is generated by particle field when it crossing a
set of the crystallographic planes. PXR reflexes (110) and
(100) in the case of (a) and (b) shown in Fig. 1,
respectively, was calculated.

The energy of PXR photons is determined in the
following way:
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where n is the diffraction order, d is the interplanar
distance, f=v/c and ¢ is the dielectric constant of the target
material (¢=1— (co,,/co)2 =~ 1, w is the frequency of PXR
photons, w, is the plasmon frequency), 0y is the Bragg
angle, Op and 0, are the radiation registration angles. 0 is
the angle between the projection of the radiation direction
and momentum in the diffraction plane. 6, is the angle
between projection of the radiation direction on the
diffraction plane and the radiation direction. The
diffraction plane is determined by the particle momentum
and by vector normal to the crystal planes, its figure plane
in Fig.1.

According to the formula (1) PXR photons energy of
the reflex (110) for detection angle (6p=265) 70.52° is
equal to 5.59 keV and to the reflex (100) for detection

E =n

n
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Figure 2: The spectra and angular distributions on the detector plane of the PXR from QM crystal (a) and ST crystal (b).
Calculations were taking into account absorption in the crystal and the air.

CONCLUSION

The calculations of the spectral and angular
characteristics of the PXR generated by Pb nuclei with an
energy 158 GeV/u from planes (110) and (100) in the
silicon deflectors were carried out. Expected values of the
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angle 90° is equal to 6,46 keV. The distance between the
crystal and screen D was 117 and 200 mm in case QM
and ST crystal, correspondently. The calculations of PXR
characteristics have been performed according to the PXR
kinematic theory [14], which describes well many
experimental results. In the simulation a crystal
considered as a set of the straight samples and PXR yield
from all crystal can be presented as superposition of
separate contributions from each sample. It should be
noted that the PXR intensity must increase with the
charge number Z of the particle as Z* therefore the PXR
intensity from nuclei much more then from proton. The
dependence on particle charge was experimentally
observed in [11] with a large error.

Fig. 2 presents the simulation, the results of which
show the difference between the intensities from Pb
nuclei and protons. The intensities from Pb nuclei are
more than from protons in 6724 times.
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intensities are given in Table 1. As Table 1 shows
intensity of PXR is about 2 ph/Pb/sr. Using a
commercially available Si-PIN x-ray detector with a
sensitive surface area about 10 mm’ at a sufficiently
distance from crystal about 100 cm the number of
detected photons is equal to about 10° ph/cycle, which
should allow to monitor the state and the orientation of
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the deflector by means of the observation of the PXR
spectrum characteristics.

Table 1: Simulation result
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Energy of

Intensity

Reflex maximum, 1, ph/Pb/sr FV\;I\-]IM,
(keV) ’
(220) 5.59 2.998 259
(440) 11.19 1.375 330
(660) 16.79 0.009 432
(400) 6.46 2.241 182
(600) 12.91 0.522 296
(800) 19.39 0.061 407
202
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Abstract

In the Flerov Laboratory of Nuclear Reactions (JINR)
the development of ion sources based on the plasma
electrons heating at the frequency of electron cyclotron
resonance (ECR) is stimulated by the necessity of the
accelerator complex (U-400, U-400M and CI-100
cyclotrons) upgrading as well as by creation of the new
high current cyclotrons for basic and applied research.

Several ECR ion sources have been operated in the
Flerov Laboratory of Nuclear Reactions (JINR) supplying
various ion species for the U400 and U400M cyclotrons
correspondingly for experiments on the synthesis of
heavy and exotic nuclei, using ion beams of stable and
radioactive isotopes, for solid state physics experiments
and polymer membrane fabrication. In this paper the new
development concerned with modernization of ECR4M
ion source, development of the new superconducting
source DECRIS-SC2 and creation of the DECRIS-5 ion

/DEC RIS-2M

U400

ECR test bench DRIBs-1

source for the DC-110 cyclotron complex will be
presented.

INTRODUCTION

Main theme of FLNR JINR is super heavy elements
research. From 2000 up to 2010 more then 40 isotopes of
elements 112, 113, 114, 115, 116, 117, 118 were
synthesized in the laboratory.

At present four isochronous cyclotrons: U-400, U-
400M, U-200 and IC-100 are under operation at the JINR
FLNR. Three of them are equipped with ECR ion sources.
In the DRIBs project for production of accelerated exotic
nuclides as °He, ®He etc. the U-400M is used as
radioactive beam generator and U-400 is used as a post-
accelerator. Layout of FLNR accelerators complex is
presented in Fig.1 [1]. Red stars indicate the location of
the ECR ion sources.
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MT-25
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Figure 1: Layout of FLNR JINR accelerator complex. Red stars indicate the location of the ECR ion sources.

ECR4M ION SOURCE

The ECR4M source and the axial injection system were
assembled and commissioned in 1996. First accelerated
Ar beam was produced in November 1996 [2]. The main
goal was to provide the intense beam of the **Ca ion beam

Ion sources and electron guns

for the experiments on synthesis of super heavy elements
at a minimal consumption of this enriched and expensive
isotope. First experiment on the synthesis of superheavy
elements with the beam of *Ca was performed in
November 1997. Since that about 66% of total operation

time was used for acceleration “*Ca>"*" ions for research
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on synthesis and investigation of properties of new
elements.

The modernization of the U400 axial injection, which
included sharp shortening of the injection channel
horizontal part, was performed. These changes allow us to
increase the **Ca'®" ion intensity at the U400 output from
0.9 to 1.4 ppA

According to the plans of the reconstruction of the
U400 cyclotron (U400R project [3]) the project of the
modernization of the ECR4M source was developed and
realised. This modernization include production of the
higher magnetic field in the injection region by insertion
an iron plug in the injection side; the increase of the
plasma chamber diameter from 64 to 74 mm; waveguide
UHF injection into plasma chamber. The modified
magnetic structure of the ECR4M and the axial magnetic
field distribution are shown at Fig.2 and Fig3
correspondingly.

Figure 2: The modified magnetic structure of ECR4M
source.
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Figure 3: Axial magnetic field distribution of ECR4M
source.

The modified ECR4M source was installed at the test
bench, and after the tuning with Ar beam the experiments
on production of Ca beam were performed. The same
technique with the use of microoven and thin cylindrical
Ta sheet placed inside the discharge chamber to prevent
the condensation of metal at the chamber wall [4] was
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employed. The Ca spectrum optimized for production of
Ca''" is shown in Fig.4.
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Figure 4: Calcium spectrum . The source tuning is
optimized for production of Ca''+ ions.

After the tests with calcium beam the source was used
for development of titanium beam using MIVOC method
with  (CH;)sCsTi(CH;); compound, first used by
Jyvaskyla group [5]. The aim of these experiments is the
production of intense *’Ti ion beam for research on
synthesis of superheavy elements.

During the experiments up to 80 pA of Ti’" and up to
70 puA of Ti'"" ion beams were produced at different
source tuning. Fig. 5 shows the titanium spectrum with
the source tuning optimized for production of Ti''" ions.
The spectrum is obtained at the UHF power level about of
300 W.
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Figure 5: Titanium spectrum.  The source tuning is
optimized for production of Ti''" jons.

DECRIS-SC2 ION SOURCE

Using the experience obtained during construction and
operation of the DECRIS-SC [6] source the new source
DECRIS-SC2 was developed [7]. The source is planned
to be used at the U-400M cyclotron aiming the production
of more intense ion beams in the mass range heavier than
Ar. For ECR plasma heating the existing microwave
system (14 GHz) will be used. Taking this into account
the magnet system of the source was designed with the
minimum magnetic field about of 0.4 T, maximum

Ion sources and electron guns
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magnetic field about of 1.4T and 1.9T in the injection and
the extraction side correspondingly.

The design of the superconducting magnet system of
the new source differs essentially from the previous
source. To decrease the weight and dimensions of the
system it was decided to produce the vacuum vessel from
chromium plated soft steel, so it will simultaneously
serves also as a magnetic yoke. The main parameters of
the source are listed in the Table 1. The axial magnetic
field distribution at different coils currents setting is
shown at Fig. 6. The current of the middle coil was
adjusted to keep the minimum constant. The radial
magnetic field distribution is shown at Fig. 7.

Table 1: Main parameters of the DECRIS-SC2 ion

source

UHF frequency 14 GHz
Injection side magnetic field 19T
Extraction side magnetic field 14T
Radial magnetic field 1.05T
Hexapole structure (NdFeB) 24 sectors
Plasma chamber diameter 74 mm
Plasma chamber length 300 mm
Max. extraction voltage 30kV
20000 SI=T5 A, 1595 A
18000 - 121,260 A, 1,95 A
16000

151,545 A, 1,560 A
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Figure 6: Axial magnetic field distribution of the
DECRIS-SC2 source.
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Figure 7: Radial magnetic field distribution of the
DECRIS-SC2 source.
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The source was tested at the test bench for production
of gaseous ions from oxygen to xenon. For
commissioning the traveling wave tube amplifier
(TWTA) with the maximum output power of about 600
W was used to feed UHF power directly into the plasma
chamber through the standard rectangular waveguide.
With the one gap extraction system and a stainless steel
puller the source can work without discharge at 25 kV.
The transmission efficiency right until the Faraday cup
installed after the analyzing magnet was estimated with
an oxygen beam in the range of 40%-60% for the
extraction voltage varied from 15 to 25 kV.

Generally, the operation of the DECRIS-SC2 ion
source was very stable and reproducible. Biased disc and
mixing gas effect were actively adopted to maximize the
ion beam production. Fig. 8 shows the argon spectrum
with the source tuning optimized for production of Ar''*
ions. The results obtained with the DECRIS-SC2 source
during the tests are summarized in Table 2.
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Figure 8: Argon spectrum. The source tuning is

optimized for production of Ar''" ions.
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Table 2: Ion yields from the DECRIS-SC2 ion source

Ion O S Ar Kr Xe
5+ 920

6+ 820

8+ 880

o+ 265 680

11+ 90 250

12+ 120

15+ 250

17+ 150

30+ ~1

DECRIS-5 ION SOURCE FOR DC-110
CYCLOTRON COMPLEX

The project of the DC-110 [8] cyclotron facility to
provide applied research in the nanotechnologies (track
pore membranes, surface modifcation of materials, etc.)
has been designed by the Flerov Laboratory of Nuclear
Reactions of the Joint Institute for Nuclear Research
(Dubna). The facility includes the isochronous cyclotron
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DC-110 for accelerating the intensive Ar, Kr, Xe ion
beams with 2.5 MeV/nucleon fixed energy. The cyclotron
has 2m pole diameter, and to provide the energy of 2.5
Mev/nucleon the accelerated ions should have the mass to
charge ratio about of A/Z = 6.6, that is “’Ar®", *Kr"** and
32X e’ The parameters of the source are determined
mainly by required intensity of **Xe**" ion beam (>150
pA), and are listed in the Table 3.

Table 3: Main parameters of the DECRIS-5 ion source

UHF frequency 18 GHz
Injection side magnetic field 22T
Extraction side magnetic field 1.35T
Radial magnetic field 1.15T
Hexapole structure (NdFeB) 36 sectors
Plasma chamber diameter 80 mm
Plasma chamber length 300 mm
Max. extraction voltage 30kV
Maximal power consumption 160 kW

The magnetic system for creation of the axial magnetic
field can be realized with copper coils, or with
superconducting coils. In case of copper coils the power
consumption of the magnetic system will be about of 150
kW, with superconducting coils — about of 10 kW. Taking
into account the operating conditions (industrial
operation) the use of copper coils was chosen.

Description of the source

The magnetic structure of the source is composed by
three independent copper coils. The injection and
extraction coils are enclosed in soft iron yokes. Soft iron
plug is placed inside the discharge chamber. The scheme
of the magnetic structure, and calculated axial magnetic
field distribution are shown in the Fig. 9 and Fig. 10
correspondingly.

Figure 9: The scheme of magnetic structure of the
DECRIS-5 ion source.
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Figure 10: Axial magnetic field distribution of the

DECRIS-5 ion source.

The maximal current of the power supplies for the
injection and extraction coils is 1200 A, for the middle
coil — 800 A. The power consumption of the coils is about
150 kW.

The radial magnetic field distribution is shown in the
Fig. 11.
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Figure 11: Radial magnetic  field distribution of the

DECRIS-5 ion source.

The stainless-steel plasma chamber of the source is
made as a water-cooled double wall tube. The internal
diameter of the plasma chamber is 80 mm. On the
injection flange there are mounted soft iron plug, water
cooled standard waveguide, gas feeding tubes. Biased
electrode is mounted on the soft iron plug and is not
cooled, as well as soft iron plug. The working gases (Ar,
Kr, Xe) and support gas (O,) are fed into the source
chamber by two double channel piezoelectric valves.

The source is equipped with three electrode extraction
system. The plasma electrode aperture is 10 mm in
diameter, its position can be changed while the source is
open. The negatively biased extraction electrode is water
cooled, and position of the whole assembly can be
adjusted manually without breaking vacuum.

Ion sources and electron guns
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Results of the test

The test of the source was performed during December
2011 — February 2012. For the test the source was
assembled with the part of the axial injection beam line of
DC-110 cyclotron (see Fig. 10). The main optical
elements of the system are the analyzing magnet IM90,
solenoid IS1 and two dipole correcting magnets ICM1
and ICM2. In the diagnostic box after analyzing magnet a
Faraday cup, 30 mm diaphragm and luminophor screen
are installed. All elements are movable with pneumatic
actuators. The vacuum system provides background
vacuum about of 2x10™® torr in the extraction and
diagnostics boxes.

Figure 12: Axial injection system of the DC-110
cyclotron.

The ion source was tested for production of Ar, Kr and
Xe ion beams. The production of required intensity of the
Ar®" beam (about of 100 pA) should present no problem.
Therefore, to study the source performances the
parameters of the source were tuned for production of
higher charge states. Figure 11 shows the Ar spectr
optimized Ar''". The results were obtained in the UHF
power range lower than 700 W at 2122 kV extraction
voltage.
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Figure 13: The Ar spectrum. The source tuning is

11+

optimized for production of Ar " ions

During the tests the operation of the DECRIS-5 ion
source was very stable and reproducible. The results,
obtained during the tests are summarized in Table 4.
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Table 4: Ion yields from the DECRIS-5 ion source

Z 8+ 9+ 11+ 15+ 18+ 19+ 20+
Ar 1200 750 300
Kr 325 182 120 70
Xe 220
SUMMARY

Over past years several types of ECR ion sources of
DECRIS (Dubna Electron Cyclotron Resonance Ion
Source) family were developed in FLNR (JINR). The
progress in development of DECRIS sources is illustrated
in Fig. 14.
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Figure 14: Comparison of Ar currents produced by
DECRIS type ion sources.
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Abstract

Electron String Ion Source (ESIS) “Krion-2” (JINR) is
the first and now only ion source of such type in the
world. ESIS is a sophisticated modification of Electron
Beam Ion Source (EBIS) working in a reflex mode of
operation under very specific conditions. Using the
results of the research and the technology development
the following main results were achieved in JINR with
Krion-2 ESIS during recent years: Au™*" ion beams with
intensity 5x10 particle per pulse were first produced and
ion-ion cooling technology was demonstrated to prove its
efficiency for a thermal ion loss reduction; Krion-2 was
used for production and injection of Xe*** ion beam into
LINAC injector of JINR synchrotron Nuclotron, where
the beam was first accelerated to relativistic energy in
March 2010 [1-3].

At the present time an essential progress was achieved
in construction of the new 6 Tesla ESIS, which is
expected to be the full scale prototype of a highly charged
ion source for NICA - the new JINR accelerator complex.
It is foreseen in the NICA project that new ESIS will
provide Au*?* beams with the ion yield about 2x10° ppp.
However, a project parameters of new Krion-6T(esla) ion
source allow to expect production of even more highly
charged states of heavy elements, up to Au®" in terms of
gold. In this case the new Krion-6T ESIS may be used on
operating JINR “Nuclotron” facility in near future for
experiments with an extracted accelerated gold ion beams
on a fixed target.

INTRODUCTION

Electron string phenomenon occurs during the reflex
mode of EBIS operation. The interest in the studies of
reflex mode operation was motivated by an attractive
possibility to decrease the power of the electron beam by
a hundred times while simultaneously preserving the
same ion yield. Indeed, the power of the electron beam in
a direct mode can reach many hundreds of KW that
provides serious technical obstacles for a successful
realization.

The study of the reflex mode of EBIS operation was
initiated in JINR in 1994. These research were performed
with use of JINR EBIS Krion-2. The reflex mode of EBIS
operation is realized by using the specially designed
electron gun and electron reflector that allows multiple
use of beam electrons. The electrons do not reach electron
collector after one pass through the drift space of the
source (1.2 m long). Usually emitter has a negative
voltage of few KV, anodes and drift tube structure are at
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ground potential, and the reflector has negative voltage
few KV lower than the emitter. As a result, the emitted
electrons after one path are reflected back towards the
emitter side and then are reflected again in a vicinity of
the emitter and so on. The emitter and reflector are placed
in a fringe magnetic field (in a region of about 1/20 of a
maximal magnetic field) hence each electron reflection is
accompanied by some transformation of the longitudinal
electron velocity to the radial/azimuthal velocity. As a
result, the electrons are accumulated in a drift tube space
of the source. The stored multiply reflected electrons can
be used for highly charged ions production similarly to
the beam electrons.

An unknown phenomenon was unexpectedly observed
in JINR in 1994, which became a key physics ingredient
of the proposed EBIS development in the reflex mode of
operation. It was found that under certain conditions one
component pure electron plasma, which consists of the
multiply reflected electrons, confined in a strong solenoid
magnetic field, exhibits a stepwise increase of the
confined electron plasma density in a new steady state
called "electron string". The transition usually goes via an
unstable pre-string state in which the electron energy
spectrum expands, which further suppresses the
instability.

The electron string can arise if a definite number of
electrons which exceeds some threshold value is stored in
the source drift tube space. This threshold value depends
on various parameters such as the electron injection
energy, the applied magnetic field strength, the magnetic
compression of the injected electron beam and so on.
Electron strings are occurred to be stable in a certain
frames that allows to use them for an effective production
of highly charged ions in Electron String Ion Sources
(ESIS), similarly to electron beams in EBIS.

An interesting observed feature of electron strings is a
high energy tail in a total electron energy distribution.
For example, for electrons with injection energy 3 KeV,
this tail extends up to 5 KeV , see [1] and refs therein.

HIGHLY CHARGED ION BEAMS
PRODUCED WITH KRION-2

Kr and Xe Highly Charged Ions

Production of highly charged Kr and Xe ion beams has
been done in a framework of preparing Krion-2 ESIS for
the Nuclotron run. Nuclotron — superconducting
synchrotron which includes Linac LU-20 as a part of its
injection complex. LU-20 accepts highly charged ions

Ion sources and electron guns
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with charge to mass ratio g/A > 1/3 which determines
lower boundary of charge states for all possibly accepted
ions; for example q = 28+ for *Kr and q = 41+ for '**Xe.
Binding energy of the external electron for Kr*’* ion is
equal to 3,2 KeV and for Xe** ion — 3.0 KeV.

Because of technical limitations of injected electrons

energy only up to 5,0 KeV the well known for EBITs
energy recuperation mode was proposed and used first in
Electron String Ion Source. In order to realize the method
of energy recuperation, main part of the Krion-2 drift tube
structure was lifted up to +1.5 KV. Electrons which
are injected by the electron gun with injection energy,
say, 4.5 KeV, get additional acceleration in a gap between
gun anode sections (at ground potential) and first drift
tube section which is at +1.5 KV potential. So, string
electrons should get energy about 6,0 KeV along the ion
trap. After one pass through the drift tube structure
electrons decelerate down to the energy 4.5 KeV at the
gap between the last drift tube section (at +1.5 KV
voltage) and the reflector anode, which is also at ground
potential.
As a result, accumulated string electrons, being multiply
reflected from the repeller and the gun electrodes, have
energy on 1.5 KeV higher at the ionization trap region. It
was shown experimentally that electron strings retain all
their main features under such conditions, hence energy
recuperation could be efficiently used in electron string
mode of ESIS operation. Moreover, electron strings with
energy recuperation are stable and can be used for highly
charged ions production during long confinement time.
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Figure 1: TOF spectra (arb. units) of Xe (natural
mixture of isotopes) and Kr highly charged ions,
produced with Krion-2 ESIS during 780 ms of
ionization.

We used purely separated isotope **Kr in this
experiments that allowed us to get enough resolution to
identify definite charge states. During the experiments we
did not have purely separated Xe isotope so a natural
mixture of Xe isotopes was used. As a result, definite Xe
charge state lines have not been resolved. We used TOF
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calibration based on the identified ¥Kr charge state lines
positions. TOF spectrum for natural mixture of Xe
isotopes is presented on Fig.l together with *Kr
spectrum, obtained at the same conditions. One can see
that the maximum intensity corresponds to Xe*** charge
state. This charge state has been chosen for further
acceleration by Nuclotron. Note, ionization time for Xe
ions to get Xe** charge state was about 750 + 950 ms that
is acceptable for Nuclotron acceleration regime.

One can summarize ion yield produced by Krion-2
ESIS on HV platform of the Linac during Nuclotron run
at February-March 2010 as follows:

o MK 3.5-107 ions per pulse 7 ps duration,
o ¥Kr®" 3.2:107 ions per pulse 7 us duration,
e MK 3.0-107 ions per pulse 7 ps duration,

o MXe*"™ 3.0-107 ions per pulse 7 ps duration,
o ¥Xe*** 3.0-107 ions per pulse 7 s duration,
o "Xe* 2.7-107 ions per pulse 7 ps duration,
o X' 15107 ions per pulse 7 ps duration.

Au Highly Charged Ilons

The scheme of internal injection of gold atoms into the
working space of the Krion-2 ESIS is based on
evaporation of Au atoms from the surface of tungsten
wire by pulse electric current heating. We used a gold
plated tungsten wire of 0.05 mm in diameter. The wire
was installed in the specially designed cell in the vicinity
of the working space of the ESIS, few mm away from the
axis. The cell volume was separated from the drift tube
space by the stainless steel grid with 70 % transparency.

As it was noted before the electron injection energy in
Krion-2 ESIS can not be more than 5,0 KeV because of
technical reasons. So, Au®"* was a maximal charge state
reachable at such conditions. There is a considerable gap
in binding energies between the last electron in N-shell
(2.96 KeV for Au*" and the next M-shell: 4.89 KeV for
Au*™, 5.04 KeV for Au®*5.32 KeV for Au™** et cetera. ..

We still had no possibility to increase the electron
injection energy higher than 5.0 KV, however, it became
possible to overcome this limit by lifting the drift tube
structure up to +1.5 KV and using the energy recuperation
mode of operation.

These experiments have been done during December
2009. Electron injection energy was 4.8 + 5.0 KV and the
drift tube structure was lifted up to 1.5 KV as well.
Typical TOF spectrum of gold ions after 1500 ms of
ionization is presented in Fig.2, where mean charge state
in its maximum corresponds to Au>*'"* [1].
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Figure 2: TOF spectrum (in arbitrary units) of the gold
HCI beam extracted from Krion-2 ESIS after 1500 ms
of the ionization. Mean charge state is equal to 54,17+.

In the Table 1. the parameters and the sorts of
produced ions of existing ion source Krion-2 are listed.

Table 1: Krion-2 parameters and produced ions

Foor AT AT AT Xot
Nuclotron stand stand stand Nuclotron
2003 2007 2010 2010
Binding 2.05 1.21 2.96 5.32 3.07
energy Ey,
keV
Electron 4.0 4.0 5.0 6.5 6.5
injection
energy,
keV
Tonization 1.5 2% 1.0 1.5 1.5
time T, S 102
Repetition 0.5 40 1.0 0.67 0.67
rate, Hz
Extraction 8 8 8 8 8
time t,
10°s
N; per 1x 5x 1x 1x 3x
pulse 108 108 108 10’ 10’

PULSE INJECTION OF GASEOUS
SPECIES IN E-STRING

A specially designed cryogenic cell has been elaborated
and successfully tested for pulse injection of gaseous
species. The cell consists of a cylindrical chamber which
is situated in the vicinity of the working space of the
ESIS, 1 cm away from the axis. The chamber is placed at
78 K temperature terminal. This provides an efficient
reflection of CHy4,N,,0,, and CO molecules and of Ar, Kr,
Xe, and possibly Rn atoms from the chamber walls. The
chamber has two orifices: one is being opened in order to
load the portion of working gas from the outside, and the
second one is always opened and it is designed to connect
the chamber with the working space of ESIS through a
thin pipe of 0.5 mm diameter and of 3.0 mm length. The
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pipe is kept at 78 K for an efficient transportation of
gases.

The key element of the cell is the copper rod of 2.5 mm
diameter and of 90 mm length, located on the axis of the
chamber and connected to 4.2 K terminal of the ion
source. The rod is supported with thermoinsulated flanges
of the cell cylinder. The rod has the sandwich-type
electroinsulating-conducting layers so that the conducting
one may be heated by a current pulse. The cell operates as
follows. A working or coolant gas portion, transported
from the outside, is frozen on the rod surface. Due to
electric pulse the rod surface is heated during 1-2 ms
from 4.2 K up to 40—60 K and all the frozen gas leave the
rod surface. The resulting gas pressure at this temperature
provides penetration of about 10'° molecules or atoms
into the drift tube space of the ESIS during 2-5 ms. After
switching off the electrical current through the conduction
layer the temperature of the rod surface is relaxed down
to the 4.2 K during a few milliseconds as well and all the
rest gas is frozen again at the rod surface. Then the
injection pulses can be repeated with necessary repetition
rate.

The cell construction was simulated and optimized
numerically with use of all available information about
the material properties versus temperature in the range of
4.2-78 K where all these dependencies are very strong.
Experimentally it was proven that for nitrogen the
elaborated cryogenic cell provides pulse injection with the
shortest pulse duration equal to 3 ms and for methane 5
ms [2]. The cell has been successfully tested and used for
pulse injection of CH4 N,, Ar, Kr, and Xe in e-string of
the ion source. As an example in Fig. 3, the Ar ion current
pulse is presented [3].
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Figure 3: Ar ion current pulse obtained using the
cryogenic cell.
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CONVERSION EFFICIENCY OF
GASEOUS SPECIES TO ION BEAM

There can be cases, when conversion efficiencies of
gaseous species to ion beams are of a great importance.
Conversion efficiency of radioactive ''CH, to ''C*" ion
beam is one of the cases. Development of the cell for gas
pulse injection allowed us to measure this efficiency for
Krion-2 using non-radioactive methane. The efficiency
appeared to be rather high, but inexplicable spread of
results from 4.2% to 19% in various experiments requires
a further research [3].

ION-ION COOLING

We consider ion-ion cooling technology as a powerful
mean for decreasing of ion losses during ionization. There
fore, we began systematic studies of the cooling with a
goal to find the best coolant for various heavy ions. The
first pair was Kr injected from the described above
cryogenic cell and continuously injected CH; — the
lightest coolant. In Fig. 4 we show the rather large effect
of ion—ion cooling in production Kr*"" during 155 ms
confinement [3].

..@4-.—'7'

Arb. units

0 100 200 300 400 t{ps

Figure 4: Kr*”" ion pulses: 1 — cooling “off”;
2 — cooling “on.”

For Au’'" ions we have tried first CO, desorbing from
the gold plated tungsten wire, as the gas for coolant ions.
Fig. 5 illustrates the benefit of the ion-ion cooling in terms
of ion yield under various time of coolant gas injection.
Total ionization time is T;=700 ms. The injection time for
cooling gas, as shown on corresponding curves, T, =150
ms, T, =450 ms, T, =550 ms, and T, =650 ms.
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Figure 5: Au ion yield and TOF spectra for various
injection time of the cooling CO gas.

The ion yield has been measured in the Faraday cup,
located behind the last section of the TOF spectrometer.
Because of several grids along the spectrometer only
some fraction about 40% of the total ion beam was passed
through the spectrometer structure and was measured. The
measured fraction of ion yield is definitely proportional to
the total produced ion yield. Hence Fig. 5 gives an
adequate impression on a benefit of the ion-ion cooling.
The total maximal number of the produced Au’'" ions was
about 10° per pulse [2].

CONSTRUCTION OF NEW 6 TESLA
ESIS: CURRENT STATUS

The ion source of ESIS-type, named Krion-6, is
expected to be one of the ion sources JINR NICA project.
Krion-6 is currently under construction with the following
project parameters: 6 T superconducting solenoid of 1,2
m length and electron injection energy range of up 25.0
KeV. Expected main parameters of new ion source are
presented in the Table 2.

Table 2: Krion-6 expected main parameters in terms of
Au’'" ions, planned for NICA injector.

Working element/charge Au"
state
Expected ion yield N;
(number of ***'* jons in 2+4x 10°
pulse)
Repetition rate 50 + 60 Hz
Extraction time form the 8+30x10°s

ESIS
RMS emittance

0.6 m mm mrad
(for 8 x 10 s extraction
time);

0.15 © mm mrad
(for 30 x 10° s
extraction time).
up to 10 mA

Peak current
in pulse
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We expect to get 2 + 8 times increased ion yield with
our new Krion-6T ESIS in comparison to Krion-2 ESIS.
Our optimistic expectations (8 times) on ion yield
increase are inspired by the observed earlier ion yield N;
growth in ESIS Ni~B’, where B is an applied solenoid
magnetic field of the ion source. This almost cubic
dependence on the magnetic field was measured in a
range 2.8 + 3.3 T with Krion-2 ESIS and we hope this
growth will continue up to 6 T magnetic field as well.

The vacuum system of the source was constructed and
tested. The winding device to manufacture 6 T solenoid
of a perfect symmetry magnetic field was constructed and
three test solenoids of 20 cm length have been
manufactured to proof the manufacturing technology. We
have reached 7.15 T, 7.4 T and 7.8 T maximal magnetic
field correspondingly for these test solenoids, tested in a
liquid  helium  filled cryostat. The  obtained
currents/magnetic fields are occurred to be just in a short
vicinity (and even exceeded) of the corresponding critical
currents for short pieces according to the
superconducting wire manufacturer data.

The 