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This, the fourth European Workshop on Beam Instrumentation and Diagnostics for Particle Accelera-
tors (DIPAC) was held at the Queen Hotel, Chester in The UK from 16 to 18t of May, 1999. This year
the Workshop was sponsored and organised by Daresbury Laboratory, part of the Central Laboratory
of the Research Councils. Daresbury is the home of the UK’s National Synchrotron Radiation Source
(SRS). With guidance from a multi-laboratory programme committee from locations across Europe,
the DIPAC workshops are held to encourage and assist the exchange of experience and ideas amongst
the European accelerator diagnostics and instrumentation community.

Over 100 Participants from Europe, Eastern Europe and America took participated in the workshop.
The format consisted of a mixture of invited, contributed, oral and poster presentations, with dis-
cussion groups for popular specialist areas of discussion. An industrial exhibition was also included
with the poster sessions, used by many as discussion area to review the latest techniques.

These proceedings include the papers for the invited oral presentations, the contributed presentations,
the oral presentations and posters in that order. An accompanying CD, which will follow these
proceedings will contain the information within these proceedings and also the overheads used
during presentations. It is intended to include some audio reproduction of the presentations also.

At the time of compiling these proceedings, Daresbury Laboratory is under threat due to a pressure
for change in the UJ’s laboratory system. As you know, the SRS at Daresbury was the world’s first
machine dedicated to the production and use of synchrotron radiation (first user experiments in
1980/81) for users. It, and the staff here at the laboratory have worked diligently to operate, maintain
and upgrade the SRS to remain competitive amongst other newer and better machines, coming on-line
throughout the world since it first became operational. The efforts of the staff to provide the best
source possible was underlined by the awarding of the Nobel Prize for Chemistry to Dr John Walker
of the Medical Research Council’s Laboratory of Molecular Biology in Cambridge, and a user of the
Protein Crystalograpphy facility at Daresbury.

As professionals, we realised that the SRS needs replacing, so we started to work on designs for
replacing the SRS with a source worthy of our users requirements. We listened to what they wanted
and duly produced schemes and plans for a new synchrotron, the name of which we now know and
love, DIAMOND. Over the last 10 years, the expert staff here at Daresbury have planned and designed
DIAMOND to come up with a design that satisfies our users into the next millennium. Importantly,
this would be co-locate alongside the SRS to ensure that it was fully dupported during the DIAMOND
build to meet requirements for no ‘dark” period. Through all this time, we have had the full support
of our user communities, our local councils who have already granted planning permission, and the
North West regional development agency. Finally after our 10 years of quiet work on the project, we
received the announcement that the political will and the funding was there to make our DIAMOND
a reality. A once in a lifetime opportunity for most, to make a significant contribution to the nations
cultural and scientific wealth, to build a machine and to restate the ability of the Daresbury staff to
produce a world class facility like the SRS once was.

At this time, the staff are actively involved in an public campaign to secure DIAMOND at Daresbury,
and ensure the future of this world renowned lab. Many DIPAC99 participants have sent letters of
support for Daresbury to the UK Government, and on behalf of the staff, I would like to thank you
for your support. It means a great deal to us, and the Northwest region of the UK that this laboratory
continues to be the UK’s synchrotron radiation facility, a site of scientific excellence, a major resource
for future scientists and engineers, and an ambassador for the UK.

Rob.Smith. March 2000
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DIPACY9

4th European Workshop on Diagnostics for Particle Accelerators
16th - 18th, May. The Queen Hotel, Chester, UK.

Saturday 15 May 1999

Dear Colleague

It is a great pleasure for me to Chair the 4th European Workshop on Beam
Diagnostics and Instrumentation for Particle Accelerators, DIPAC'99 and | am
pleased to welcome you to Chester.

This year the Workshop on Beam Diagnostics and Instrumentation for Particle
Accelerators is sponsored and organised by Daresbury Laboratory, part of the Central
Laboratory of the Research Councils. Daresbury is the home of the UK’s national
Synchrotron Radiation Source (SRS), and on Monday 17th there will be a visit and
tour of the Laboratory.

The Synchrotron Radiation Source (SRS) at Daresbury was the world's first machine
dedicated to the production and use of synchrotron radiation (first user experimentsin
1980/81). It is a three-stage machine for accelerating electrons, comprising a linear
accelerator (an "electron gun"), a booster synchrotron and a storage ring. Here the
electrons travel in a vacuum inside a tube around the 96m circumference of the ring
and remain stored in orbit producing synchrotron radiation for 10 or 20 hours at a
time. Synchrotron radiation is produced at each of the 16 bending magnets and 5
insertion devices in the storage ring. This light is fed to over 30 experimental areas,
where researchers select the portion of the spectrum that they need and use it to
perform experiments. X-rays will be chosen to investigate the structure of proteins,
for example, whilst ultra-violet light will be used for investigations into the
fundamental properties of atoms or molecules.

The Loca Organising Committee has handled the entire organisation, and | am
particularly grateful to the Workshop Secretary Sue Waller.

Sue and her assistants will be pleased to help with any queries during the workshop.

Y ours sincerely
“IMBgles
D.M.Dykes
(Chairman DIPAC’ 99)

16:00

19:00

Registration —Conference Desk

Reception
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Sunday 16 May 1999

09:00
09:15

09.50
10:00

11:15
11:45

Registration

Welcome and Opening Presentation

Chairman — D M Dykes

Invited Talk 11 Recent Advances in Synchrotron Radiation and its Applications
—D Norman

Conference Photograph

1 invited and 2 contributed talks

Chairman -

Invited Talk 12 The Role of Diagnostics in the Performance | mprovement of

SLC — P Raimondi

Contributed Talks

C1.Measurements with a Versatile Test Bench for Commissioning of the New
GSI High Current LINAC

C2.Determination of Radial ion Beam Profile from The Energy Spectrum of
Residual Gas ions accelerated in The Beam Potential

Coffee

1 invited and 2 contributed talks

Chairman —

Invited Talk 13 Beam Loss Monitors— G Naylor, ESRF

Contributed Talks

C3.500 fS Streak Camerafor UV-Hard X-Rays in 1kHz Accumulating Mode
With Optical -Jitter Free- Synchronisation

C4.Bunch Length Measurementsin LEP

13.00

Lunch

14:30

15:30

16:00

Posters

Posters must be manned from
15:00 to 16:00

More posters this session

Coffee

Discussion Groups

1. Optical Diagnostics 2. Commercia Technology —
Chairmen- M Ferianis Chairman - J. Bergoz
K Scheidt, AN Other
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Monday 17 May 1999

09.00

10:45

11:15

2 invited and 2 contributed talks
Chairman —
Invited Talk 14 Fast Positional Global Feedback — E Plouviez, ESRF

Invited Talk 15 Fast (40 MHZz) Comparison of Analogue Signal Processing
for BPMs— G Vismara

Contributed Talks

C5.Daresbury SRS Beam Position Feedback Systems

C6.Developments and Plans for Diagnostics on the SIS Synchrotron

Coffee

2 invited and 2 contributed talks
Chairman —

Invited Talk 16 I nstability Feedback
Invited Talk | 7 Fast Bunch Length Measurements — M Geitz, DESY
Contributed Talks

C7.The ELETTRA Streak Camera: System Set-up and First Results
C8. Adaptive Optics for The LEP2 Synchrotron Light Monitors

13.00

Lunch

14.00
14.30

16.30

18.30

19.00

23.00
23.30

Coach to Daresbury Laboratory
Visit Daresbury Laboratory

The visit will include atour of the Synchrotron Radiation Source and its

facilities. The SRSisa2 GeV electron storage ring with a12 MeV Linac and
600 MeV Booster Synchrotron injector system.

The visit will also include the new Science Centre which gives examples of
some of the science carried out at Daresbury Laboratory.

Leave Daresbury and return to Hotel

Coach to Peckforton Castle

Medieval Banquet

Coaches return to Queen Hotel
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Tuesday 18 May 199
09.00 | 2invited and 2 contributed talks
Chairman —
Invited Talk 18 Diagnostics and Controls for Medical Machines —H Eickhoff
Invited Talk 19 Diagnosticsin Heavy 1on Machines— P Strehl
Contributed Talks
C9.Luminosity Optimization in DAFNE
C10. Rea Time Display of the Vertical Beam Sizes of Beamsin LEP, Using
the BEXE X-Ray detector and Fast VME Based Computers
10:45 | Coffee
Posters
(Posters must be manned from 11.00 to 12.00)
12.00 | Discussion groups
1. Precison BPM’s 2. Positional Feedback
Chairmen Chairmen
H Schmickler S.Smith
K Unger E Plouviez
V Schlott
13.00 | Lunch
14.00 | linvited talks + 2 Contributed Talks
Chairman —
Invited Talk 110 Diagnostics for Linear Colliders—
Contributed Talks
C11. The OTR Screen Betatron Matching Monitor of the CERN SPS
C12. The Luminescence Monitor of the CERN SPS
15.15 | Final Presentation and Closing
Chairman — D M Dykes
Invited Talk 111 History of Beam Diagnostics, H Koziol, CERN

Vi
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Beam loss monitors at the ESRF

B.Joly, U.Weinrich, G.A.Naylor, ESRF, Grenoble, FRANCE

Abstract The former type are required to be very sensitive,
whereas the second type should be designed so as to
The European Synchrotron radiation facility is a thiradneasure linearly very large bursts of radiation.
generation x-ray source providing x-rays on a continuous good review of the different beam loss detector types
basis. As a facility available to external users, this given in[1] and is summarised in table 1.
monitoring of radiation caused by the loss of high-enerdy all cases care should be taken in the case of a
stored beam is of great concern. A network of beam losgnchrotron light source that the signal detected is not
monitors has been installed inside the storage ring tunreggnificantly perturbed by the contribution from the
so as to detect and localize the slow loss of electrobackground high-energy synchrotron radiation. This may
during a beam decay. This diagnostic tool allowbe achieved as in [2] by the coincidence detection on
optimization of beam parameters and physical apertutwo photodiodes. At the ESRF the higher energy
limits as well as giving useful information on theradiation due to the Bremstrahlung of electrons escaping
machine to allow the lifetime to be optimized andhe vacuum chamber is discriminated from the

defects localized. synchrotron radiation by shielding the detector with
10mm thickness of lead and placing the detector on the
1 INTRODUCTION inside of the storage ring. For the case of the fast

. . detectors, synchrotron radiation is not a problem as they
Modern synchrotron light sources are being pushed b o
) . - .~ .are only sensitive to large bursts from beam losses. A

users to provide higher photon brilliance. This is. : .
. . simple detector system is employed using a perspex rod
achieved both by a reduction of the stored beam o . ) L
.as a scintillator coupled to a high gain photo-multiplier.

emittance and by the increase of magnetic fields wi his method was chosen to allow a large number of

short period undulators. The latter requires the closde ; .
o n . . . detectors to be installed. The average anode current is
proximity to the beam of the insertion device magnetic

oles. At the European Svnchrotron Radiation Faci“tmonitored rather than the count rate of scintillation
b : P y Lvents. Although in principle scintillation counting

(ESRF), vacuum chambers of internal dimensions as IOVI‘%ouId give better linearity over a greater dynamic range,

as 8mm are used with lengths up to Sm. Large amplltuléa practice the particle revolution rate and the filling

betatron oscillations excited by Touschek, elastic an attern limit the maximum achievable count rate. This

|nelast|(_: collisions in the vertical plane giverise to a Ic.)s%aximum rate is different for different filling patterns
of particles on the small aperture insertion devic

. . %g single bunch and multi-bunch) thus affecting the
vacuum vessels. The push to low emittance increas o . -
erformance in different filling modes, similarly the

significantly th(_a contn_buyon to these losses _fronp aximum count rate during injection is limited to 10Hz
Touschek collisions. It is important in order to controg]

. . I)(]the injection rate. The photo-diode solution although
these losses that they are continuously monitored. Bea N Viding a simole solution aave too low a count rate at
loss detectors have been developed at the ESRF Whﬁ g P 9

h . .
detect the radiation shower produced by the passage o? locations at which the detectors were to be located. A
high energy electrons through the vacuum chamber

fast beam loss detector using a 1mm Perspex fibre
. coupled to a silicon photodiode is also used. Each of the
walls. Two types of detector have been developed: L ) .
) ) o 2 cells of the ESRF storage ring is equipped with one
i) Short fast losses during injection pulses an
Slow beam loss detector and 3 fast beam loss detectors.
sudden beam losses.

i) Prolonged beam loss during the decay period of
a stored beam.

Type of Beam loss detector Advantages Disadvantages

Long ionisation chamber [7] Can give position sensitivity Expensive and complex
electronics

Short ionisation chamber [3] Linear over many decades Measurement of very low
currents is very expensive

Scintillator + Photomultiplier Simple and cheap Long term degradation of

(PM) [6] scintillator and drift of PM

Pin Photo-diode [5] Simple and cheap Limited count rate.

Table 1: Different beam loss detector types.
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In practice the slow beam loss detectors have also be2/? Fast Detector

useful in detecting injection losses by reducin% ) ] )
dramatically the injected current from the linac so as n6t 1mm diameter Perspex fibre 60cm long is coupled to a

to saturate the detectors. This latter mode of injectigiotodiode. The fibre is shielded in a 2mm-wall
optimisation is particularly important as this operatiofickness lead tube. The photodiode signal is directly
normally involves injection over very long periods of2MPlified with a gain of 10V/A. This amplifier is
time and significant accumulated doses around tfronnected using a single co-axial cable to the outside of

accelerator structure if the full injection beam current i§18 tunnel. An electronic card outside of the tunnel is
used. used to provide a supply voltage bias to the connecting

cable and receive the incoming pulse. This electronic

2 DETECTOR CONSTRUCTION card gives a further gain of about 20 with a rise time of
about 50ms and a fall time of about 2 seconds.

The construction of the slow detector is shown in figure
1 and the fast beam loss detector in figure 2.

In each case a scintillating Perspex light guide
channels part of the scintillations produced by the
passage of high energy particles in the medium to a
photodetector.

Vacuum Chamber
2.1 Slow detector.

A 60cm long, 25mm diameter rod of perspex is used as
the scintillator. A high sensitivity visible light sensitive
photomultiplier is used to collect the light (Electron
tubes device P30CW12 with bialkali photocathode and
integrated high voltage supply.). The device is shielded
from synchrotron radiation with a 10mm wall thickness perspex fibre
lead tube. The anode current from the photomultiplier is Coax. cable
amplified in an electronic card outside the tunnel with a 1 PDAAMD || ™
gain of 5x. 10 V/A. The sensitivity of the device can be _

adjusted over several decades and set to a calibrafdgure 2: Fast beam loss detector

level by introducing a small known light intensity into

the top of the device and changing the control voltage #g'€ Signais from the two detector types are available as
the photomultiplier high voltage supply. slowly varying analogue signals, which are read by an
analogue to digital converter and processed for display

and storage on the control system terminals in the
control room. The system is summarised in figure 3.

Lead pipe 10mm diameter
2mm thick.

1mm diameter

SLOW BEAM LOSS DETECTOR
{(New version)

ONE STORAGE RING CELL

FBLD FBLD Dipole FBLD Dipole
Straight Section

L~——— Perspen fiber
d=25 or {lmm

| ( Tunnel Wall

TECHNICAL GALLERY
~— 1-cm lead global shieldin \\\
d g Cables from

Adjacent cell

AMP +
Integrator

E D/A conv.
= ~

G64 Crate Readout
-~ Photo-Mulfiplier
from Bectron Tube: or Hamamatsu
Fieldous

VME

Ethernet | T
Shielding shutter L]

Figure 3: Acquisition system

The signals from all the detectors are summarised in a
graphical application, which shows the time variation of

Figure 1: Slow beam loss detector :
all the detectors (figure 4).
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Following interventions on vacuum on the storage ring,
the vacuum improves from a relatively poor value, due

18:23:07 & uum poor v
- to conditioning, over several weeks. This is evident from
tBoaA7 the lifetime and beam losses on straight section vacuum
getbn B vessels (figure 5). A growing leak in a cell may be
o detected by increases in the losses on the insertion
78'325327 - device vessel in the following cell (figure 6).
18:28:07~ _ Vacuum leak in cell 4 Leak repaired
7 1 i i i i i i | 1
18 29 47 ; . o
1_8;31_:27:' 3
18:52:55 _ :
o e bl e I 2578 29 L
L Bl
Figure 4: Graphical display of a class of detectors 0

I I I
t t t
800 900 1000 1100

Cell 5 heamlosses

sr/d-beamloss/c05-s1/beamloss (¥)
Figure 6: Indication of vacuum problems

3 USE OF BEAM LOSS DETECTION AT

THE ESRF 3.3 Optimisation of scraper settings
Some of the current applications of the beam lo

. Sthe losses on the small vacuum vessels are a problem
detectors are given below.

due to increased Bremstrahlung on the beam line and
due to activation of the vacuum chamber. The losses can
be dramatically reduced and concentrated at the position

The lifetime may be suddenly reduced by a loce ; F '
reduction in physical aperture due for example to tr °SCRAPER POSITIO

deformation of an RF finger. This will become
immediately apparent on the slow detectors in th
following cells or on the fast detectors when trying to re
inject.

w

o
-]

Vert|cal

' [@sse&'it' scraper |

3.2 Detection of poor vacuum

Figure 7: Scraper optimisation

Al

i ul..|_. i
e

LB

1 t
800 1200

Beamloss on cell following a section hows Average storage fing pressure 3.4 Detection of tuning problems.
that had been apenned to air. .
Figure 5: Vacuum conditioning after a shutdown Increased loss of particles may occur due to poorly

corrected resonances which may become apparent due to
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insertion device gap dependent tune changes. ThH¥ O.Kaul, B.Sarau, K.Wittenburg DESY “Fast
affects the lifetime but is also very visible as increasemieasurement of lifetime changes and beam losses in
losses at the small gap vacuum chambers. The f&DRIS by the use of Bremstrahlung from a collimator”
response of the signal allows rapid optimisation (figurfs] “Monitoring Beam losses at the Synchrotron

8). Radiation Elettra facility” ST/M-TN-94/4
: Resonance correction « [6] J.R.Parker et al “A beam spill monitor foAMPF”
l ey IEEE Trans. On Nucl. Science Vol 20 3 (1973) p 596-
vt A Plial » 598
4 . ‘V‘
] LlfestfN } ‘ \,A o { ‘ [7] J.Rolfe et al “Long ionisation chamber system for the
P ﬁj M\w}q‘”jﬁ "= SLC” SLAC-PUB-4925, (1989)
3 | {11 | L‘ " ‘\
R b | | | "\ | 30
L | =6 \“\m& o - M‘ 0o
# \w\‘:J I < '\Jw\# \‘,.v J \AJL
| [
.w Losses/on CUUM Vess |5i fll, L.
(g | o b b U Ak s i
¥

00:00 03:00 08:00 09:00 12:00 15:00 18:00 21:00

Figure 8: Detection of tuning problems.

3.5 Injection optimisation

The requirement of minimising the total number of lost
electrons in order to satisfy radiation safety limits
implies that injection optimisation should be done with
very low injected -currents. The use of -current
transformers to measure the efficiency becomes very
noisy, whereas the sensitive signals from the slow beam
loss detectors around the storage ring allow the losses to
be quickly and easily minimised.

4 SUMMARY

Fast and slow beam loss detectors are installed all around
the ESRF storage ring. The slow beam loss detectors are
very useful as a diagnostic in monitoring various
machine defects including losses during injection.
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FAST POSITIONNAL GLOBAL FEEDBACK FOR STORAGE RINGS

E. Plouviez. ESRF, Grenoble, France

Abstract

Stability of the closed orbit of a storage ring is limited by
the oability of the components defining this orbit:
magnets position and field values. Measurements of the
variation of the stored beam orbit with respect to a
nominal orbit and application of orbit correction derived
from these measurements can reduce these distortions.
The subject of this talk is the implementation of such
correction at high frequencies (up to about 100Hz ) using
global correction schemes.

The basic theoretical aspects of the problem will be
presented:

-Global versuslocal scheme

-Feedback loop dynamics.

The technical problems associated with the
implementation of such systems will also be addressed:
-BPM and correctors design

- Feedback loop electronic design

1 INTRODUCTION

Most modern lepton machines have emittances of the
order of 10nmrad and 1% coupling. In order to offer
optimum performance to their users, storage rings must
achieve excellent orbit stability, especialy at the source
points on synchrotron radiation sources or interaction
points on colliders. The requirements on this orbit stability
are usually specified in terms of tolerated orbit centroid
motion with respect to the beam size. Depending on the
local value betatron function, the beam sizes and
divergences are 10um and lurad or less. So, in order to
take advantage of such small beam size, we am at
controlling the orbit with micron accuracy at these
specific locations. In the case of light sources the problem
is more demanding due to the greater number of source
points spread al over the ring compared to the few
interaction points of colliders. The reduction of the orbit
distortion in the rest of the machine is also mandatory in
order to achieve these emittance figures, to obtain a good
lifetime and to protect the vacuum chamber against the
synchrotron radiation thoug in the latter case the stability
requirements are dightly less stringent [1]. Various
sources of perturbation of the closed orbit can be found on
most machines [2][3]. Below .1Hz we will find ground
motion due to seasonal or tidal causes and thermal effects.
They will be dealt with by machine realignements
(seasonal  effects) and beam position measurements
followed by closed orbit corrections using correctors
dipoles magnetg4]. Between .1Hz and 100Hz, the
perturbation will come from the ground vibration
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transmitted by the magnet girders, the water circulation,
the AC power distribution. A typical spectrum of these
perturbations is shown on figure 4. These additional fast
sources of perturbation should be minimised at their
source, but the residual orbit perturbation level can till be
above 1 um, even on well designed machineg[2][3]. This
level is not high enough to spoil the machine tuning but
can increase the apparent emittance for the users. These
fast residual perturbations can also be reduced by closed
orbit corrections but the repetition rate of these
corrections poses specific challenging problems for the
orbit control.

2 CLOSED ORBIT DISTORTION AND
CORRECTION

2-1 Principle

Variations of the position of quadrupoles or sextupoles,
tilts of the dipoles orientation, fields fluctuations, will
result in the addition of angular kicks to the nominal
dipolar fields of the ring. These kicks are compensated by
a change in the closed orbit in order to obtain a new
closed orbit, where the perturbation kicks effect is
compensated by the kicks produced by the offset of the
new perturbed beam closed orbit with respect to the
quadrupole center as shown on figure 1. To perform a
closed orbit correction an orbit measurement is done,

using a set of € (or photons) BPMs and a set of
correction kicks is applied to the beam using correctors
dipole magnets in order to cancel the difference between
the reading and the desired value.

2-2 Global correction

With this scheme, an adeguate number of M BPMs,
spread all over the machine are used to measure the orbit
distortion. The vector &d of the M beam position offsets is
used to calculate a correction vector 60 containing the
values of N correction kicks using a M*N correction
matrix R™. R"is deduced from the N*M response matrix R
formed by the response of the M BPMs to individual
correctors unit kicks. R can be obtained from a theoretical
model or from measurements. The calculation of the
correction matrix R™ can be done using various methods;
The most common method seems to be the Singular
Values Decomposition (SVD)[1]; the SVD method is very
flexible and does not require R to be square. The adequate
number and location of the BPMs and correctors are
function of the lattice design, of the space available on the
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machine, and of the quality of the correction needed. The
number of BPMs and correctors used can be very large
(224 BPMs and 96 correctors at ESRF for a 32 cells
Chassman-Green lattice). However, due to the quasi
periodic pattern of a beam distortion due to random kicks,
a significant reduction of a distortion can already be
obtained using a much smaller number of BPMs and
correctors. A rule of thumb is that using a number of
BPMs and correctors equal to the tune number of the
plane considered, you can achieve a reduction by a factor
of 3 to 5 of most random orbit distortions as shown on
figure 1

X107 16 BPMs 16 steerers 8 eigen values
T T

rms= 4.5426
2r it peaks= 4.4928
|
i rms. FBbpms= 4.2225

. . .
0 50 100 150 200 250
Zplane

Figure 1: correction of a random vertical orbit distortion
on the ESRF lattice with 16 BPMs and 16 correctors.

2-3 Local correction

Since the orbit stability is particularly important at some
discrete locations like insertion devices or interaction
points, the correction can be aimed at suppressing the
orbit distortion only at these location using a closed bump,
leaving the rest of the machine uncorrected. Such a
scheme requires two BPMs for the orbit distortion
measurements in a straight section and four correctors for
the local cancellation of both position and angle and the
bump closing.

3 FAST CORRECTIONS

3-1 Feedback loop basics

) ) [ =)

PID
parameters

ring

Figure2: Block diagram of afeedback loop orbit
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If we control the orbit distortion with the feedback |oop of
the figure 2, corrected orbit will be given by :

oc = (&d +G.N)/(1+G)
with:
Y = measured orbit vector,
Yref = reference orbit vector
od, oc = (Y-Yref) without and with feedback
G = gain of the corrector, N= noise of the BPMs
A G value as high as possible seems to offer the largest
dd/dc damping potential. But if T, delay in the loop, is not
null, at some frequency the phase due to this delay will
revert the sign of the correction and the system will be
unstable. The delay T will come from the sampling and
multiplexing process in the BPMs, the correction
processing time (in a digital correction system) and from
the rise time of the correctors field (eddy currents and
power supplies rise time). A very popular way to design a
stable and efficient corrector isto use a PID corrector [5].
In a PID corrector, G response is a combination of a
proportional response with a gain P, integral response
with again | and derivative response with again D; in this
way, an very large gain is achieved at low frequencies, the
stability of the loop is improved by the proportiona part
near the cutoff frequency fc, and the derivative gain can
improve the step response if necessary. This corrector can
be implemented in an analog design as well as using a
DSP. The limiting factors in the choice of the | gain
which sets the cutoff frequency will be the noise of the
BPMs and the delay of the loop. If the noise spectral
density of the BPMs is too high, this contribution to dc,
integrated up to the cutoff frequency can be higher than
the initial orbit distortion, spoiling the effect of the
correction.

3-2 Optimisation of the feedback parameters

Let us roughly estimate acceptable values for fc, N(w)
and 1 with the motion spectrum of the figure 4: To be
useful, afast feedback system should be able to damp the
orbit distortions up to 50Hz, so fc=150Hz at least to have
adamping of 3 at 50Hz and T must be less than 1/(10.fc)
= .6ms to have a stable loop with this fc value; and if we
am at a closed orbit reduction below 1um, the BPMs
noise contribution should stay below .3um over this
150Hz span which requires a noise spectral density N(w)
below 20nm/VHz. The damping actually achieved will
aso be function of the spectrum of the initial orbit
distortion. For instance , with the spectrum of the figure 4,
observed at ESRF, a damping of 3 over the O to 200 Hz
span could be expected on the initial 2um wide band
distortion at the BPM location with the parameters fc, T,
N(w) chosen above, assuming a perfect static correction.
No increase of the numbers of BPM and corrector will
make up for the limitation of the correction accuracy due
to the bandwidth limitation, so this figure will be used , in
the case of a global feedback, to set the optimum number
of BPM and corrector to be used in the dynamic
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correction. In our case a static damping of 3 to 5 is
adequate.

3-3 Local and global scheme comparison for
fast corrections

For a good performance of a machine in term of
emittance, lifetime, resonance limitation, a slow orbit
correction system based on a large number of BPMs and
correctors is needed (see 1). The rate of the corrections
possible with such a large number of components will be
limited (especially by the correctors bandwidth as
explained in 4-3). Additional corrections at a higher rate
can be needed in a limited number n of discrete locations,
for instance at the emission points of alight source. If nis
small, the implementation of N additional local correction
systems (using 2 x n BPMs and 4 x n correctors) can be
the solution. However if n becomes large a fast global
scheme using a limited number of dedicated wide band
BPMs and correctors is a better solution for the following
reasons:

1- The perfect closure of a local bump at high
frequency is difficult to achieve due to the different
dynamic responses of the four different correctors; so the
operation of too many fast local feedbacks will eventually
result in some increase of the orbit distortion outside of
the bumps and eventually to unstable loops behaviors due
to crosstalk.

2- Asshown in 2-2 and 3-1, the same damping is

achieved by a globa feedback on the whole ring, using
much less BPMs and correctors than local feedbacks, with
the same efficiency.
Conclusion: The adequate solution to extend the orbit
corrections in frequency above a few Hz is to implement
an additional system using a limited number of wide band
BPMs and correctors, depending on the number of
locations where the correction is needed, this system will
be alocal or aglobal feedback.

4 TECHNICAL ISSUES

4-1 General guideine

The number of component (BPMs, correctors, control
interfaces) needed for the fast corrections is only a
fraction of the number needed for the slow corrections. If
the performance required for the fast corrections
components cannot be achieved by the dlow corrections
components without extra cost or compromise on the
performance level (principally speed and BPMs noise
spectral density), it will be more efficient to implement
specific components for this application. If adopted, this
separation will require a de coupling of the two systems;
different decoupling schemes are possible[1]. The choice
of afrequency separation of the slow and fast system can
ease the design of the BPMs and correctors as explained
below.
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4-2 BPMs
4-2-1 Electron BPMs

I will give below examples of difference in the design
optimisation of a DC dow BPM and a wideband AC
BPM.

1- For dow correction, the wide band spectral noise
density of the BPMs output signal is not a major concern
to achieve a good resolution, since it is possible to filter
this noise with a low pass filter; for a fast BPM, this
filtering cannot be applied and this noise density must be
kept as low as possible. On the other hand linearity of the
position measurements versus beam current is a major
concern for DC position measurements; it requires to
operate the analog components of the pick up signals
processing electronics far enough from their saturation
level, which is not the best way to lower the signa to
noise ratio at the BPM output. This linearity concern is
less important for AC measurements used in a closed loop
feedback. The multiplexing scheme with single
heterodyne RF receiver is very popular for the processing
of signals of the BPMs electrodes. It has the advantage of
an easy and accurate absolute DC cadlibration, good DC
measurements reproducibility in a wide current dynamic
range and is cheap to implement. These qualities are very
much appreciated for DC orbit measurements. However,
compared to non multiplexed schemes, its noise figure is
at least 6 dB worse, the level of the signals to process in
the RF mixer is higher, and the multiplexing frequency
must be very carefully chosen in order to avoid unwanted
aliasing of high frequency signals (revolution frequency,
synchrotron and betatron oscillation frequencies).

4-2-2 Photon BPMs

Due to the smaller space between their electrodes, and to

the high synchrotron radiation power available, the photon
BPM s can achieve a lower noise spectral density for wide
band position measurements than electron BPMs. Dipole
emission can only be used for vertical position
mesurements; insertion device emission can be used in
both planes; but their use in electron beam orbit local
correction systems in straight sections is impaired by the
pollution of the photon signa of the insertion device by
the adjacent dipoles emission. However, for a global
vertical orbit correction system, photon vertical BPMs
using the dipoles emission would be very good candidates
compared to electron BPMs; the high vertical 3 value at
the dipole source point is an advantage, and the resolution
of electron BPMs in the vertical plane can be at the limit
of what is required on some recent storage rings.

4-3 Correctors magnets and power supply

Given the low delay and high bandwidth required, the
correctors must be air cored magnets installed on high
resistivity wall vacuum chamber sectors (thin stainless
steel wall for instance). Air cored magnets are bulkier
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than iron core magnets, so their number should be limited
to what is required for the fast corrections. If these
magnets are used only for the corrections of vibrations
without delivering DC currents, this will aso relax the
power requirements for their power supply. To drive an
inductive load, with a flat frequency response and a low
delay is not easy. Two solutions are possible: to damp the
inductance with a low value resistor and to use an over
dimensioned voltage power supply, or to use a PWM
switched current power supply[6], with a current control
loop optimised for the magnet load. Values of components
used on a system in operation at ESRF are given in 4-2.

4-5 Control system

Even with a moderate number of BPMs and correctors (16
BPMs and 16 correctors on the ESRF described below),
the calibration and tuning of a loop implemented with
analog controllers would be impossible. So the control of
the feedback will be done using a digital signal processing
technology. CPU boards and programming tools adequate
for this application are widely available due to the
extensive use of DSPs in the industry. The signals
transmission between the BPMs , the correctors and the
controller can be analog or digital; the choice will depend
mostly on the size of the machine; a popular device for the
digital data transfer for this application is the reflexive
memory [7][8] but others approaches are possible [9].

5 AN EXEMPLE OF DESIGN: THE ESRF
VERTICAL GLOBAL FEEDBACK

5-1 Orbit correction requirement

The ESRF storage ring is a high brilliance source with
low emittance values (¢, =4.10°m.rad and &=4.10"
m.rad) and generates Xray from insertion devicesinstalled
on 5 m long straight sections. With ,=36m and 3,=2.5m
in the center of the high horizontal beta straight sections,
the rms beam sizes at the BPM locations on both ends of
the straight sections are o = 380um and o,= 14um. The
parasitic motion of the beam due to slow drifts or high
frequency vibrations of the quadrupoles support girders
must be kept at low enough values to avoid spoiling this
emittance figure. We observe two kinds of motions: very
dow drifts and vibrations at 7Hz, 30Hz and 60Hz as
shown on the figure 4. The amplitude of these vibrations
at the ends of these

straight sections is 12um rmsteerers location is 2mm thick giving

damp these vibrations in the vertical. In the design of this
system we have used the approach exposed in this talk.

5-2 System configuration

Since the vertical tune value is 14.39 this system uses 16
BPMs and 16 correctors to correct the orbit at a 4.4KHz
rate in order to provide an extra damping in thé 1®

200Hz frequency range. The layout of the system is
shown on figure 3.

Floating BPMs: )
point DSP (2 BPMs spaced by 5m)
Steerers magnets: Ll
VSB Bus

Front end DSP:

VSB to taxi bus
interface

= 4

6 cells spacing

2 cells spacing

Figure 3: Layout of the ESRF global feedback system.

5-2-1 Beam position measurement

The beam positions are measured using capacitive
electrodes installed at both ends of the straight section..
The electrode signals are detected with an RF
multiplexing system; as pointed in 4-2-1 it is easy to
implement though it does not have the lowest potential
noise figure. However special attention has been paid to
the noise of the electronics allowing to achieve a
resolution of 20nm/Hz over the full operation intensity
range from 5mA (in single bunch) to 200mA . Special
features of these BPMs are: impedance matching of the
electrodes by resonant RF transformers, 4.4KHz
multiplexing synchronized with the beam revolution, low
noise amplifiers and gain control [9].

5-2-2 Orbit corrections

The correction kicks are produced by sixteen air coil
steerer dipoles. The stainless steel vacuum chamber at the
the beam a flat

horizontally and 2um rms vertically. The slow drifts argfrequency response to the magnet field up to 1KHz; the
corrected every 30seconds by a global correction methsteerers inductance is 40mH. The steerers are powered by
using the measurements made over the whole machineWigde band power amplifiers and are able to produce
the 224 BPMs of the closed orbit measurement systefpradian/A kicks in a 1KHz bandwidth. The amplifiers
[4]. These vertical vibrations are smaller compared to trere voltage controlled bipolar PWM current mode
horizontal vibrations, but not negligible compared to thewitched power supplies developed at ESRF. They can
incoherent motion due to the vertical emittance. We hayroduce a peak voltage of 100V and a peak current of 5A.
added a vertical fast global orbit correction system tdhe total contribution of eddy currents and power supply
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rise time to the loop delay is .25ms.
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5-2-3. Digital signal processing hardware

The digital signal processing is implemented as shown on
figure 3. The corrections are computed at a 4.4 KHz rate
by a LSl DBV44 VME board housing a TI C40 floating
point DSP and a VSB bus. The datas are transmitted on
eight optical digital data links to eight front-end VME
crates developed at ESRF [11]; these crates carry IP
modules format DACs and ADCs, and are controlled by
front end fixed point AD2600 DSP for the data
preprocessing and transfer control. The data transfer at
both ends of the optical fibersis done with "taxi bus’ data
link driversimplemented on IP modules also developed at
ESRF. The data acquisition and transfer to and from the
main DSP takes 100 ps leaving 125 ps for the main
algorithm execution. The VME bus itself is not used for
any fast datatransfers.

5-3 Correction calculation

With the 16 positions we calculate a correction vector
using the matrix of the response of the feedback BPMs to
each steerer, inverted using the SVD method. We use 8
eigen vectors. This correction vector is used to compute
the actual correction applied to the beam using the
previous correction values and a proportional integral
iterative algorithm (PID type). In addition, the correction

is cancelled at very low frequency (102 Hz) to decouple
the fast orbit correction from the slow orbit correction.
The repetition rate of the BPMs measurements and
correction calculation is 4.4 KHz, a convenient sub
harmonic of the 355 KHz beam revolution frequency.
These dynamic parameters have been chosen as explained
in 3-1: We aim at a cut off frequency fc=150Hz; this fc
value demands a total delay T of less than .6ms. The
delay in the correctors is .26ms. We perform the position
acquisitions, correction calculation and apply the
correction inside a4.4 KHz clock period. The delay due to
the multiplexing in the BPMs is tmux=.175ms and the
delay due to the correction computation and data transfer
timeis tepu =.225 ms so the total loop delay ist = .65ms.

5-4 Correction effect

The figure 4 shows the spectrum of a dipole emission
beam motion due to fast orbit distortions measured 25 m
away from the source with feedback off and on. Without
feedback, the main perturbation is a 7 Hz line due to the
mechanical resonance of the dipole girders as pointed out
in 1. With the feedback on, as shown in figures 4, the
amplitude of this line is reduced by 10 dB and the wide
band motion integrated over 140Hz is reduced by 6 dB.
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D5 XBPM position noise spectrum/ damping
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Figure 4: spectrum of the ESRF beam vertical motion
with feedback off and on (5dB/div, 140Hz span)

6 CONCLUSION

The principle of the fast orbit correctionsis not original
but the efficiency of this scheme at high frequency and on
very small orbit distortion requires a careful optimisation
of the performances of its different components. The key
parameters in such a system according to our experience
are the noise of the BPMs, the bandwidth of the
correctors, the number and location of the BPMs and
correctors and the delay in the loop.
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THE COMPARISON OF SIGNAL PROCESSING SYSTEMS FOR BEAM
POSITION MONITORS
G. Vismara — CERN - Geneva 23- Switzerland

Abstract 1. PROCESSING SYSTEM FAMILIES

various demands of all particle accelerators.

The purpose of this paper is to help instrumentalist in 1 Signal recombination
choosing the best processing system for their particular

application. Four main categories are nowadays mainly employed:
The paper will present the different families in which* Individual signal treatment: The maximum signal
the processing systems can be grouped. information is still avallable, therefore a wide-band

A general description of the operating principles with ~ Processing is the most suitable. Due to a very large
relative advantages and disadvantages for the most Gain-Bandwidth, it offers a limited dynamic range.

emp|0yed processing systems is also presented_ L Time MPX Electrode SignaIS are Sequentia”y time-
multiplexed and processed by a single electronic
INTRODUCTION system. It offers an excellent long-term stability but

" ) i cannot perform turn-by-turn measurements.
Beam position monitors (BPM) can be found in every  Ass  The individual signals are immediately

accelerator. _ converted by the use of hybrids infoand =. This
BPM systems have largely evolved since the early days, fters excellent center position stability but requires
from the simple scope visualization of coaxial g itchable gain amplifiers.

multiplexed P.U. signals into a very complex system,  pagsjve NormalizationThe signal’s amplitude ratio
These systems are now capable of digitizing individual is convert into a phase or time difference. It is

bunches separated by a few tenths of ns, with spatial amplitude independent but loses the intensity
resolution in the micron range, while the resulting orbit or information
trajectory collected from several hundred planes can be
displayed in a fraction of second. 1.2 Normalization processes
To obtain such a performance the processing electronics o ] )
have to be optimized to the machine and beam 1N€ Normalization is an analog process that will
parameters. produce a signal proportional to the position information
A unique solution capable of covering all the possibid@t is independent of the input signal level. Three

combinations with satisfactory results seems almo§Pnditions apply to all normalization processes: 1) The
impossible to realize. This is the reason for the wigitensity information is lost. 2) The digitization requires a
spectrum of signal processing in use today. smaller number of bits. 3) No gain selection is required.

The BPM applications are not only limited to Orbit & WO active and two passive techniques are actually
Trajectory measurements, but can perform static arfdnPloyed. _ o _
dynamic beam parameter measurements by exploiting the Constant Sum:The Normalization is obtained by

large amount of data collected and stored in their keeping constant the sum of the two electrode signals
memoriek using AGC amplifiers. This approach is only valid

Turn-by-turn measurement can give information on; for the time MPX process where the signals exploit
Betatron oscillation, transfer function, phase advance, the same amplification chain.

optics checks, local chromaticity, etc. Logarithmic conversion Since the ratio of the
The high resolution allows for energy calibration and  logarithm of two signals is equal to the difference of

machine impedance measurements. the logarithm, the signals can be converted by
The BPM is also employed in feedback systems to logarithmic amplifiers to give the normalized signal

stabilize the beam and even as beam position intérlock @S the difference of the output. It offers a large
These applications are much more performance dynamic range, but limited linearity.

demanding than a simple position measurement. * Amplitude to time:This is based on the sum of a

direct and a delayed signal coming from the two
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electrodes. The zero crossing of the sum signal variedt should be pointed out that unexplored combinations
with time proportionally to the signal ratio, andamong the present solutions could offer specific
hence to the position. It offers large bandwidth but iadvantages. For example a turn-by-turn acquisition can
limited to bunched beams. be obtained from a time MPX processor combined with
Amplitude to Phaselis a similar process where timethe A & X system The X signal is first selected to

is replaced by phase and a single period by multipkestablish the right gain for the AGC action, and then by
oscillations. It is a simple solution but requiresswitching to theA input and the use of a Peak & Hold

accurate phase matching (Filters). circuit, consecutive position measurements can be

All other processes that require computing software tobtained.

extract the position information from the recorded data
are known asin-normalized processes. 2. DETAILED PROCESSING

DESCRIPTION

1.3 Acquisition time

This is the time required for the BPM to supply a full2-1 Time Multiplexed processor

set of data to the digital processor. Three categories Cafhe processor is conceived for closed orbit

be created:

, ) measurement of stable stored beaf8ge Fig. 2)
Wide-band:It groups all processing systems capable

of measuring individual bunches separated by >10 nsypo input MPX is usually realized with a multiple

down to a single bunch. The bandwidth can be a$nfiguration of GaAs switches; the channel isolation
high as 100 MHz. Systems that belong to this groug,qu1d be >50 dB for frequencies up to 1 GHz.

include Sample/Track & Hold, Logarithmic A band-pass filter is used to select the largest line of the
amplifiers, Amplitude to Time normalizers. signal spectrum; its selectivity is not critical.

Narrow-band: It groups all processing systemSThe essential element is the pre-amplifier which should
capa_ble of resolving one machine revolution periogizndie a very large signal dynamic (>75 dB) and

and in some cases can measure individual bunchggmpress it by >50 dB. Its input admittance should be
separated by >100 ns. The bandwidth ranges fromiant stable as function of the gain to avoid a zero offset
few 100 kHz up to a few MHz. The Heterodyne andysift The global noise figure is increased by different

Amplitude to Phase processors belongs to this groupssertion losses and should be optimized for the largest
Slow acquisition A special class is reserved for thegam.

Time MPX processing which, while having an
equivalent bandwidth relative to other heterodyne
systems, is penalized in the acquisition rate by the
time multiplexing. (See Fig. 1)
Figure 1 gives a schematic representation of the different families and their interconnections.

<—\ Digitizer
Synchronous |
>pos=ees ]

No first turn
Wide Band

___________________ < o Homodyne Z
_f:lgr‘_r‘gw band ____ ____————P
\-\""““L Sample, Track, ™\ _ ___ p|[POS=A/Z or
P ntegr. & Hold = (A-B)/(A+B)
[t with 1st turn
Individual \ _ Logarithm. \ Differ_epﬁa _____ /.| [POS = [log(A/B)]
Treatment Amplifiers Amplifier = [log(A)-log(B)]
________ Amplitude \  / Limiter, > =

i Limiter,
?ronppl;‘*:sdee ....................... (p 1'-0 IAen:pl ——+—pllPOs = [ATN(A/B)]

Legend:

/ Single channel

Electrodes
A, B
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An active mixer, making use of a frequency
synthesizer to reduce the noise contribution, is used to
down convert the signal to a standard intermediate
frequency (IF usually 10.7 MHz or a multiple). The IF
amplifier and the demodulator are usually integrated
telecom circuits. The IF bandwidth is selective enough
to suppress side bands at the revolution frequency
(multiple bunches) but sufficiently wide to allow for
fast switching among channels (100 kHz > BW
<1MHz). Synchronous detection is obtained by
comparing the phase of a sample of the carrier
frequency with a reference signal and driving a VCO
in a phase locked loop. Synchronous detection offers a
clean detected DC signal but it slows down the MPX
switching time since the PLL has to relock after each
switching (even with accurate phase adjustment).

The last part of the chain is composed of an output
de-multiplexer, four track & hold amplifiers and an
active matrix of video amplifiers to produce the AGC
sum and X,Y positioris

Limitations

Requires a stable beam

during the scanning
number afNo turn by turn

Advantages
Normalization process

Reduced

channels (x4) acquisition
Identical gain for all| Slow acquisition rate
the channels (MPX)

Large dynamic range Reduced Noise
(>80dB)

Figure
(gain matching & MPX
insertion losses, AGC pre
ampli.)

Reduced linearity, fo
non-linear PU’s since the
2 is not constant
Large engineering

Excellent position
stability

No temperature
dependence and
components aging
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2.2A & 2 Processor

When using this approach it is convenient to convert
the input signals into their equivalent difference and
sum at the earliest possible stage. This action is
realized by asimple and reliable passive element called
the “180°hybrid”. The input signals should be in-
phase, which means tight tolerances on the
interconnection cables. Since the hybrid is radiation
resistant, it can be connected directly to the electrodes.

Figure 3

Sample
Wide band processing LP < 1 & Hold
Filter|~, Pre S
2ol @ Iid
A Y
(/ NP 1[4

7 Py

) 0™180°
FT il

Filter~, |Pre>

">

Sample
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x| e 15

M/xer Sample

8P & Ha/d A
F//rer\k

ampli
‘W L/rmrer

Samp/e

[8rP]
Filter PI“
o lampli
fn;y/' amp M/xer

&Hold z
Narrow Band: In most of the cases, the hardware is
similar to that of the time MPX. In some application,
the heterodyne conversion is suppressed. The pre-
amplifiers have low NF (< 2dB), programmable gain
through pin diodes switches, and will absorb a large
input dynamic (> 90 dB). A fraction of the signal is
limited and used as a local oscillator in a homodyne
detector. The\ & X signals are digitized by a track and
hold circuit and externally triggered ADCs. This
scheme is also used for single bunch measurement in
complex injector machine{SPS), where the bunch
excites the BP filter to resonate on its central frequency

Narrow band processing

Invited Talks



Proceedings DIPAC 1999 — Chester, UK

(see amplitude to phase normalizer). No hardware
modifications are necessary but even tighter tolerances
on the phase matching are required.

Wide-band: The LP filters will just stretch the pulses.
The pre-amplifiers have a large BW and programmable
gain but a limited dynamic range. For long bunches,
the S & H circuits are suppressed and FADCs (1 GS/s)
directly digitize the signél

Advantages Limitations
The central position i$ Programmable gain
independent on input amplifiers

intensity
Intensity measurement Multiple calibration
is available coefficients

Excellent Noise Figure] The absolute position| is

f(gain)

{Tight phase matching
(4, 2) at all the gains
required by the
synchronous detection
(£5°) }

{ Pedestal error o>}

[Wide band allows
measurements on
multiple bunchesAt
<20 ns)]

{Large dynamic > 90
dB}
[W.B]&{N.B}

2.3 Logarithmic amplifiers ™
The demodulating logarithmic amplifiers compress
each signal. The outputs are filtered and applied to a
differential amplifier. The position response is:
Pos = [log (A/B)] = [log (A)-log (B)] = (V,,)

Figure 4
LP
A ; Comverter

Arpli X

AN |
o N
; Comverter a
el
AV

Behind such a simple equation is hidden a very
sophisticated electronic circuit which is required to
approach the ideal functibnNew generation circuits
use several cascaded limiting amplifiers, with fixed
gain and a wide bandwidth. Full wave rms detectors
are applied at each stage and by summing theirs output
signals, a good approximation to a logarithmic transfer
function is obtained.
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States of the art parameters are:
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Input dynamic range: >90 dB
Input noise: <15 nVNHz
Non conformance lin.: | <+ 0.3 dB
Limiter Bandwidth: D.C.to>2| GHz
Video Bandwidth: D.C.t0 30| MHz

The demand of the consumer market (primarily
telecommunication) for these products has resulted in a
wide variety of new circuits, each one optimized for a
specific parameter.

Advantages Limitations

Possible applications in State of the art
the time and frequencyperformances are not
domain (NB & WB) simultaneously
available
Very large dynamic range Poor position stability
(>90 dB) vs. input level, for
peculiar conditions

Limited linearity few
% of the NA)
No bunch shape Limited long term
dependency stability
Simultaneous digitization Temperature
of + and - charges dependence
Simple engineering

Wide input bandwidth

2.4 Amplitude to Time Normalization

This new normalization idea is derived from the
“Amplitude to phase” principle where “phase” is
replaced by “time" and the applied signal has a single
oscillation period. It applies to bunched beams and
works in the time domalrf (See Fig. 5).

The LP filters produce the correct pulse shape. The
signals from both electrodes are split in two and one
branch is delayed by a tinfe. The delayed signal of
one channel is then added to the direct signal of the
other channel, and vice versa. At C, the time of the
zero crossing varies according to the signal ratio, up to
a maximum ofT,. At the output D, you have the same
signal amplitude but the time variation has opposite
sign. The maximum time difference is thereforg. 2
The delay offset Jis required to avoid sign ambiguity
and should always be larger théin The zero crossing
is independent of amplitude and easy to detect by fast
comparator circuits. Their outputs drive an AND gate,
which generates a pulse with a width proportional to
the beam position.

Position=At = 2T, [[A-B)/(A+ B)] + T,

15
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Figure 5

Filter

&L

Position encoded

in pulse width
of AND output

By integrating this pulse, the time variation is
transformed into amplitude that can be read by an
ADC.

The normalization is obtained by the use of hybrids
and cables which can be directly connected to the
electrodes.

Limitations
Can only be employefd
with bunched beams
No Intensity
information

Advantages
Fastest normalization
procesq> 40 MS/s)
Reduced number of
channels (x2)

Input dynamic > 50 dB
~10 dB reduction on the
position dependent
dynamic due to signals
recombination

Dynamic is independent gnPropagation delay
the number of bunches between comparators
Almost independent on the
bunch length

Tight time adjustment

Remark: A specifically designed monolithic Ga-As
chip will allow for a large speed breakthrough.

2.5 Amplitude to Phase Normalization

This technique was first developed for RF signals
working in the frequency domain and rapidly adapted
to short pulses working in the time dom4ifSee
Fig. 6)

The two electrode signals are converted into a RF
burst or a permanent RF signal, according to the beam

16 ITOS

shape, by the use of a BP filter. These in-phase signals

are applied to the inputs of a “90° Hybrid”. Each signal

is split into two branches; one of them is shifted by 90°

and added to the opposite in-phase signal, and vice

versa. The outputs are of equal amplitude and have a

phase differenceM) proportional to the position.
Position= A¢ = 2*Arc-tangent (A / B) 472

This relation is valid for both a continuous wave or
for a burst after proper settling time, which depends on
the bandwidth. To avoid an ambiguity in sign, one
output is delayed by 90 degree.

The two signals are applied to comparators that
suppress the amplitude dependence. The phase
difference is reconverted into an amplitude variation
by the use of XOR logic. The position information has
a variable duty cycle at twice the filter frequency, and
is digitized by an ADC driven by LP filter and a video
buffer.

Two cases should be distinguished:

Current modulated beam The BP filters are tuned
to the largest line in the frequency spectrum. Theirs
selectivity (BW) should suppress all spurious
frequencies (rejection > 40 dB) but be wide enough to
accept the small frequencies changes that may occur
during the accelerating cycle. The BP filters are not a
critical element and the phase shift need only be
matched to within a few percent.

Frequency down conversinFor frequencies above
150 MHz, comparators are getting less performant and
signal is therefore down converted by using a
heterodyne. The acquisition time is increased by the
ratio f,/f..
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Figure 6
VECTORIAL DIAGRAM
S > - >
AN B (A
B Y. \J ~2iC=AjB
Bp AV D= BJA
Filter 90° Hybrid crossing
& C=A-jB detect
A
,;\
C/ Ad = Atan (A/B)
B
BP D=B-jA Zero _
Filter crossing Position enclodefd
X \L) detectol in duty cycle o
~x Delay = A / 4 XOR output

Bunch modulated beams (single or multi bunches)
the induced signals charge the BP filter, which in turns
will start a free oscillation on its central frequency for a
predetermined time. The pulse width should be shorter
than the oscillation period (Y, < 1/4*f) to obtain
the maximum signal. The bunch spacing should be
larger than the damping time of the filter to allow for
individual measurements. Acquisition rates up to a few
MHz can be achieved, so that turn-by-turn and
individual bunch acquisition is feasible. Since the BP
filter selectivity is not critical, a single resonator can be
employed. However, this results in a longer dumping
time and therefore requires a longer bunch
separatiofi. Several BP filter parameters should be
accurately matched in order to preserve the correct
relative phase over several oscillation periods.

Advantages Limitations
Normalization process Upper frequency limit
< 150 MHz

Reduced number of Tight phase adjustment
channels (x2)

Input dynamic > 50 dB

[Minimum bunch
spacing (> 100 ns)]
[Matched pair BP
filters (tight
tolerances)]

~10 dB reduction on the
position dependent
dynamic due to signals
recombination (90° sum)
[Dynamic is independent Hardware; limited
of the number of bunches] technological
improvements foreseer
Simultaneous digitization {Current modulated
of + and - charges beams}

Simple & Reliable [Bunched beams]
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3. APPLICATION EXAMPLE

Lets try to choose the best processing system for a
future machine like the Large Hadron Collider (LHC)
where a large scale, cost effective processor is
required.

The tables present some of the main parameters of
the machine and the BPM system.

LHC Machine Parameters
Circumference 27 Km
Rev. period 89 ms
Bunch length 10/30] cm
Bunch separation >25 ns
Intensity (pilot) 5E9 p/b
N of bunches 1to 2835
Bunch dynamic >32 dB
Pos. dynamic (5 NA) >12 dB

BPM Specifications
~2000 planes (Button type electrodes)
Single turn & Orbit measurements
Simultaneous 16 bunches (among any),
turn-by-turn measurements

Beam Pilot | Nominal
Scaling Factor 2 5 %
accuracy
Linearity 2 5 %
Resolution 1 A %
Position stability .3 %
Vs. intensity
Offset 1 3 %
(Single shot) rms rms NA
17
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The first choice will concern the acquisition rate.
Specifications impose a wide-band processor to satisfy
the first turn and the measurement of any bunch among
the 2835, spaced by 25 ns.

An un-normalized processor (wide-bafut,

S & H) will require at least a 13 bit ADC running at
40 MS/s, to satisfy the single shot resolution and the
scaling factor accuracy. This coupled with the high
cost of such a system makes this choice quite
problematic.

The logarithmic amplifier offers an excellent
dynamic range and an insensitivity to bunch length
variation but can not satisfy the bunch separation, the
linearity and the position stability.

The Time Normalizer appears to be the unique
solution to the required specifications and that's why it
has been adopted for the LHC machine.

CONCLUSIONS

Experience has proved that every new machine
requires a new approach to the same problem. This
provides engineers with a challenge for new ideas.

Several different combinations among the currently
available processing systems have still to be explored
and may prove to provide solutions for particular
cases.

The telecommunications field has similar needs and
is extremely dynamic. Full advantage should be taken
of their technological progress and of the reduced
prices of components on the consumer market.

Technology improvements (speed) will allow some
signal processes systems to excel.

My personal feeling toward the ideal solution will
pass trough a passive normalization combined with a
wide-band signal processing system; this will cover the
widest range of possible applications.
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BUNCH LENGTH MEASUREMENTS

M. Geitz, Deutsches Elektronen Synchrotron, D-22603 Hamburg, Germany

Abstract

An rf photo-injector in combination with a magneticbunch charge distribution. The present resolution limit
bunch compressor is suited to produce high-charged sub-370 fs (FWHM) [2]. The light pulse generated by an
picosecond electron bunches required for electron-drive

linacs for VUV and X-ray FELs. This report summarizes slit Sweep

time- and frequency domain bunch length measurement D —— ) .

techniques with sub-picosecond resolution. /\ -
D —

wavelength Photo-
filter cathode
+ o
1 |NTRODUCT|ON Acceleration :Chrt;sé;:]hor ;’\)/I“actl;eo channel

Future electron-drive linacs for VUV and X-ray Free Elec-
tron Lasers (FEL) require the acceleration of bunches
whose length is well in the sub-picosecond regime [1]. A
common source for high-charged sub-picosecond electron

bunches is an rf gun based on a photo injector using an igfectron bunch travels through a dispersion-free optical
tense ultraviolet laser beam (typically 20 mJ) to producgystem, an interference filter and a slit before hitting the
up to5 - 10'° electrons per bunch from a CsTphoto cath-  shoto-cathode of the streak camera. A wavelength filter
ode. The electron bunches are accelerated rapidly by tE@Iects a narrow frequency band and the slit reduces the
strong electric fields (about 40 MeV/m) of the gun cavity (Gransverse dimension of the image on the photo cathode.
avoid an emittance blowup due to space charge. The bung¢fe jight pulse is converted to an electron pulse, which
length obtained from an rf gun depends on both the las@f accelerated and swept transversely by a fast rf electric
pulse length (typically; = 5ps) and the compression oc-fig|d, The resulting transverse distribution is projected
curring from the rf field within the first centimeters of thegptg a phosphor screen. The image is amplified by a
gun cavity. By a proper choice of the rf phase a velocityyti-channel plate and then detected by a CCD camera.
modulation can be impressed on the electron bunch Ieadi@,g,aCe charge effects inside the streak camera tube and the
to a reduction of its length within the gun cavity. Very shortychievable sweeping speed limit the temporal resolution.
bunches can be obtained at the price of sacrificing a largg,e energy spread of the electrons generated by the
fraction of the bunch charge. In an electron drive linac °”|¥Shoto-cathode and the dependence of the photo electron

a moderate bunch compression is applied, because of igergy on the wavelength of the incident light pulse add to
need of intense electron beams. Further compression G@a time resolution limit.

be obtained by combining an off-crest rf acceleration with

a magnetic chicane. The off-crest acceleration produces a

correlated energy spread with higher energy electrons traf\-state-of-the-art streak camera measurement performed at
ing lower energy electrons. The higher energy electroriBe University of Tokyo using a BNL-type rf photo-injector
then travel on a shorter path through the magnetic chicaffecombination with a magnetic bunch compressor shows a
than the lower energy electrons and a bunch compressiorpigccessful compression of a 13 picosecond electron bunch
obtained. In the following an overview of established ando 440 femtoseconds (FWHM) [3] as shown in Figure 2.
future time-domain and frequency-domain bunch lengtfihe measurement was performed with a bunch charge of
measurement techniques with sub-picosecond resolutidhO pC at an electron energy of 35 MeV.

will be presented.

Figure 1: Principle of the streak camera.

Rf Kicker Cavity: An interesting proposal to obtain
sub-picosecond resolution is the application of the streak
2 TIME DOMAIN MEASUREMENTS camera principle to the electron beam itself [4]. An rf
kicker cavity operated in the TMy mode can be used to
Streak Camera: The streak camera is a device forsweep the electron bunch transversely across a screen lo-
a direct (single-shot) determination of the longitudinatated in the vacuum chamber downstream. The transverse
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Figure 2: 250 pC electron bunch at 35 MeV beam ener
before and after compression with a magnetic chicane co
pressor at the University of Tokyo [3].

kick k& imposed on the bunch with enerdyis proportional

to
k~\(PQ)f/E 1)

whereP denotes the applied poweftthe rf frequency and
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Figure 4: A magnetic bunch compressor chicane followed

by an off-crest acceleration can be used to determine the
longitudinal bunch charge distribution.

by the transport matrix

()1t wanican) (22)], @
%% ;_ Mes  Ms6Mes + Mo %? i

hereMsq, Mgs andMgg denote transfer matrix elements
of the chicane and the rf cavity of Figure 4. If we choose the
matrix elements such thaf;g Mg + Mgg — 0, the energy
profile measured behind the spectrometer dipole magnet is
a direct image of the longitudinal bunch charge distribution
in front of the compression section [5]. Figure 5 shows en-
ergy profile measurements performed at the TESLA Test
Facility Linac. With different parameter settings it is pos-
sible to measure the longitudinal charge distribution at var-

Q the quality factor of the cavity. It is estimated that aOUS positions along the magnetic chicane. The lower plots
resolution of 100 femtosecond can be realized by either ughow the reconstructed compression of the electron bunch
ing a high-frequency high-power or high-Q superconduct-

ing cavity [4].

Energy Spread Measurements: An efficient and in-

14000

10000

expensive way to determine the bunch length is the eval-3 oo 3 (lfv\?;f/l) -
uation of the bunch energy distribution. Figure 4 shows — (FWHM) -

a magnetic bunch compressor chicane followed by an rf

cavity and a dispersive section to image the energy profile. og ) 3 0 s samlertontensts e

The longitudinal dynamics of the system can be described
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Figure 3: Kicker cavity operated in Ty mode. The
bunch is kicked vertically by the magnetic field.
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Figure 5: Two energy spread measurements at the end of
the TESLA Test Facility Linac. The lower plot shows the
reconstructed compression of the bunch length through the
chicane compressor. The dashed line shows the longitudi-
nal position where the measured energy profile matches the
longitudinal charge distribution. Left: optimum compres-
sion. Right: over-compression.
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Electro-optic Sampling with Chirped Laser Pulses:
Figure 6: Electro-optic sampling of electric fields carriedrhe method of electro-optic sampling can be extended to
by the charge distribution by picosecond laser pulses. g single-shot measurement by using chirped laser pulses
[7] (long wavelengths are leading the short wavelengths).
The long laser wavelength samples the beginning, the short
within the magnetic chicane. The dashed line indicates thaser wavelength the end of the bunch electric fields. The
longitudinal position where the energy profile matches thigmporal distribution of the electron bunch can be visual-
longitudinal charge distribution. This technique is limitedzed by a diffraction grating viewed by a CCD camera.
by the resolution of the spectrometer and the validity of
linear beam transfer. If the bunches become too short, non- 3 FREQUENCY DOMAIN
linear effects like wake-fields and space charge will have to MEASUREMENTS

be taken into account.
Coherent Transition Radiation (CTR) can be used to deter-

mine the longitudinal charge distribution. The radiator is a
thin aluminum foil arranged at an angle of°Alith respect

Ha the beam direction so that the backward lobe of the ra-
diation is emitted at 90and is easily extractable from the

duced by the strong electric field& (v 33 V/m) moving vacuum qhamper. The spectral intensity emitted by a bunch
with the electron bunch. The laser pulse needed for i N particles is

photo injector and the electro-optic sampling experiment I 7 N4+ N(N -1 2 3

are produced by the same IR laser to obtain the needed tor() 1) ( N M/ w)l ) ®)
time synchronization. The probe laser beam is delayed byshere I, (w) is the intensity radiated by a single electron
roof mirror and polarlzgd at 45vith r.espect to the axis of ‘at a given frequency and f(w) is the longitudinal bunch
ordinary and extra-ordinary refraction of the electro-optigorm-factor [8, 9, 10] defined as the Fourier transform of
crystal. The imposed elliptical polarization on the probghe normalized charge distribution For a relativistic

laser beam is analysed by a polarizing beam splitter anlinch whose transverse dimensions are small compared to
two photo-diodes. By detecting the difference current behe length the form factor becomes

tween the pair of photo-diodes a small modulation depth

can be observed. The longitudinal charge distribution isf () :/p(z) exp (iwz/c)dz :/cp(ct) exp (iwt)dt . (4)
then scanned by delaying the sampling laser pulse with re-

spect to the electron beam [6]. The time resolution is es-or wavelength in the order of the bunch length the form-
timated to be in the order of the probe laser pulse lengtfactor approaches unity. The emitted radiation radiation is
Electro-optical sampling is a time-domain technique with ¢hen coherent and permits a direct measuremejift(af) |2.
large measurement window of about 100 picoseconds (lyygure 7 shows the expected power spectrum for various
delaying the sampling laser beam). bunch length and shapes.

Electro-optic Sampling: The principle of electro-
optic sampling is to use short laser pulses to probe t
change of birefringence in a ZnTe or LiTa®©rystal intro-
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ometric device and the acceptance of the pyroelectric de-
tectors. Fourier-transform spectroscopy is a technigue with
enhanced performance as the bunch length reach the sub-
picosecond scale. The coherent frequency spectrum then

gg;fﬂﬁmr extends well into the THz regime and the high-pass filter
D) - effects of the device become less important. Also a greater
variety of detecting devices (pyroelectric detectors, Golay-
cell detectors, bolometers) is available.
Pyroelectric
Detector
_ NG Hilbert Transform Spectroscopy: Hilbert-transform
Pnaveer Durier V Analyser spectroscopy of coherent transition radiation using Joseph-
Pyroslectric son junctions offers the possibility for high-speed fre-
Detector quency domain measurements [13, 14, 15]. The electric
properties of a junction are determined by Cooper-pair tun-
Figure 8: The Martin-Puplett Interferometer. neling which leads to the I-U characteristics shown as the

dashed curve in Figure 10. A dc currdgtcan be passed
through the junction without observing a voltage drop as
Fourier Transform Spectroscopy: At the TESLA |ong as the current stays below a critical valle (dc

Test Facility a Martin-Puplett interferometer, ShOW”Josephson effect). For currents abdyea voltage drop
schematically in Figure 8, has been used to measus@ross the junction is observed accompanied with an al-
the autocorrelation function of the radiation pulse [11]ternating current whose frequency is given by the relation
The diverging transition radiation beam leaving the CTR, _ 2¢U /T (ac Josephson effect,,, = w/2r = 483.6
radiator is transformed into a parallel beam enteringsHz for 7 = 1 mV). When the Josephson junction is ex-
the interferometer by a parabolic mirror. The inCidergﬁosed to monochromatic radiation of (angular) frequency
radiation pulse is polarized horizontally by the first grid,, the current-voltage characteristic acquires a current step
and then splitted by the beam divider into components of 1 at the voltagdy = (hw/2e), see Figure 107( is ob-
different polarization entering the two spectrometer armsained by averaging over the Josephson oscillation). Within
The polarization is flipped by the roof mirrors, hence thgne framework of the Resistively Shunted Junction (RSJ)
component first transmitted at the beam splitter is noyodel [16], and in small-signal approximation, the magni-
reflected and vice versa. The recombined radiation igde of this step is proportional to the power of the incident
in general elliptically polarized, depending on the pathadiation. Hence the junction acts as a quadratic detector
difference between the two arms. The analyzing grigdng can be used to measure the spectral intensity of a con-

transmits one polarization component into detector 1 anghyous radiation spectrum. For this purpose we define a
reflects the orthogonal component into detector 2. Two py-

roelectric detectors equipped with horn antennas are used
as detection devices for the sub-millimeter wavelength s
radiation. 3 Difference

Form Factor

; 0.04 f Interferogram §0.18 \
s $0.14| | ___ Extra-
A Fourier transformation of the autocorrelation functiong o i /‘\/_‘ ‘;El: o1l 4 polation
yields only the absolute magnitugi(w)| of the form fac- 5 ‘\J\ﬁ . 2 006l © e
tor. A Kramers-Kronig dispersion relation approach can bé; -0.04 | Eom
used to compute the phase of the form factor. The so-called 55553520 & ¢ o3 chos s 1 2
minimal phasep is given by [12] 6 time [ps] frequency [THz]
2w [ [l f )/ ()] of Mnmarrese 1 Fosel
Y(w) = - /0 R du . (5) g 4 ;f% f‘ﬂ:ff&j@i -‘50.1 % .
g3 IRy 303 : ;
To carry out the Kramers-Kronig integration a polynomial & 2 ‘j Y go.06
extrapolation of the form factor towards small frequencies * Gooz| T
has to be applied [12]. The inverse Fourier transformation °c 62 64 05 08 1 12 012345678
then yields the desired longitudinal charge distribution flTHz] time [ps]

00 Figure 9: The measured interferogram (upper left) is

p(z) :/ |f(w)|cos (¢(w) +wz/c)dw . (6)  Fourier-transformed to determine the longitudinal form

0 factor (upper right). The minimal phase is evaluated (lower

The steps of the analysis are depicted by the graphs in Figft) and then used to determine the longitudinal electron

ure 9. The drop of the form factor towards small frequeneharge distribution (lower right) by a Fourier transforma-
cies is explained by a low frequency cut-off of the interfertion back to time domain.
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allows for a maximum detectable frequency (generally sev-
eral THz) before leaving the superconducting state.

4 CONCLUSION AND OUTLOOK

An rf photo-injector in combination with a magnetic bunch
compressor has become a successful instrument for the pro-
duction of high charged sub-picosecond electron bunches.
R Bunches as short ag = 240 fs, 250 pC charge at an en-
0 Yooy 2 8 ergy of 35 MeV ands; = 10 fs, 20 pC charge at an en-

Figure 10: Dashed curve: voltage across the junction aseégy of 70 MeV have been produced. Time-domain mea-

function of the dc bias current. Solid curve: modification Ofsureme_nt techn_lqugs are u;ually applied t_o S'T‘g'e bunches
apd deliver on-line information of the longitudinal charge

the dc characteristic curve due to monochromatic incideaIstribution Frequency domain measurement techniques

radiation. are ideally suited for shorter bunches but have the draw-
back of longer data acquisition times and rather indirect

characteristic function Fourier analysis methods. The resolution is determined ei-
_ ther by the positioning accuracy of the interferometer mir-

o(T) = 81 AI(U?IFU)U (7) rors and beam-splitter or by the maximum detectable fre-

™ 2e R2I2 guency of the Josephson junction determined by Cooper-

) . . ) , pair breakup.
whereR is the ohmic resistance of the junction. The spec-
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Figure 11: The coherent radiation spectrum as obtained
from a discrete Hilbert transform of the characteristic func-
tion g. Solid line: Gaussian fit to the power spectrum.
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Controls and Beam Diagnostics for Therapy-Accelerators

H. Eickhoff
GSI, Darmstadt

1) Summary This treatment method demands fast, active energy-
variations on a pulse to pulse base to achieve different
During the last four years GSI has developed a newenetration depths and intensity-variation to minimize the
procedure for cancer treatment by means of the intensityreatment time.
controlled rasterscan-method. This method includes
active variations of beam parameters during the treatmer
session and the integration of '‘on-line' PET monitoring.
Starting in 1997 several patients have been successfull
treated within this GSI experimental cancer treatment
program; within this program about 350 patients shall be
treated in the next 5 years. The developments ant
experiences of this program accompanied by intensive polfaces of dipol-magnets
discussions with the medical community led to a proposa
for a hospital based light ion accelerator facility for the
clinic in Heidelberg. [1] An essential part for patients
treatments is the measurement of the beam propertie
within acceptance and constancy tests and especially fdrig. 1 Rasterscan-Method

the rasterscan method during the treatment sessions.
The presented description of the accelerator controls and€ accelerated and slowly extracted beam enters 2 fast

beam diagnostic devices mainly covers the requests forc@nner magnets, that deflect the beam both in horizontal

the active scanning method, which are partly more cruciaﬁnd vertical direction to cover the lateral dimensions of
than for the passive scatteri’ng methods. the tumor. The various ranges in the tumor tissue are

realized by different extraction energies of the

MAGNETIC SCANNING SYSTEM

2) Passive scattering and Rasterscan method accelerator.
Fast multiwire proportional counters detect the position
a) Passive scattering and beam width at each scanning point. lonization

At presently existing therapy-dedicated proton- and light-chambers in front of the patient measure the number of
ion accelerators for cancer treatment the particle beam ins at a specific irradiation point and control the scanner
delivered to the patient after 'passive’ manipulations. Aexcitation. When a required dose limit has been reached
broad and uniform beam profile is generated bythe beam extraction is interrupted very fast (< 0.5 ms).
wobbling magnets with horizontal and vertical deflection

in combination with scatter plates. Whereas the tranversd) Accelerator requirements

beam profile is matched to the target dimension by means , i

of a collimator, the requested range dose distribution is| "€ basis of the accelerator concept has to satisfy the
achieved with range shifters and adequately formed boli, démands of the medical community for the treatment
In general for this treatment mode the beam propertie®rocedures.

requested from the accelerator are constant over th

treatment time. Table. 1: Therapy requirements

e 3 treatment areas to treat a large number of patients

b) The Intensity controlled Rasterscan * integration of isocentric gantries .

An alternative to the passive method is the rasterscaft ~treatment both with low and high LET-ions
method, which allows an accurate confirmation also of a*  relatively fast change of ion species

very irregular tumor volume and avoids mechanical® intensity-controlled rasterscan method
insertion devices for beam shaping and thus minimizes ¢  Wide range of particle intensities

the production of fragment or stray particles, that also® ion-species :p, He, C,0
contribute to the dose distribution. * ion-range (in water) :20 - 300 mm

One of the key aspects of a future particle therapy* ion-energy : 50 - 430 MeV/u
accelerator is the use of the intensity controlled rasterscan ~ extraction-time :1-10s

technique (Fig. 1), which is a novel treatment concept® beam-diameter -4 - 10 mm (hor., vert.)
developed at GSI and successfully applied within patiene  intens. (ions/spill)  : 1*18 to 4*1010
treatments of the GSI pilot therapy program. (dependent. upon ion species)
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The main requirements of the proposed facility for lighte lonization chambers and scintillators in the high
ion cancer treatment were intensively discussed with  energy transport system due to the low average
radiotherapists and biophysicists and can be summarized current of the slowly extracted beam from the
in Table 1. synchrotron.

The essential characteristics of this facility are the

application of the rasterscan method with active intensity+or measurements beam- position and beam width

, energy-, and beamsize- variation in combination withe  profile grids and viewing screens in all transport
the usage of isocentric light ion gantries. The proposed sections at relevant locations.

accelerator is designed to accelerate both low LET ions  peam halo counters (scintillators) during the
(p, He) and high LET ions (C, O) to cover the specific treatment time

medical requirements. +  pick-up probes to determine the beam position in the
Major aspects of the design are influenced from the synchrotron

experiences of the GSI cancer treatment program; th&chottky pick-ups are suggested for the measurement of
requirements of this facility, however, exceed in manythe extraction energy from the synchrotron .

fields those of this GSI therapy program. . The mentioned components are 'standard’, approved
A dedicated accelerator for cancer treatment with thegevices

requested parameters described in the previous section

demands a quite different accelerator control thanb) Components at the treatment area

facilities used for experimental physics. Whereas highFor the intensity controlled rasterscan method fast and
flexibility is requested for the latter ones a hospital basedaccurate intensity measurements are extremely important
therapy facility demands an easy to use operation withas they directly determine the dose that is applied to the
high reliability and extended safety standards to avoidpatients. At GSI two redundant ionization chambers are

treatment faults. integrated in a control loop for the operation of the raster
At the GSI pilot project these requests have beerscan magnets. In addition one independent recycling
successfully fulfilled by the following means: capacitor is in operation.

« the settings for all accelerator components and all
possible parameter variations are stored on devicq
level in nonvolatile memory. s

e the settings are approved in dedicated acceptanc] l r | |
test procedures and regularly checked within SRR TRFINEL WAL [ N A L
constancy tests. ‘ | |

e during patients treatments the accelerator is lockeq ]
which permits parameter modifications.

e all beam-destructive elements are automatically,
removed at the beginning of a treatment session.

« beam delivery takes place only after verification of 0 \ 1000 | 2000ms
the requested energy-, intensity- and focusing steps.

» the control of the appropriate beam parameters iy - |
performed with a fast, redundant diagnostic system ]
in front of the treatment room. °]

As all components settings are approved and stored i

general no accelerator tuning is necessary; therefore th

accelerator sections can be operated (nearly) withou
operators. The main operator task is to perform

VOLTAGE (V)

kY Iy
% : =

b
-
o
—,
#ww

. |
. . . | )‘“‘z\; S, I S,
predefined constancy tests and to organize maintenanq ~ , +—.J N g S ‘xﬁaﬁ?é
in case of components failures. 1000 1002 1004 ms
4) Beam diagnostics systems Fig. 2 Measured Spill-structure (total and zoomed) in the

lower figure the measurement intervals (12.5 ps) are

The requested beam diagnosis components have to assufglicated
correct beam energy, -intensity ,-position and -In spite of the strongly modulated time structure of the

beamwidth within the various accelerator sections andextracted beam (see Fig. 2) the requested dose

especially at the treatment place. homogenity of +- 5% can be achieved. due to the fast

a) Components in the accelerator sections intensity measurements and the speed of the scanning

For measurements of beam intensity magnets

« current transformers in the linac- and low energy Beside the intensity control the beam position control is
beam transport sections and in the synchrotron. an important issue. At GSI two redundant multiwire
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proportional chambers (MWPC) with an active area ofcameras with digital data processing. The exposure of
200 * 200 mm are in operation. The distance of the films is used as well to determine the homogenity of the
wires is 1 mm in each plane; the position and beanparticle fluence with defined testcycles

widths are measured every 150 ps. In addition to monitoFor dose verification calibrated thimble ionization
the beam parameters a fine adjustment of the bearshambers are used either in a water tank or located inside
position was successfully tested by means of a feegredifined phantoms. For fast on line 3D dose
forward control of the scanning magnets. verification stack arrays of large area ionization
These MWPC-monitors are also essential for thechambers sandwitched between plastic plates are used,
determination of the time dependence of beam positiorwhich measure the dose simultaniously at different depths
and beam width over the spill duration, which is of the target volume.[2] Such a device also serves as a
important for the dose homogenity of the rasterscanverification unit of the particle energy by determination
technique. of the bragg peak locations.

Both the intensity and the beam-position measurements

are connected to an interlock unit, which activates5) Controls, Operation

redundant spill abort channels when predefined tolerance

levels are ecceeded. As the environment of a dedicated therapy accelerator is
in general a hospital and not a research institute large
effort has to be spent on a controls and opertion system,
which can be handeled by non accelerator experts.

Within the GSI pilot project predefined procedures have
been developed, which both for the accelerator sections
and the treatment area allow to confirm the requested
beam properties for the large amount of variation
possibilities desribed in chapter 3.

For the accelerator predefined test cycles have been
prepared to determine the constancy of the requested
beam performance. Within these tests a sequence of
accelerator cycles for different extraction energies,
particle intensities and beamwidths at the treatment place
is activated and the beam properties are measured with he
appropriate diagnosis components, e.g. ionization
chambers, current transformers and profile grids. These
data are processed (determination of beam center of
gavity and beam-width), stored and displayed to the
operator in a graphical representation, which also
includes the predefined tolerance levels.

Long term P osition stability (Dec. 1997)
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=
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Fig. 3 PET imaging (above: measurement, below: PET-

“ar. of hor. Pos. (mm)
&
o
L

reconstruction)

1.0 -
A third diagnosis system is the ‘on-line’-Positron P )
Emission Tomography (PET)-camera. The decay of time (days]
radioactive isotopes (mainI]le projectile fragments) is 10

measured during the treatment time. The analysis of these
decays gives a three dimensional picture of the dose
distribution.

For the acceptance and constancy tests previous to the
treatment sessions additional beam diagnostic devices are
used.

As the MWPCs and ICs are not located at the isocenter, 8 2z 4 6 & M 12 14 15 1
the beam parameters at the treatment point are measured time [day=)

with separate profile grids or viewing screens and CCD'Fig. 4: long term beam position stability

. of wert. Pos.[mm)
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Fig. 4 shows an example of the measured long termAppropriate color indications are used in order to give a
position stability of the beam. Each measurement is theyood overview of the measurements to the physicians. At
meanvalue of position over a complete test cycle withGSI the commercial IDL graphic package is in use for
variations of the beam energy and beam widths. thze generation of such two- and three-dimensional
In case of unacceptable deviations from the tolerancaliagrams.

levels correction have to be performed. For corrections of
the beam position in the high energy transport system t(gg
the treatment area an automated beam alignmer|SEEEs
programm is available, which allows relatively fast
position corrections for the whole energy range by mean{i&
of a correlation of beam position measurements and beali

optics calculations [3].

B¢+ 3+ ¢S

The most crucial demands for the required bea
diagnostics occur at the treatment place, as thes|
components have to provide reliable input data for the
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Fig. 6. Observation and Control of beam parameter
deviations (position, intensity)
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6) Essential future developments

¥ 9
’
’

- v v " One of the future main goals is to reduce both the

treatment time and those periods needed for the

' ‘ “ . ﬁ acceptance and constancy tests without affecting the

patients sefety requests. For the intensity controlled
rasterscan technique the amount of patients that can be

P 4 treated is not primarily defined by the intensity, that can
e be delivered from the accelerator, but by the required test

procedures and the time needed for the measurement and

control of the beam properties for each treatment point.

Fig. 5. Observation and control of the irradiation process The required test procedures, which even with a
horizontal beam line at the GSI facility consume a

control of the scanning magnets and to supervise theonsiderable time, will have to be extended significantly

requested beam parameters for each treatment point. in case of the use of a gantry and additional ion species.

addition operating tools have to be available, whichThese procedures have to be time optimized by means of

despite of the speed and complexity of this treatmenta larger degree of automatization. In addition automated

modality allow an insight into the actual irradiation control and corrections of accelerator settings are

progress and a fast, effective response of physicians asssential.

non accelerator experts in case of failures. A large effort is necessary to convert the measurement

Figures 5 and 6 give an example of such a measurememid control tools into an environment that can be handled

and visualization tool. Fig. 5 shows for a specific by non accelerator experts.

treatment cycle the individual slices of the tumor volume

and the individual treatment locations in each of thesg1] J. Debus et al., 'Proposal for a dedicated ion beam

slices. The zoomed image indicates, whether thefacility for cancer therapy', 1998

mreasured beam position is inside a predefined tolerancg2] D. Schardt, 'Beam Delivery Systems and Dose

As all essential data of the treatment are stored a/erification Techniques at Heavy-lon Therapy Facilities,

reconstruction and analysis of the beam properties iIIPAC 97, p. 6

possible. [3] B. Franczak. 'Data generation for SIS and the beam

Fig. 6 shows the values of the beam position and theifines of the GSI Therapy project', EPAC96

deviations from the set value and the intensity variation

for a treatment cycle
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DIAGNOSTICS IN HEAVY I0ON MACHINES

P. Strehl
Gesdllschaft fur Schwerionenforschung, Darmstadt, Germany

Abstract 2 INTENSITY MEASUREMENTS

An overview of the measurements of most important beam > Rf-linacs

parameters in heavy ion machines is given. The special

characteristics of heavy ions concerning the great variety

of parameters with respect to the type of accelerator (linac,  In most cases heavy ion beams have a time structure with
circular machine), the species of accelerated ions as well  macropulse lengths of some 108 up to somems and

as their energy, beam intensity, beam emittance and time  a bunch structure, determined by the rather low acceler-
structure are considered. The consequences for the design  ating rf of some 10Qs up to somens. Of course, for

of beam diagnostic systems are discussed. Typical exam-  macropulse currents below somel’s, Faraday cups are
ples of measuring systems are given. Experimental resuttfe most frequent used destructive measuring devices. Due
taken during the long operating time of the GSI facilitiesto the very small penetration depth of heavy ions in the or-

covering a wide range of parameters, are reported. der of someum, the heat transfer into cooler regions of the
material and, especially to the cooling water may be not
1 INTRODUCTION fast enough resulting in melting of the cup surface in spite

of water-cooling. Some simple formulas for calculation of
Due to the large mass, the great variety of isotopes and, éat transfer, especially on short time scales are derived in
pecially the large nuclear charge of heavy ions, the lay-ol8]-
of a beam diagnostic systems may differ considerably from Above somepA’s beam transformers offer a non-
the design for electron or even proton machines. Considestructive absolute measurement including monitoring of
ering rf-linacs the velocity of accelerated heavy ions willmacropulse shape. The design of beam transformers is dis-
be in general small in comparison to the velocity of lightcussed in detail for example in [4]. Since sensitivity, res-
Therefore, due to the extremely small penetration deptiution, and dynamic range are related to the macropulse
thermal aspects of beam intercepting diagnostic devices Hength, designing a transformer for heavy ion linacs may
come essential. Furthermore, concerning signal calculesquire special attention if the macropulse length is in the
tion for non-destructive pick-ups, the low velocity resultsorder of somens.
in advanced electricdields, which have to be taken into
account des_igning pick-ups as w_eII as the intgrpretation %2 Circular machines
measured signals. In case of circular machines the rela-
tivistic mass increase results in an enormous change of rdyue to the wide spectrum of ion species andftbeibility
olution frequency and a rather complex relation betweedf modern machines concerning time structure of the de-
rf-frequency and revolution time which may have conselivered beams, the intensities can be vary from some par-
quences on the design of diagnostic systems for rings, tdigles per second (pps) up to about somé*1ps. Figure
Moreover, depending on the kind of extraction the timé shows how this wide range of charged partitlxes can
structure of the extracted beam can be very different antie covered by use of various techniques.
considering slow extraction the beam intensity in the exter- Coming from the very low intensity side, particles can
nal beam lines can be very low. Furthermore, the necessitg counted by hitting a scintillation material (plastics, lig-
to separate different charge states and isotopes, generatéts) connected to a photomultiplier. This absolute mea-
in the ion sources as well as the need to analyze complexrement of particlélux works up to about FOpps using
stripper spectra may require special design of diagnostimnventional scintillation material in connection with con-
tools in hard- and software. In the following a short surventional signal processing methods. A very new develop-
vey on heavy ion beam diagnostics will be presented disaent is the use of diamond as detector in connection with
cussing especially aspects related to the special characteedern broadband signal processing techniques, extending
istics of heavy ions. Although contributions are derivedhe range of particle counting more than 2 decades up to
mainly from the GSl-facilities, a great variety of heavy ionrsome 168 pps (see Figure 1). Although the new method of
diagnostics systems has been developed and implemenpedticle counting is described detailed in [5], Figure 2 gives
looking around the laboratories. An review of beam diagan impression about the capability of the new detector sys-
nostics in ion linacs is given in [1] and [2]. tem.
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5 S SS— ?sotopes using a magnetic analyzing system. A very typ-
\ P Isct ical example i°7 Pt (A/¢ = 22.9973) and 3418+
S DI \ i _ .
¥ % — === |BT (A/¢ = 22.9939) and similar cases are given by the com-
' I . .
P \_\ | binations :*°Mo** and#4Snf+, 9°Ar and*°Ca, Ge't,
- \ . - \ \‘ ) 38Ar2t and5"Fet. To analyze the composition of the
& T = i 1 beam, a set-up based on x-ray spectroscopy may be used
§ QLG \:\ ] [7]. The ions are excited by a thin carbon foil and the emit-
- A % ¢EC1 1] ted radiation is analyzed by a semiconductor detector. Fig.
E I Scint S5
L B \ 3 shows an X-ray spectrum of’éGe beam with mixtures
i e N R e of 38Ar and®”Fe with a schematic view of the arrangement
Particle per Second pps in the insert
Figure 1: Typical intensity range in the slow extraction 3 pe
J ION BEAM
mode. e 2 2rE g £ wooe 3
éws 5; ;;.; 4 ?- $ AL-FOIL ; %
New developed high rate diamond detectors) 5 ) 1 % é
Pure diamond is a very fast and radiation hard detector. (?7 10 5
Manufactured by chemical vapor deposition (CVD); thickness 100...500 . - g
Diamond Si Lxample: slow beam ) wi [} u z ’ﬁ é
band gap [eV] 545 112 ](:7:515%)1 : 5 RGN g H
(E) fore—h [eV] | 13 36| Trise < 0.3 18, Ty ~ 0.5 ns O 1% E
&~ mobility [em?/Vs] 2200 1500 | i s 8 5 18 15 @
h mobility [com?/Vs] 1600 600 Ff ‘> | [ H ENERGY [keV] °©
dielectric constant e, 5.7 19| (o] s
o radiation hard: e.g. > 10" proton/cm? T "\ | ‘
+ 10 energy resolution (PHD like MCP) T i T
T L R Figure 3: X-ray spectrum of Ge beam with mixtures of

38Ar and®7Fe.

2o T ) wam
500 ps/div

Another typical example is the idefitation and separa-
Figure 2: Most important parameters of diamond and siliz- tion of chgrge states behind st.rippers. Figure 4 shows two
ium detectors and measured output signal. typical stripper spectra of uranium, demonstrating tie ef
ciency of computer-aided beam diagnostics. first step
a splinefit is performed to get a mathematical description
Since 16 pps of for example 50 charged heavy ions of all peaks. After that various least squafiés can be ap-
correspond to a current of only 0.8 nA and conventiongilied. Assuming the energy is known, the charge states

beam transformers can be used from sqmeupwards it are identfied by applying a least squargsaccording to:
is not possible to cover the whole range shown in Fig. 1

by absolute intensity measurements.The gap is bridged by 3.1071548
ionization chambers (IC) and secondary electron monitors Z [Bi _ 2 0APY
(SEM). Calibration of the IC is performed in the overlap- i PG
ping regions with scintillation or diamond counters. Ad-

vantageous is a combination of a SEM, an ionization cham-

ber and a scintillation particle counter. Due to saturation of

the ionization chambers the SEM, which can be calibrated

with the ionization chamber, has to be used at higher inten- 100, % Inax n
sities. Coming from the high intensity end of Fig. 2 the re-
gion of absolute current measurements has been extended
downwards by the development of the cryogenic current
comparator (CCC) which is described in [6].

2
] = Min

U - Tons
11.5 MeV/u
Foilstripper

2.3 Identification of isotopes, charge states

3.00 3.15 3.30 3.45 3.60 3.75

Due to uncontrolled sputtering of materials in an ion source Magnetic ield streng(h
(PIG for example) or an unfavorable selection of the auxil-

iary gas, strange ions, having nearly the same charge over
mass ratio as the required ion may be produced. If gAigure 4: Measured stripper spectra of uranium and charge

ECR ion source is used to produce metal ions also iorgate idenfication by least squardi.
from the material of the oven may be contained in the ion

beam. In some cases it may be not possible to separate the

Invited Talks ITO9 29



Proceedings DIPAC 1999 — Chester, UK

3 BEAM PROFILE MEASUREMENTS ” Residul gas pressure = 1 x 10°-7 mbar

Beam current =1 mA
. . Beam radius = 10 mm
3.1 Rf—lmacs 15| U6 Colleeting strip Iength = 110 m
Collecting strip width = 1.5 mm
I/U - conversion =5 nA/V

Mostly used devices are profile grids, wire scanners, view-

ing screens and residual gas ionization monitors. In gen-
eral viewing screens will stop the particles completely and
due to the wide range of intensities, ion species and beam 5
energy, it may become di€ult to find the right screen ma-

terial concerning sensitivity and decay time. Since harps 0 5 " ~
and wire scanners let pass through the main part of the Energy [McViul
beam they may be more convenient. Using modern signal

processing the relation between beam intensity anfil@ro _. . . .
signal will be linear over more than 5 decades. Concerljl:-'gure 55 Calculatlon_of S|gnal_str_eng|_ths for detection of
ing signal ampliication two, in principle different meth- 2" Na-ions from residual gas ionization.

ods have to be considered: Performing current to voltage

conversion with a maximum gain in the lowest range ofja| monitors may be an alternative method, [10]. Figure 6
about 2 nA/V or applying the switched integrator principle ghows the principle of a monitor which is in development

where the output voltage is determined by the product ¢fi Gs| to measure beam files in the SIS.
currenttimes integration time. Taking the ICIC F'2101

Signal [V]

Ne(7+) g
Aoty ze(:g:]
Xe(204) \»“463
U(28+) Xe(d6+)
' KELN

8 10 12

as an example, a charge of Q=18 As has to be col- MCP-array s
lected to get an output signal ofl. Therefore, for a beam pe=———— g
pulse length below about 50 ms the I/U-converter principle 7 Potential
should be preferred, while in case of long pulses or even :

DC, the switched integrator gives better performance. Due Delay Line
to the low penetration depth the maximum ratings concern- Anode
ing thermal heating become essential in case of heavy ions.
Considering wires made from a tungsten-rhenium alloy the
following values have been calculated and faoned ex-
perimentally: The maximum DC, respectively mean beam
power should be below 0.25 - 0.5 Watts per mm length cg
those part of the wire hit by the beam. Considering the - using Multi-Channel-Plates (MCP) féirst signal am-
pulse power, the energy of one beam pulse should be ification

low the energy needed to melt the so-called range volume, '

which is given by the penetration deptines the area hit
by the beam. In case of tungsten thgures out to be 14.5

— Collecting field

igure 6: Scheme of a residual gas ionizationfipeonon-

Although the residual gas pressure is down to 10
Ws/mm? mbar the MCP’s will compensate this by a gain of up to
s/mny. 10° and therefore, nearly the same signal strength as given

The high ionization rate of heavy ions offers the possil-n Fig. 5 can be expected. Of course, beanfiganay be
bility to take advantage of residual gas ionization for beam}, o< red destructively b)./ use of scrr;lpers
profile monitoring using the same electronics as for pro- '

file grids. Experience at the UNILAC has shown that the
expected signal can be calculated within about a factor of‘ MEASUREMENTS OF PHASE SPACE
2. Figure 5 shows the calculated maximum signal in the DISTRIBUTIONS

center of the beam_ in depe_ndence of beam energy for Ng+aview has been given in [11].

, Ar-, Xe-, and U-ions taking energy loss data from [8]
and [9], assuming 36.5 eV as ionization energy to gener
ate one electron-ion pair in a gas mixture of 80%ahd
20% N,. By designing such a pfiee monitor, collection of The conventional slit-detector method can be rfiediby
ions should be preferred due to the largefteigion of elec- using a multi-slit plate in front of a scintillator screen [12],
trons in the space chargield of moving, non-compensated [13], which gives the opportunity to measure the emittance
bunches. in one transverse phase plane within a single pulse. Tak-
ing advantage of modern PC-controlled CCD-cameras a
pepper-pot system which gives the intensity distribution
even in the 4-dimensional phase space within one pulse
Non-destructive or even nearly non-destructive methodsas been designed at GSI [14]. Figure 7 shows Yesy
cannot be applied. Due to the extremely high energy loss ofiginal pictures from the commissioning of the new GSI
heavy ions eveflying wire techniques cannot be used. Buhigh current linac. The complex mathematical algorithms
taking advantage of the high ionization of heavy ions resido extract emittances from those data are described in [15].

1 Transverse phase space

3.2 Circular machines
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Single shot systems may be the only destructive device
to measure emittances in case of high intense heavy ion 200
beams. Furthermore, those systems offer the possibility to
study fluctuations of ion sourcesfrom pulseto pulse or even
within one pulse.

Messung: TDC_CHO
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Figure 8: Bunch shape observed with a diamond counter in
comparison with the signal of a capacitive pick-up.

Figure 7: Light spots observed on the viewing screen of a Bunch shape monitors based on the analysis of sec-
pepper-pot device. Top left: Spots generated for calibratiomndary electrons arising from a thin tungsten wire hit by the
using a laser beam. Top right: Spots from an oxygen bearimary beam have been used successful at various facili-
Bottom: Intensity distribution along one line. ties [1]. Considering the maximum ratings with respect to
thermal destruction given in section 3.1, this method may
In case of circular machines transverse emittances canfad in case of intense heavy ion beams. Taking over the
determined according to the relation betweerfifgavidth  principle, but detecting electrons from the residual gas ion-
and+/e3. ization a rather complex monitor is in development at GSI
[18].
4.2 Longitudinal phase space

There is a great variety of measuring schemes [1], [16]. X'4 Measurements of spill micro-structure

set-up using a MCP and diamond counters to measure lo@ensidering heavy ion synchrotrons in slow extraction
gitudinal emittances during the commissioning of the newnode, measurement of spill structure becomes important.
Unilac prestripper is described in [17]. The primary ionDue to the very low ratio between typical revolution times
beam goes through a thin gold-foil (120//cm?). Some in the us - region and spill times up to some seconds the
particles will be scattered out of the beam by Rutherforthtensity of the extracted beam may cover the whole range
scattering which reduces the count rate to a tolerable levehown in Fig. 1.Therefore, the measuring system has to
The scattered particles then have to pass two very smbt designed very carefully with respect to sensitivity and
apertures. Behind the second aperture a very thin carbbandwidth. Figure 9 shows an example [6] from the SIS,
foil is located. The particles passing the carbon foil willmeasured with the cryogenic current comparator (CCC in
generate secondary electrons. The signal is @eglby Fig.1). Although the time average over the spill is only
a MCP and gives a start signal to a TDC (Time to Digital

Converter). A second start signal will be generated from [Rosults of Cryogenic Current Comparator CCC

the passing particle hitting a diamond counter in some dis-
tance behind the carbon foil. Since the stop is always de-
rived from the accelerating rf the method results in a de-

termination of the intensity distribution in the longitudinal I e \A
phase space. Faf 1)

20 ) [na)

urrent (per
E

L \’J]l]\ Jr\i\‘"\\l%.«ﬂ%l‘ gi“ ﬂnM n'\, ] [iﬂa Wl
&, B P s S o U
e un;'én[s]

4.3 Longitudinal bunch shape measurements

The scheme discussed above can be sfieglito mea-
sure the time structure of bunches with only one diamond
counter. Fig. 8 shows the results of a measurement behind
the new RFQ of GSI at &nal energy of 120 keV/u. Due

to the very low velocity of the ions the bunch structure and
broadening of the bunch after a drift space observed with
the diamond counter cannot be resolved with a capacitifeigure 9: Measurement of spill micro-structure with the
pick-up. CCC.

norm. amplitude
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about 10 nA, peak currentsin the order of 100 nA and gaps

of some 100 us have been observed. Of course, the ra

tio peak to average depends on the integration time (band-
width) of the measuring system and, in case of SIS, can be
improved considerably if the rf-voltage of the accelerating
cavity remains on during thiat-top.

S BPM-SIGNAL PROCESSING

As already mentioned in the introduction, measuring sys-
tems in heavy ion synchrotrons differ from e-, p-machines
due to the large change of frequency during acceleration.
Therefore, considering broadband systems with the pos-
sibility to monitor single bunches at a determined time

and a selected BPM, the large change of velocity has to
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be taken into account. At the SIS this has been realizdd9ure 11: Sensitivity of narrowband systems versus reso-
by a so-called timing generator [19], which produces rflution bandwidth.

synchronous gate pulses using a fast RAM-table, whereby
addressing is performed by an rf-related clock frequency(2]
Of course, this can be realized now by use of modern
DSP’s. Due to the wide range of different particles result-[3]
ing in a wide range of intensities and the large change of the
geometric bunchlength during acceleration, a broadbangy]
signal processing system for heavy ion machines has to
cover a larger dynamic range compared to e-, p-machinegs)
In case of the SIS the total dynamic range covers 140 dB
(-80 dBm+60 dBm). The advantage of single bunch obserqg)
vation is demonstrated in Fig. 10.
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Figure 10: Bunch oscillations observed with a broadband3]
system aflattop of SIS.

[14]

Considering narrowband systems, the large change of

frequency range can be covered by use of modern phgss]
locked loops and mixing the frequency-swept bunch sig-
nal into constant intermediate frequency signals which then
can be ampfied with a determined bandwidth. Of course[16]
in comparison to the broadband system the sensitivity in-
creases depending on the selected bandwidth. Figure [i¥]
gives the SIS-BPM sensitivity versus resolution bandwidth
[20], which holds for all similar BPM systems. [18]

[19]
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BEAM DIAGNOSTICS, OLD AND NEW'

H. Koziol, CERN, Geneva, Switzerland

Abstract

The performance of accelerators and storage rings
depends critically on the completeness and quality of their
beam diagnostic systems. It is essential to equip them
from inception with all the instruments providing the
information on the properties and the behaviour of the
beams, needed during running-in, in operation, and for
development of performance towards the design goa and
often well beyond. Most of the instruments have proven
their worth since decades, but their power has been
increased through the modern means of data acquisition
and treatment. A few new instruments have made their
appearance in recent years, some still under development
and scrutiny for their operational value and precision. The
multi-accelerator chains of today's and tomorrow’s big
colliders have tight tolerances on beam loss and emittance
blow-up. For beam diagnostics this means a great
challenge for precision and consistency of measurements
all along the chain.

1 INTRODUCTORY REMARKS

Despite an all-encompassing title, evidently not al
areas of beam diagnostics can be covered. Specialities like
instrumentation for linear colliders, feedback-damping,
beam-loss monitoring, collider luminosity measurement
and ultra-fast bunch length measurement, must be left
aside here. Excellent presentations were given on these
subjects at recent conferences. Also, repetition of what
was offered in similar review talks will be avoided.

On the other hand, some weight will be given to the
diagnostics aspect of CERN's accelerator chain for the
future Large Hadron Collider (LHC), and rather than
giving detailed descriptions of systems and the results
obtained with them, trends of evolution, challenges and
open needs will be pointed out.

2 SOME EVERGREENS

It is quite amazing to see many tools of beam
diagnostics of a venerable age of many decades, and even
up to a century, around accelerators built with the most

the first crude instrument for measuring emittance, also
limited to low energy beams; the ionization chamber, still
an appreciated means for sensitive detection of beam loss
and radiation levels; secondary emission detectors in a
great variety of constellations; and so on.

All these venerable detectors have undergone
considerable evolution in many aspects, such as
resolution, both temporal and spatial, dynamic range and
sensitivity. The most remarkable advance came with the
advent of digital data acquisition and treatment: with its
help one can draw rather precise quantitative data from
instruments which previously offered only qualitative
information.

We shall mention two examples of aged instruments
rejuvenated in this way: the scintillator screen and the
pepper-pot.

Scintillator screens are inserted into the path of the
beam by a remotely controlled mechanism. The light
which is produced when the beam particles strike the
screen is observed with a TV camera. The screen may
have a graticule, made visible by external illumination
(Fig. 1).
scintfllalor screen

beom >
light @ H window
A
TV camera

Figure 1: Typical arrangement for observation of beam
position and size with a scintillator screen and a TV
camera [1].

The light spot observed on a remote monitor permits
rather accurate determination of beam position, to 0.5 mm
under favourable conditions. One only gets a rough
impression of the beam size, because the commonly used
systems are driven into saturation, such that on a dark
background one only sees a rather uniform white spot, the
size of which depends on beam intensity and various

modern technologies. For example, Rontgen saw the first equipment settings.

X-ray images in 1895 on Iuminesceqt screens, and still A modern version [2] will use a CCD-camera for good
today these are one of the most basic and popular begfpayity, digital data acquisition (a "frame grabber") and
diagnostic means, although now more correctly calleloatment such that a 2-dimensional density distribution

scintillator screens. can be derived (Fig.2).
Other examples are: the Faraday-cup, to measure

current or charge of beams delivered by low energy
accelerators, such as RFQs; the "pepper-pot", which was

" This is essentially a repeat of “Beam Diagnostics Revisited”, invited talk given at EPAC, Stockholm, June 1998.
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Figure 2: 2-dimensional beam density distribution derived
from the light-spot on a scintillator screen [3].

The pepper-pot, as its name suggests, is a metal plate
with small holesin it. The plate isthick enough to stop the
low-energy beam that one is measuring. The particles that
pass through the holes are left to diverge over a drift-
space, so that when they strike a scintillator screen they
form elongated images (Fig.3). The position of the holes
determines the coordinates of the particles and the
elongations are a measure for the divergence at those
coordinates, so that with the help of a ruler and a dide-
rule one quickly obtained a good estimate of the beam’s
emittance.

Figure 3: The particles passing through the holes of a
pepper-pot and a drift space form elongated images on a
scintillator screen [4].

Modern digital techniques have brought about a come-
back of this old-fashioned device and turned it into a
convenient real-time and fairly accurate instru-ment. It is
used, e.g., a the Heavy lon Linac of the CERN PS
Complex, for Po”" ions at 4.2 MeV/u [5]; at the LASER
lon Source, being developed for the same linac [6]; and a
further system has become available at GSI, Darmstadt,
for 1.4 MeV/u Uranium ions [7].

3 SOME NOVELTIES

A full and fair account of "novelties' is impossible to
give. The criterion for what constitutes a novelty is rather
fuzzy, as the basic idea may have been around for many
years, until someone, perhaps driven by a particular need,

34 IT11

picked it up and brought it to fruition. Rather than attempt
to give a complete list, a quite subjective selection of
devices and methods shall serve as illustration that beam
diagnostics is an innovative and prospering branch of
accelerator physics.

Over the last few years a most useful tool for RFQs and
linacs was brought to operational perfection, the principle
of which was proposed and a first-generation version built
some two decades ago [8]: the Bunch-Length Detector
(BLD), and several variants of it [9]. The secondary
electrons emitted from a thin wire, placed in the beam, are
accelerated towards a transverse deflector driven by the
linac RF. The density distribution of the secondary
electrons in the detector plane is then an image of the
longitudinal density distribution of the beam particlesin a
linac bunch (Fig.4). By scanning the wire through the
beam, the complete 3-dimensional bunch density
distribution can be determined. This is a great step
forward in understanding the effects of the linac’'s
parameters and bringing the linac to high performance.

from Linac
bunches RF

slit phase shifter slit
detector

sweep ::'-» signal

Figure 4: Basic layout of a Bunch Length Detector (BLD,
according to [9]).

Optical Transition Radiation (OTR) increasingly
replaces scintillation as a means of observing beam
position and size in transfer lines [10]. OTR screens can
be made very much thinner than scintillator screens, so
that the effects on the beam, energy-loss and multiple
Coulomb scattering causing emittance blow-up, are much
weaker. Moreover, they do not suffer from two limitations
of scintillator screens, namely saturation and propagation
of light within the screen.

One of the nearly-non-destructive means to measure
profiles of circulating beams is the fast wire-scanner,
brought to a high degree of perfection in recent years. The
increase of speed to 20 m/s, made possible through real-
time controlled optimized movement, minimizes the
blow-up caused to the beam, together with the use of thin
strands of carbon fibres (instead of W-, Ti- or Be-wires),
which aso greatly improved the lifetime. The fast wire-
scanners in the CERN 26 GeV PS [11,12] cause hardly
any blow-up in a single sweep at an injection energy of 1
GeV, and have been demonstrated to perform well in the
preceding Booster down to its injection energy of 50
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MeV, athough causing significant blow-up at such a low A further method for observation of the coherent
energy. variation of beam size was proposed [17]. At high

Another detector that has a long history before it came  energies, one can insert a screen (scintillator or OTR), in
to practical fruition recently, is the Cryogenic Current the path of the beam and, with digital image acquisition
Comparator [13]. Essentially a variant of the dc beam  and treatment, derive beam width turn-by-turn. A gradual
current transformer, using a superconducting transducer  increase in width, due to multiple Coulomb scattering,
and a SQUID, it pushes the sensitivity up by 3 orders of  will be superimposed. Similarly, a secondary emission
magnitude. Despite a considerably greater technological  grid can be used [18], (Fig. 5).
complication, a typical resolution of 1 nA makes it the
ideal tool for measuring the low intensities of slow
extracted beams from ion accelerators, including those for
medical application.

A particularly powerful means available to accelerator
physics is the “Schottky scan”, the paragon of non-
invasive diagnostics. It is based on the granu-larity in the
density distribution of circulating beams, which produces 3
beam-induced noise in specially built, highly sensitive, 10 20 30 40
pick-ups. This “Schottky noise” consists of the harmonics . o time ] _ _
of the revolution frequency, pf and, when the pick-up is Figure 5: Periodic variation of beam width) following

position-sensitive, the “betatron sidebands”, (M+Q)f mismatched injection. From multi-traversals of 50 MeV

Signal analysis with scanning frequency analyzers has 18§°tons through a low-mass secondary emission grid in
to the term “Schottky scan”. First applied to a particldh® CERN PS Booster. The initial transients are an
beam in 1972 at the CERN ISR [14], diagnosis based dpherent consequence of the multiturn injection process.
Schottky signals has undergone a spectacular evolutighetatron tune Q = 4.327].

profitting from technological advances in low-noise

amplifiers, special pick-up structures and digital signal The development of position pick-ups to unpre-
P » SP b P g g cgdented resolution has brought a new impetus to the

processing (FFT). It has become one of the most reﬁn%me-honoured method of variation of quadrupole

means of measuring bgam and machine properties, c?usrrents. In fact, the precision alignment of CERN's LEP
varied as beam intensity, frequency and momentum ) . X T _

- and of other machines is obtained using "k-modulation
spread, Q-values and chromaticity, rms betatro

amplitude and emittance. For the measurement 9]. This, together with modern means of controls and

intensity, they are first calibrated against a beam Curreop—lme optics calculation, has also returned respectability

Q its application in transfer lines, where it allows
transformer and can then extend the measurement to verél . : .
économically, and without doubts about relative

low intensities. The record resolution was achieved at tr}ﬁi nment. the determination of whether a beam Dasses
Initial Cooling Experiment (ICE) at CERN, where a beal 9 ' b

hrough the centre of a quadrupole or how far off it is. In

was measured to consist of 80 + 13 antiprotons. Schott0>(her words, every quadrupole can serve as a position
scans take time and are therefore mostly used at Stor%%%ector '

rings. Since one observes incoherent signals, scans are
mostly made on coasting beams, but with the necessary
precautions, bunched beams can be observed too [15].
One can often not distinguish between a novel detector
and a novel method of using existing detectors. As an Apart from the instrumentation for linear colliders, the
example, let us look at the verification of betatrorgreatest challenge is precise and coherent measurement of
matching upon injection into a circular acceleratorbeam parameters throughout the long chains of
Incorrect matching will lead to coherent quadrupoléccelerators in today's and tomorrow's big circular hadron
oscillations, i.e. a beating of the beam width, untitolliders, in which no synchrotron radiation damping
decoherence turns them into an emittance increase. Onecovers up the imperfections of beam-handling at all
the devices capable of detecting beam-width-beating is tetages. Foremost amongst these parameters is transverse
guadrupole pick-up, which can sense variations of themittance. Witness to the importance of this subject is the
ellipticity of beam cross section. However, information orfact that an ICFA Workshop was recently dedicated to it
ellipticity is easily swamped by the common-mode signdR0].
when the beam is not perfectly centred in the pick-up. It There are several reasons for this being a challenge.
took the development of a new way of treating the signaksmittance is measured at the various stages with
from the four electrodes to permit practical use [16], bunstruments of quite different nature. Let us take as an
very good centring of the beam is still a prerequisite. example the injector chain of the future LHC. Atthe RFQ
and the 50 MeV linac one uses instruments basically

beam width [mm]

4 SOME CHALLENGES
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resembling the pepper-pot, and another one is derived
from the above-mentioned BLD. Secondary Emission
Monitors (SEM-grids) measure the profiles on the way to
and into the 1 GeV Booster. When the beam circulates
there, it is measured with a fast wire-scanner, which
measures projected density distribution, and, in a
destructive way, with the BEAMSCOPE [21], which
really measures amplitude distribution. On the way to the
26 GeV PS, there are again SEM-grids, and on the beam
circulating in it again a fast wire-scanner and partialy
destructive measurement targets, indicating amplitude
distribution. SEM-grids provide quality checks after
gjection from the PS and upon injection into the SPS. At
that machine, it is foreseen to add OTR screens with
quantitive evaluation for profile measurements at injection
and at gjection towards the LHC, where again a panoply
of different instruments will measure profiles.

Measuring profiles is one thing, obtaining emittance is
another. In a circular machine one must know accurately
the value of the beta-function. In transfer lines, where
emittance is calculated from severa profiles, one must
know equally accurately the transfer matrices between the
usual 3 SEM-grids or screens. And dl of thisisonly valid
when there is no coupling.

The density profiles obtained from such basicaly
different instruments, and the emittances derived from
them, must be treated mathematically such that a valid
comparison can be made. This is no mean task when one
aims at an absolute precision of typically 5% in emittance,
i.e. 25 % in beam "size". The definition of size is a
further difficulty in obtaining coherence of data. A beam
never has a Gaussian distribution and the way this fact is
dealt with mathematically is often a matter of ideology.
Suffice it to say that definition and treatment should be
representative for the bulk of the beam when the final
concern is collider luminosity [21, 22, 23].

One challenge that stands out is the development of a
detector which, in machines like PS, SPS and LHC,
measures the profile of the beam during acceleration in a
non-destructive and continuous way, with a precision of
the order of 0.1 mm in the PS, demanded for beams

destined for the LHC.

Synchrotron light and Compton scattering, so
successfully used on electrons and positrons, are not
accessible. The one instrument that comes close is the
residual gas monitor, in which electrons and/or ions,
created in the residua gas through the ionizing action of
the beam, are extracted with electric fields and used for
imaging the beam density profile. However, to obtain a
sufficient spatial resolution, one would need to use very
high electric fields and a strong focussing magnetic field
in the same direction. These perturb the beam and must be
compensated, so that it becomes an atogether very
voluminous and clumsy apparatus.
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Two lines may be pursued. The one is using the light
emitted from the residual gas produced by the excitation
of its atoms through the beam particles. Attempts at using
this method have been made in the past [24, 25], and
showed a number of perturbing effects. Still, a new look
a it is worth the effort. The other is based on the
deflection suffered by a thin ion-beam, swept transversely
across the circulating beam, in the latter's electric and
magnetic field. Promising experiments were made [27].

5 CONCLUDING SERMON

When setting about conceiving diagnostic systems for
an accelerator, one should first thoroughly acquaint
oneself with the machine and all possible modes of
operation and with the properties and behaviour of the
beams under various conditions. That is, not only the
nominal beam, but also as it may be at an early stage of
running-in and under abnormal conditions, when one
particularly depends on diagnostics. One will aim for
easily perceived information for routine operation, and
will provide for the special needs of accelerator physics
experiments.

When making the detailed design of an accelerator,
diagnostics is to be included at an early stage: for the
trivial reason that space must be foreseen for the detec-
tors, but also because the capabilities of the diagnostic
systems, and the information they deliver, can have
repercussions on the design of the accelerator (e.g.
through the possibilities offered by feedback systems).

Accelerators ought to be equipped with a complete set
of diagnostics from the day of first beam, as it is during
the running-in that it is dearly needed. However, one must
be aware of the fact that also the diagnostic systems need
their own running-in, with beam.

For each diagnostic system there should be an expert
who sees it as a whole, from the detector in the tunnel,
through the electronics, data acquisition and treatment, to
the display in the control room. Otherwise, efficiency of
use suffers and unnecessary complication is added.

Finally, on-line calibration, on user-request or
automatic, during routine operation, is needed for always
correct results and to instill the users with confidence.
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USE OF SUPERIMPOSED ALTERNATING CURRENTS IN
QUADRUPOLES TO MEASURE BEAM POSITION WITH RESPECT TO
THEIR MAGNETIC CENTRE

S.A.Griffiths, D.J.Holder, N. Marks, CLRC Daresbury Laboratory, Warrington, WA4 4AD, UK.

Abstract e radiation mu.st be supplied simultaneously to the
many beam lines and users;
The positional stability of the electron beam in a modern users require very high beam positional stability
state-of-the-art synchrotron radiation source is critical, as throughout the period that they are accumulating
the many experimental users require consistency in the experimental data;
position and dimensions of the incoming photon beams the lifetime of the stored beam should be maximised,
which are incident on their experimental samples. At the which requires the electron beam to be accurately
Daresbury Synchrotron Radiation Source (SRS), positioned in the centre of the narrow gap and other
inaccuracies in the measurements of the positions of both ring vacuum vessels.
beam position monitors and the lattice quadrupoles can be
overcome by measuring the position of the electron beafhe storage ring therefore contains vertical and hor