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PERMANENT MAGNETS FOR ACCELERATORS

B. J. A. Shepherd®!, STFC Daresbury Laboratory, Warrington WA4 4AD, UK
lalso at Cockcroft Institute, Warrington WA4 4AD, UK

Abstract

Several groups internationally have been designing and
building adjustable permanent magnet based quadrupoles
for light sources, colliders, and plasma accelerators be-
cause of their very high gradients and zero power con-
sumption. There are now examples of widely adjustable
PM dipoles too. The ZEPTO project, based at STFC
Daresbury Laboratory, developed several highly adjustable
PM-based dipole and quadrupole prototypes for CLIC, and
is now building a quadrupole to be installed in Diamond to
gain experience ahead of the Diamond-2 upgrade. This is a
review and comparison of the recent designs globally with
comments on the future prospects.

INTRODUCTION

Permanent magnets (PMs), are materials that retain a
strong remanent magnetisation after the applied magnetis-
ing field is removed. Energy is stored in the material, and
a PM can produce a strong field especially when combined
with other ferromagnetic elements to form a flux circuit.

Development of PMs is arguably one of the technologi-
cal success stories of the 20" century [1], with the energy
product BH,.. doubling on average every twelve years
thanks to the discovery of ferrites and later SmCo and
NdFeB (Fig. 1), the latter being an ‘almost ideal’ PM ma-
terial with a high proportion of iron and a relatively abun-
dant rare-earth element. Both SmyCo17 and Nd,Fe 4B are
near their theoretical maxima of 294 kJ/m?® and 512 kJ/m?
respectively. The discovery of new PMs led to technologi-
cal developments in many other fields, including infor-
mation storage, transport and energy generation.

400
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Figure 1: Development of PMs in the 20™ century.

In accelerators, a major use of PMs over the years has
been undulators and wigglers (insertion devices or IDs) in
light sources [2], first proposed by Ginzburg in 1947 and

T ben.shepherd@stfc.ac.uk
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used in storage rings from the 1970s onwards. When short
periods and small gaps are required, PMs are usually a bet-
ter choice for IDs. The Halbach array with four magnets
per period gives an enhanced field on one side of each array
which combines to give a strong field in the beam tube.
These IDs have been extensively written about else-
where [3] and are not the focus of this paper.

BEAMLINE PM DEVICES

The Halbach array can also be ‘wrapped’ around a cyl-
inder to create a multipole magnet [4, 5]. Fields from an
array of wedge-shaped PMs combine to give a strong field
in the magnet centre (Fig. 2). These magnets typically have
small apertures, and high gradients can be achieved. The
gradient in a Halbach quadrupole is given by:

1 1
G = 2B.K (— - —)
re

Here, B, is the remanent field in the PM, r; and r, are
the inner and outer radii, and K is an efficiency factor
which approaches 1 as the number of segments increases.

Te

Figure 2: Schematic of a Halbach PM quadrupole, showing
the inner and outer radii of the PMs.

Other multipole magnets (e.g. dipoles, sextupoles and
combined function magnets) can be produced in this way.

Light source upgrades in recent years have focused on
increasing the brightness, which often means a push to
smaller apertures. When an electromagnet is scaled down
by a factor £, if the current density is kept equal, the field
will be reduced by k. In order to restore the field, either the
current density or cross-section of the coils must be
increased. PM-based magnets do not have this limitation,
and this seems to favour the use of PM magnets for lower-
aperture devices [6].

Advantages of Permanent Magnets

PM-based magnets require no current to provide a con-
stant field. No large power supplies are required, and no
current-carrying cables. No heat is dissipated, and so no
water cooling is required (which also eliminates a potential
source of vibration). So overall the infrastructure and run-
ning costs can be lower than electromagnets, and of course
the CO- emissions during operation are greatly reduced.

MOVIRO05
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Disadvantages and Mitigation

Temperature Stability Remanent field B, changes as
a function of temperature. This is a larger effect for NdFeB
than for SmCo, with temperature coefficients in the vicin-
ity of -1x1073/°C and -3x10/°C respectively. This effect
can be mitigated in a magnet by adding a shunt material
with the opposite sign coefficient [6-9]. As the temperature
increases, less flux is produced by the PM, but less is
shunted away (Fig. 3). A typical shunt material is FeNi,
traded as “Thermoflux”.

shunt

Figure 3: Schematic of a temperature compensation shunt
in a PM dipole.

Radiation Impact of a high-energy particle in a PM
material can cause a release of energy, leading to nuclea-
tion of inverse domains in a PM. Another mechanism is
wide-area energy release from a large number of low-en-
ergy particles, and this effectively heats up the material.

Radiation damage can be mitigated in a number of ways,
and research over several decades has identified many dif-
ferent variables that can have an impact [10-11].

e A higher-coercivity material performs better in a radi-
ation environment, so for instance SmCo would be bet-
ter than NdFeB.

e Operating at a lower temperature also increases the co-
ercivity; experiments have shown that demagnetisa-
tion from 2.5 GeV electrons is reduced by 99% when
the temperature is reduced to 140 K compared to room
temperature.

e Baking PMs before use gives a small controlled de-
magnetisation, but can significantly reduce the radia-
tion-induced demagnetisation.

e Altering the magnetic circuit or the shape of the PMs
to change the operating point or permeance coefficient
Pc = B/H. This reduces the demagnetising field seen
by the PMs.

e Moving PMs away from the beam can reduce the
amount of radiation that the PMs experience. This is
potentially much easier to do for beamline magnets
than for insertion devices, where the PMs are posi-
tioned as close to the beam as possible.

Tolerances A batch of PM blocks will have tolerances
on dimensions and magnetisation strength and direction.
For Halbach magnets and insertion devices, the field qual-
ity is directly influenced by differences between individual
PMs. However for beamline magnets, blocks are often
made up of individual smaller PMs, and the field quality is
set by the shape of steel poles. Tolerances on individual PM
blocks may be “smeared out” in this case.

MOVIRO05
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Tuning This is perhaps the most obvious problem in
designing PM-based magnets. Coils can be added to a PM-
based magnet; however the operating point is in the flat
part of the B-H curve, so the permeability is the same as
free space. Large coils are needed for a relatively small
change in field; so if a large adjustment range is needed, it
becomes simpler to just replace the PMs with coils. A typ-
ical example of a PM dipole with adjustment provided by
coils is shown in Fig. 4.

Figure 4: A 1 T dipole manufactured by Danfysik for the
ASTRID-2 facility. The coils provide around +3% of ad-
justment of the central field.

PMS AT ACCELERATOR FACILITIES

Synchrotron light sources around the world are upgrad-
ing to low-emittance lattices to increase their output bright-
ness. In many cases these upgrades involve new PM de-
vices as part of their magnetic lattice.

Sirius

At Brazil’s LNLS facility, the Sirius facility requires 20
so-called ‘Superbend’ magnets (Fig. 5) with a maximum
field of 3.2 T at a point in the magnet centre, and long com-
bined function sections either side providing 0.5 T field
and 9.5 T/m gradient. Adjustment via ‘floating poles’ and

a control gap in the return yoke provides £4% of tuning
range in both field and gradient.

Figure 5: The Sirius facility’s ‘Superbend’ magnet [12].

All the Superbend magnets have now been measured and
installed, and at least 10 mA of beam has been circulated
in the machine [13].

The ESRF

The “Extremely Brilliant Source” upgrade at the ESRF
[6, 14] requires a total of 128 longitudinal gradient (LG)
dipoles (Fig. 6), which have all been built using PMs. The
dipoles are composed of five modules each with a constant
field. The field steps up from 0.17 T to 0.53 T (or 0.64 T);
this contributes to a reduced emittance by matching the
field to the varying horizontal dispersion.

MC7: Accelerator Technology
T36 Permanent Magnets



11th Int. Particle Acc. Conf.
ISBN: 978-3-95450-213-4

=

Figure 6: A PM LG dipole for the ESRF EBS upgrade.

Sm,Co,7 blocks are used to build the dipoles; all the
modules (except the lowest field M 1) are constructed iden-
tically except with a different number of PM blocks to alter
the field. There is no capacity for tuning the dipoles. FeNi
“Thermoflux” shunts are used, with a thickness between
0.8-4.5 mm, to bring the residual temperature coefficient
down to 10 ppm/°C around room temperature (23°C).

The magnets are installed at the ESRF and commission-
ing is under way. Stored beam was achieved in December
2019, and first X-rays were produced in January 2020 [15].

Diamond Light Source

Like the ESRF-EBS, the planned upgrade for Diamond
has fixed-field LG dipoles; the Diamond-II design [16] re-
quires 96 of these, each with fields ranging from 0.29 T to
0.76 T (Fig. 7). SmyCo;7 blocks are used, with FeNi shunts
to compensate temperature variation.

Figure 7. The LG dipole design for Diamond-II [17].

The current design for the combined-function DQ mag-
nets for the storage ring is based on electromagnets; using
PM magnets for these is also a possibility.

SPring-8

The SPring-8-11 upgrade [18] is again based around PM-
based LG dipoles, with a field range 0of 0.25-0.79 T in each
magnet [19]. Tuning of the field is achieved by including a
movable outer plate in the design (Fig. 8). A 400 mm long
prototype has been built using NdFeB blocks, with three
modules producing a 0.2-0.55T field. FeNi magnetic
shunts with thicknesses between 5-18 mm reduce the field
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variation with temperature down to 5-10 ppm/°C. A ‘win-
dow’ in the magnet backleg provides space for an NMR
probe for long-term field observation.

Outer Plate

Max. B-field Min. B-field

Figure 8: Cross-section of the SPring-8-11 LG dipole pro-
totype, showing outer plates used to provide field tuning.

R&D into a PM-based septum magnet (Fig. 9) has also
taken place at SPring-8 [20]. This could potentially replace
a single multi-kilowatt pulsed septum magnet. The base-
line field is 1.2 T, and movable steel shunt plates provide a
2% adjustment range. The 5.5 mm thick FeNi magnetic
shunt reduces the temperature variation down to around
1 ppm/°C. The 7 mm thick septum plate and counter-field
PMs reduce the field seen by the stored beam down to al-
most zero.

Figure 9: Schematic of a PM-based septum magnet for
SPring-8-11.

Prototypes of the LG dipole and the septum magnet have
been built and tested; they all meet the specifications.

Table 1 shows a summary of the PM dipoles used in the
light source upgrade projects mentioned in this paper.

CBETA

CBETA is a 4-pass energy recovery linac (ERL) machine
with a compact non-scaling FFAG lattice. This design is
based entirely on PM-based magnets, with 216 fixed-field
quadrupole and combined-function Halbach magnets [21].
Each magnet is composed of 16 PM wedges, with larger
wedges being used for the DQ magnets (Fig. 10).

Table 1: Summary of PM Dipoles Used in Light Source Upgrade Projects

Parameter Sirius ESRF-EBS Diamond-II SPring-8-11
Energy 3 GeV 6 GeV 3.5 GeV 6 GeV
Lattice SBA 7BA 6BA SBA
Emittance 250 pm 135 pm 160 pm 149 pm
Number of dipoles 20 128 96 168

Dipole strength 05T,32T 0.17-0.64 T 0.29-0.76 T 0.25-0.79 T
Gap 11 mm 25 mm 25 mm 25 mm
Adjustment range +4% None None Few %
Temperature stability Not specified 10 ppm/°C TBD 5-10 ppm/°C

MCT7: Accelerator Technology MOVIRO05
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Figure 10: 2D outlines of the five CBETA magnet types.

The CBETA magnets have lengths between 122-
133 mm, with gradients of +11 T/m and bend fields of
0.3 T. Apertures are 80-98 mm.

To correct field errors arising from PM block tolerances,
steel rods of varying lengths were inserted into a 3D
printed insert just inside the magnet aperture (Fig. 11). This
novel field correction method reduced the overall field er-
rors down to an RMS value of 2.6x10.

Figure 11: Field error tuning rods used in CBETA magnets.

QUAPEVA

At the COXINEL laser-plasma experiment [22], strong
small-aperture quadrupoles are needed to focus a highly-
ivergent plasma-accelerated electron beam. SOLEIL have
developed a highly-tunable PM quadrupole [23]. A central
2 hybrid Halbach array is combined with rotating PM cylin-
£ ders in the outer part of the magnet (Fig. 12), controlled by
< four independent motors. The magnet aperture is 12 mm
Z and the adjustment range is 100-200 T/m. The early proto-
_- type had some issues with magnetic centre movement dur-
& ing adjustment, but this is reduced to around £10 pm in the
A later models. A triplet of QUAPEVA magnets has been in-
— stalled on the COXINEL beamline [24].

of this work must maintain attribution to the author(s), title of the work, publisher, and DOI
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8 Figure 12: Adjustment principle of the QUAPEVA mag-
2 nets; (a) maximum, (b) middle, and (c) minimum gradient.
THE ZEPTO PROJECT

In recent years, ASTeC and CERN have been collaborat-
ing on a project to develop highly tunable PM-based quad-
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rupoles, aimed at the specifications for CLIC’s drive beam
decelerator (DBD). The motivation was to find an alterna-
tive to the 13.5 MW of electrical power required for 41,848
quadrupoles in the DBD line.

The ZEPTO (ZEro-Power Tunable Optics) concept is
based around fixed steel poles and large PMs which are
moved vertically, altering the magnetic circuit and provide
a wide adjustment range. Two prototypes were designed,
built and tested at DL and CERN — the first [25, 26] was
designed to reach a large maximum gradient (60 T/m), suf-
ficient for the high-energy end of the DBD, and the second
[27, 28] to give a wide tuning range. In the first, tuning is
achieved by introducing a gap between the PMs and the
poles; the second moves the PMs perpendicular to the mag-
netisation axis and shifts the flux to a secondary outer cir-
cuit. In each case, the PMs are controlled by a single motor
through a set of gearboxes and dual-threaded ballscrews.

Measurements of the ZEPTO quadrupoles indicated that
they performed well against the CLIC specifications. One
issue that arose was a small shift in the magnetic centre as
the magnets were tuned from low to high strength; this was
attributed to weakly ferromagnetic rails used in the motion
system, which were not vertically symmetric.

A PM dipole magnet was also built as a prototype for the
dipoles in the drive beam turnaround loops [29, 30]. This
operates on similar lines, with a very large PM block slid-
ing horizontally out in the dipole backleg to give a tuning
range from 0.46-1.1 T. This very large block proved to be
quite difficult to handle since the magnetic forces were so
large; however the magnet performed very well and meets
the specifications in terms of field quality and strength.

A third ZEPTO quadrupole magnet is currently under
construction at Daresbury Laboratory. This one will be in-
stalled on Diamond’s BTS transfer line, as a drop-in re-
placement for an electromagnetic quadrupole, with the aim
of demonstrating that this PM technology can be used on
an operating user facility. This is a further step towards
commercialisation of our innovative PM technology. The
concept is similar to ZEPTO-Q2, with two PMs moving
vertically between a primary and secondary circuit for a
large adjustment range. Two motors are used to ensure the
magnet centre stays fixed during adjustment. SmCo blocks
are used for improved temperature stability and radiation
resistance. The magnet is splittable horizontally to enable
installation around an existing vacuum chamber.

Table 2: Comparison of ZEPTO Magnet Parameters

Parameter ZEPTO-Q1 ZEPTO-Q2 ZEPTO-D1 ZEPTO-Q3
Aperture 27.2 mm 27.6 mm 42 mm 32 mm
Magnet length 230 mm 190 mm 500 mm 300 mm
Field / gradient range 15-60 T/m 4-35 T/m 0.46-1.1T 0.5-19 T/m
PM block size 18x100x230 mm  37.2x70x190 mm  500x400x200 mm 68x35.5x300mm
Number of blocks 4 2 1 2
Movement range 64 mm 75 mm 355 mm 90 mm
Good field region +0.1%, 23 mm +0.1%, 23 mm +0.1%, 40 mm (H) +0.1%, 20 mm
Measured centre shift 100 pm 80 pm Zero N/A
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Design of ZEPTO-Q3 is complete, and construction and
installation will take place in late 2020. Table 2 shows a
summary of the parameters of all four ZEPTO magnets.

CONCLUSIONS

PM-based magnets are finding increasingly widespread
use as beamline magnets in accelerator facilities world-
wide, particularly where compact magnets and high fields
are required. They have many advantages over traditional
electromagnets in terms of resource use and infrastructure
and operating costs. There are several well-documented is-
sues in using PMs, for instance radiation hardness, temper-
ature stability, tuning, and block-to-block variations. How-
ever, these can be mitigated using several innovative tech-
niques. Coils can be combined with PM magnetic circuits
for a few per cent adjustment, or larger tuning ranges can
be achieved using mechanical movement. Increasing use
of this technology will no doubt lead to further innovations,
as we have seen in the field of insertion devices — where
recent innovation such as cryogenic PM undulators have
led to further increases in performance. As we transition to
a greener economy in the next decade, low-emission tech-
nologies like PMs will become increasingly important.
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Abstract

At the end of 2018, a large worldwide collaboration, with
contributors from more than 350 institutes completed the
conceptual design of the Future Circular Collider (FCC),
a ~100 km accelerator infrastructure linked to the existing
CERN complex, that would open up the way to the post-
LHC era in particle physics. We present an overview of the
two main accelerator options considered in the design study,
namely the lepton collider (FCC-ee), serving as highest-
luminosity Higgs and electroweak factory, and the 100-TeV
energy-frontier hadron collider (FCC-hh), along with the
ongoing technological R&D efforts and the planned next
steps. A recently approved EU co-funded project, the FCC
Innovation Study (FCCIS), will refine the design of the lep-
ton collider and prepare the actual implementation of the
FCC, in collaboration with European and global partners,
and with the local authorities.

INTRODUCTION

The FCC Conceptual Design Report (CDR) [1-4] was
released at the end of 2018. The results of the conceptional
design study naturally gave rise to an integrated FCC pro-
gramme [5-7], which was proposed as input to the European
Strategy Process: Inspired by the successful past LEP-LHC
sequence at CERN, this integrated programme features in
its first stage the lepton collider FCC-ee — namely a Higgs
and electroweak factory, which will produce Z, W and H
bosons, and top quarks at considerable rates: At its design
luminosity, FCC-ee will repeat the the entire LEP Z physics
programme in about 1 minute. The second stage will be
the FCC-hh proton collider (~100 TeV c.m. energy) as the
natural continuation of the LHC at the energy frontier, with
additional ion and lepton-hadron collision options. The in-
tegrated FCC programme represents a comprehensive cost-
effective approach, aimed at maximizing the physics oppor-
tunities. FCC-ee and hh will offer complementary physics,
while profiting from common civil engineering and tech-
nical infrastructures. They will both build on, and reuse,
CERN’s existing infrastructure. In addition, the FCC in-
tegrated project, with its technical schedule, allows for a
seamless continuation of High Energy Physics (HEP) after
the High Luminosity LHC (HL-LHC) programme, expected
to end in the second half of the 2030’s.

* This work was supported, in part, by the European Commission under the
HORIZON2020 Research and Innovation Programme, grant agreement
951754 (FCCIS).

T frank.zimmermann @cern.ch
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Figure 1: Layouts of FCC-ee and FCC-hh successively
housed in the same tunnel [2, 3, 6].

FCC-ee

FCC-ee is conceived as a double-ring e*e™ collider whose
97.75 km baseline circumference follows the footprint of
FCC-hh, except around the Interaction Points (IPs) at loca-
tions A and G — see Fig. 1. The FCC Interaction Region
(IR) features an asymmetric layout and optics in order to
limit synchrotron radiation (SR) emitted towards the detec-
tor [8]. The critical photon energy is kept below 100 keV
over the last 450 m from the IP, which is one of the lessons
learnt from the LEP collider [9]. The present baseline en-
visions 2 IPs. Alternative layouts with 3 or 4 IPs are under
study. The electron and positron bunches are collided under
a large horizontal crossing angle of 30 mrad with a so-called
crab-waist optics [10, 11]. The IR optics accommodates
only one sextupole pair per final focus side, used for a local
correction of the vertical chromaticity, with a cancellation
of geometric aberrations. Reducing the strength of the outer
sextupoles creates the crab waist [8]. This low number of
strong sextupoles ensures a minimum amount of nonlinearity
and a correspondingly large dynamic aperture. The FCC-ee
synchrotron radiation power is limited to 50 MW per beam
at all beam energies. The magnet strengths in the arcs are
tapered so as to match the local beam energy. A common
radiofrequency (RF) system is used for the tt running, where
the maximum RF gradient is required, but the number of
bunches is quite low, so that parasitic collisions in the RF
straights can be avoided.

Key parameters of FCC-ee are compiled in Table 1. Fig-
ure 2 illustrates that the FCC-ee offers an attractive luminos-
ity level over its entire centre-of-mass energy range from
90 to 365 GeV. From about 2 TeV onward a hypothetical
muon collider MAP-MC) is expected to yield the best per-
formance. Between about 400 GeV and 1 or 2 TeV the lin-
ear colliders ILC and CLIC, respectively, appear optimally
suited.

The FCC-ee design is based on proven techniques from
past and present colliders, not pushing any key parameter
(beam lifetime, 37, e* production rate, SR photon energy)
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Figure 2: Luminosity L per supplied electrical wall-plug
power Pwp is shown as a function of centre-of-mass energy
for several proposed future lepton colliders [7, 12]. Also
indicated is the FCC-ee electricity cost per Higgs boson,
assuming a price of 50 Euro MWh™! [2,7].

Table 1: Key Parameters of FCC-ee

parameter V4 WW ZH tt

c.m. energy [GeV] 91 160 240 365
beam current [mA] 1390 147 29 54
no. bunches/beam 16640 2000 393 48

bunch intensity [10'!] 1.7 15 15 23
longit. damping [turns] 1281 235 70 20
hor. IP beta [m] 0.15 0.2 0.3 1

vert. IP beta [mm)] 0.8 1 1 1.6
hor. emittance [nm] 0.3 0.8 0.6 1.5
vert. emittance  [pm] 1.0 1.7 1.3 29
lum./IP [103* cm™2s™!] 230 28 85 155
beam lifetime  [min.] 68 49 12 12

beyond what has already been achieved. The B-factories
KEKB and PEP-II, along with DA®NE, have demonstrated
the merit of double-ring lepton colliders, and the possibility
of operating with high beam currents, of up to a few Ampere.
KEKB, PEP-1I, BEPC-II and SuperKEKB have successfully
used top-up injection, greatly increasing the daily integrated
luminosity. SuperKEKB has already achieved the low 7 of
1 mm [13], as required for FCC-ee; it is ultimately aiming
for values of about 0.3 mm. Both DA®NE and SuperKEKB
have improved their specific luminosity and beam-beam per-
formance by operating with the crab-waist collision scheme.
LEP has explored operation at high beam energy, with about
the same SR power per unit length and very similar critical
photon energies as planned for FCC-ee. LEP and VEPP-4M
have pioneered precision energy calibration based on reso-
nant depolarisation [14, 15]. The KEKB and SuperKEKB
e* sources provide a positron production rate similar to the
one needed for FCC-ee top up injection, which is less than
the world record achieved at the SLC. HERA, LEP, and
RHIC have established various techniques of spin gymnas-
tics and for optimising the degree of self-polarisation, which
are relevant for the FCC-ee energy calibration at the Z and
WW energies. In particular, SuperKEKB, presently under
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commissioning, is demonstrating FCC-ee key concepts. Its
design beam lifetime is 3—6 times shorter than the smallest
lifetime expected at FCC-ee.

Nevertheless, the FCC-ee design must also address a few
new challenges. The FCC-ee IR will potentially experi-
ence significant heat loads from radiative Bhabha scattering
(kW level), beamstrahlung (possibly MW level, intercepted
about 50 m downstream of the IP), resistive wall heating
(kW), higher order mode (HOM) excitation — which is ad-
dressed by an optimised chamber design and a dedicated
HOM absorber close to the crotch [16] — and SR from the
final quadrupoles. The IR magnet system is quite complex.
In addition to the 2 T detector solenoid and final focusing
quadrupole Ql, it features a compensation solenoid in front
of QI, and a shielding solenoid surrounding Q1 [17]. To
maximise the detector acceptance a novel thin-wall cryostat
has been proposed [18].

For a ~100 km long collider the resistive wall becomes a
dominant source of impedance. If the vacuum chamber is
coated with a standard 1 pm thick NEG film, this impedance
can drive the longitudinal microwave instability [19]. There-
fore, for the FCC-ee, a novel ultrathin NEG coating, of about
100 nm thickness, has been developed and qualified with
respect to pumping properties, secondary emission yield,
activation behaviour, and impedance [20].

In collision, the FCC-ee bunch profiles are strongly af-
fected by beamstrahlung. Suitable high-throughput single-
shot diagnostics is being developed at KIT’s KARA facility,
where longitudinal bunch profiles are already recorded with
an electro-optical spectral decoding setup [21-23].

LEP saw no polarisation for beam energies above 65 GeV.
The much larger bending radius of FCC-ee reduces the beam
energy spread, and, thereby, the spin tune spread. This
should allow for reaching several tens of per cent polari-
sation, not only on the Z pole, but also at the WW thresh-
old [24], enabling a precise energy calibration at the 107°
level in both these modes of operation [25]. The precise
knowledge of the collision energy is an important compo-
nent of the physics program for the electroweak factory.

While R&D efforts also pursue cost-effective, low-power,
low-field magnets for the FCC-ee collider arcs [26], the
thrust of FCC-ee technology R&D is on the superconducting
RF (SRF) system, especially advanced cavities, RF power
sources, and cryomodules. Here the R&D aims at improv-
ing performance and efficiency, and at reducing cost. Ex-
ample FCC-ee SRF developments include improved Nb/Cu
coating/sputtering (e.g. electron cyclotron resonance fibre
growth, high-power impulse magnetron sputtering) new
cavity fabrication techniques (e.g. electro-hydraulic form-
ing [27], improved polishing, seamless production, ...), coat-
ing of A15 superconductors (e.g. Nb3zSn), cryo-module de-
sign optimisation, bulk Nb cavity R&D in collaboration with
FNAL, JLAB, and Cornell (also KEK and IHEP are active
in this domain), MW-class fundamental power couplers for
400 MHz, and novel high-efficiency klystrons exploiting new
bunching methods.
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FCC-hh

The FCC-hh seeks an order of magnitude performance
increase in both energy and luminosity, with 100 TeV c.m.
collision energy (versus 14 TeV for LHC), and 20 ab~! accu-
mulated per experiment collected over 25 years of operation,
to be compared with 3 ab~! for the (HL-)LHC. The transi-
tion from LHC to FCC-hh amounts to a similar performance
increase as the step from the Tevatron to LHC. Table 2 com-
pares the main parameters for two phases of FCC-hh with
those of HL-LHC and LHC. Beam and optics parameters of
FCC-hh appear to be less demanding than those for the HL-
LHC. The key technology to realize the FCC-hh is high-field
magnets, that is developing and fabricating a few thousand
dipole magnets with a field of 16 T in a reliable and econom-
ical way. Recently substantial progress has been made in
Nb3Sn magnet development at both FNAL (demonstrator
magnet MDPCT]1 reached 14.1 T at 4.5 K [28]) and CERN
(eRMC achieved a field of 16.5T at the conductor [29]).
Alternative options under study include magnets based on
high-temperature superconductor.

Table 2: Parameters of FCC-hh Compared with (HL-)LHC

parameter FCC-hh HL-LHC LHC
c.m. energy [TeV] 100 14 14
dipole field [T] 16 8.33 8.33
beam current [A] 0.5 1.1 0.58
no. bunches/beam 10400 2760 2808
bunch intensity [10'!] 1.0 2.2 1.15
SR power/ring [kW] 2400 7.3 4.6
longit. damping  [hr] 0.54 12.9 12.9
IP beta [m] 1.1 0.3 0.15 0.55
norm. emittance [pm] 2.2 2.5 3.75
lumJ/IP [103*ecm™2s7!] 5 30 5 (lev) 1
events/crossing [100] 1.7 10 1.3 0.3
energy/beam [GI] 8.4 0.7 0.38

Other challenging FCC-hh parameters pertain to the syn-
chrotron radiation (SR) power, the number of physics events
per bunch crossing, and the energy stored in the beam. At
FCC-hh, almost 5 MW of SR power is emitted inside the
cold arc magnets. To efficiently remove this heat it is inter-
cepted by a beam screen (BS) at an elevated temperature
of about 50K (to be compared with 4.5-20 K for the LHC).
This beam screen is mounted inside the 1.9 K cold bore of
the magnets. The beam screen should also provide sufficient
pumping capacity, present a low impedance to the beam,
suppress photo-electrons and prevent electron cloud. An
optimized “double” beamscreen design for FCC-hh was de-
veloped in the framework of the EuroCirCol project [30], and
illuminated with synchrotron radiation at the KIT KARA
facility, whose electron-beam SR power spectrum closely
resembles the one of the FCC-hh proton beam [31]. Results
in a warm setup have confirme the chosen approach [32]. Re-
cently installed liquid nitrogen lines also allow experiments
at cryogenic temperature. The tests at KARA demonstrate
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a drastic reduction of molecular photo-desorption yield for
the FCC-hh BS geometry as compared with flat Cu chamber
(factor 15), and when irradiating at cold (factor 100 except
Hy) [33].

FCC IMPLEMENTATION

The present baseline position for the 97.75 km long tun-
nel was established by choosing the least risky, fastest and
cheapest construction, and feasible positions for large span
caverns (which are the most challenging structures). More
than 75% of this tunnel lies in France, including 8 or 9 out of
a total of 12 access points; the other 3 or 4 access points are
located in Switzerland. The next step of the site investigation
entails a review of these site locations and of the machine
layout. Figure 3 illustrates the tunnel integration for FCC-ee
and FCC-hh in the arcs, where the inner tunnel diameter is
5.5 m, to be compared with 3.8 m for the LEP/LHC tunnel.

The technical schedule of the FCC integrated project is
shown in Fig. 4. At present, the R&D for the FCC-ee (in
yellow) focuses on an optimized engineering design, energy
efficiency, and maintainability. The R&D for FCC-hh (in
green) concentrates on conductor development and high-
field magnet technology. With a start in 2020 the entire pro-
gramme would conclude by 2090, after another ~20 years of
LHC, 15 years of FCC-ee and 25 years of FCC-hh operation.
The only period without physics is the ten years, ~2055-64,
needed to dismantle the FCC-ee and install the FCC-hh.

3670

°2%,,,  FCC-ee FCC-hh
5.5 m inner diameter

3350
3350

200] | 100
200/ 100

1110 | 870

2370

1110 | 870 |

2370

Figure 3: FCC tunnel integration in the arcs [2, 3, 6].

FCC COLLABORATION

The FCC study proceeds as a collaborative, world-wide
effort. One example is the participation of the Karlsruhe
Institute of Technology (KIT), which is contributing to both
FCC-ee and FCC-hh.

At present, the FCC collaboration includes 139 institutes
and 30 companies hailing from 34 countries, plus support
from the European Commission through various projects like
EuroCirCol, EasiTrain and the FCCIS. Further increasing
the international collaboration is a prerequisite for success:
Links with science, research & development and high-tech
industry are essential for preparing the FCC implementation.

EuroCirCol was a European Union Horizon 2020 program
with 3 MEuro co-funding, that was completed in December
2019. It included 15 European beneficiaries and KEK plus,
as associated partners, the US laboratories FNAL, BNL,

MC1: Circular and Linear Colliders
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Figure 4: Technical schedule of FCC integrated project [7,12]. Top row shows the years from start of project implementation.

LBNL, and NHFML. The EuroCirCol scope covered the key
work packages for the FCC-hh collider: Optics design for
arcs and IR; design of the cryogenic beam vacuum system
including beam tests at KARA; the 16 T dipole design with
a construction folder for demonstrator magnets. The FCCIS
was recently accepted for funding by the European Com-
mission with the highest achievable score. Its beneficiaries
are displayed in Fig. 5. Also included as important partners
are the local authorities in Switzerland (Etat de Genéve)
and France (D.R.R.T.), the US D.O.E., BINP in Russia and
Oxford University in the UK. FCCIS covers the FCC-ee
design optimisation, preparation of construction planning
and environmental evaluation, management of excavation
materials, user community building, public engagement, and
socio-economic impact studies.

ULIV, United Kingdom
Springer, The Netherlands

o+——DESY, Germany
IFJPAN, Poland
KIT, Germany

CEA,France
o——TMFS, Austria

CERN
T MUL, Austria
Cerema,
CETU, France «——CSIL, Italy
LD, Switzerland
INFN, Italy
CNRS, France

USC, Spain

31% beneficiariesfrom
non-academic sector

69% beneficiariesfrom
academic sector

Figure 5: Beneficiaries of the FCCIS (J. Gutleber).

Preparatory work with the host states is progressing. Ad-
ministrative processes for the project preparatory phase were
developed; a first review of the tunnel placement was per-
formed. Requirements for urban, environmental, and eco-
nomic impact, land acquisition and construction-permit pro-
cesses are being defined. A common optimisation of the
collider tunnel and surface site infrastructure is underway.
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SUMMARY AND OUTLOOK

FCC-ee is a compelling Higgs and electro-weak factory at
c.m. energies from 90 to 365 GeV. The FCC-ee key concepts,
ingredients, and parameters were already demonstrated, or
exceeded, at various past and present machines. The main
technologies for FCC-ee exist today; a strong R&D program
with industry is being set up for optimising energy efficiency
maintainability, machine availability, and construction cost.

FCC-hh is the highest-energy collider conceivable in the
21st century. Its design is based on lessons from the LHC.
The required high-field 16 T magnets are not yet at hand.
A rigorous conductor and magnet R&D program aims at
rendering these magnets available around 2050/55.

The FCC-ee/FCC-hh integrated programme represents a
coherent long-term strategy, with a sharing of tunnel, techni-
cal infrastructure (electricity, cooling and ventilation, etc.),
perhaps reuse of detector modules, along with complemen-
tary physics, and exploitation of existing CERN facilities.

The first phase of the FCC study delivered baseline ma-
chine designs with a performance matching the physics re-
quirements. The integrated FCC programme was submitted
to the European Strategy Update 2019/20. The next step will
develop a concrete implementation scenario in collaboration
with the host-state authorities, accompanied by machine op-
timisation, physics studies and technology R&D. This step
is supported by the EC H2020 Design Study FCCIS.

The long-term goal is to provide a world-leading HEP in-
frastructure for the 21st century, which will push the particle-
physics precision and energy frontiers far beyond the present
state-of-the-art.
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PRELIMINARY SIRIUS COMMISSIONING RESULTS

L. Liu’, M. B. Alves, F. C. Arroyo, J. F. Citadini, F. H. de S4, R. H. A. Farias, J. G. R. S. Franco,
R. J. Ledo, S. R. Marques, R. T. Neuenschwander, A. C. S. Oliveira, X. R. Resende,
A. R. D. Rodrigues, C. Rodrigues, F. Rodrigues, R. M. Seraphim, Brazilian Centre for Research in
Energy and Materials (CNPEM)/Brazilian Synchrotron Light Laboratory (LNLS), Campinas, Brazil

Abstract

Sirius is a 4™ generation 3 GeV low emittance electron
storage ring that is in final commissioning phase at the Bra-
zilian Centre for Research in Energy and Materials
(CNPEM) campus in Campinas, Brazil. Presently (April
2020) we have accumulated 15 mA of current, limited by
vacuum, using a nonlinear kicker for injection. In this pa-
per we report on the Sirius main commissioning results and
main subsystems issues during installation and commis-
sioning.

INTRODUCTION

Sirius is a new light source in Brazil based on a low emit-
tance 3 GeV electron storage ring with 518 m circumfer-
ence. The storage ring natural emittance of 0.25 nm.rad is
reached with twenty SBA lattice cells and it can be further
reduced to 0.15 nm.rad as insertion devices are added. Sir-
ius will be an international multiuser research facility with
up to 37 beamlines: 20 from permanent magnet superbends
reaching peak magnetic field of 3.2 T (and therefore
19 keV critical photon energy); 4 from insertion devices at
high beta sections and 13 at low beta sections. The low beta
sections are optimized to maximize brightness from inser-
tion devices by matching the electron beam and undulator
radiation phase spaces. In these low beta sections, where
the horizontal and vertical beta functions are simultane-
ously reduced to 1.5 m in the centre, small horizontal gap
devices such as Delta undulators can be installed. Sirius
main parameters are shown in Table 1 and the optical func-
tions in Figure 1.

Table 1: Main Sirius Storage Ring Parameters

Parameter Value Unit
e-beam energy 3.0 GeV
Circumference 5184 m
Lattice 20 x SBA

Hor. emittance 0.25 nm.rad
(bare lattice)

Betatron tunes (H/V) 49.11/14.17

Natural chrom. (H/V) -119.0/-81.2

Energy spread 0.85¢-3

Energy loss/turn 473 keV
(dipoles)

Damping times (H/V/L) 16.9/22.0/12.9 ms
Nominal current 350 mA

T liu@lnls.br
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The injection into the storage ring will be based on con-
ventional off-axis accumulation in the horizontal plane us-
ing a non-linear kicker (NLK). The injection system is
composed of a 150 MeV Linac and a full-energy synchro-
tron booster with 497m circumference, built in the same
tunnel and concentric with the storage ring. The booster has
a very small emittance of 3.5 nm.rad at 3 GeV that is es-
sential for a high injection efficiency using the NLK.

Commissioning activities were interrupted on last March
23" due to the Covid-19 pandemic, when most of the staff
switched to teleworking. We have reached 15 mA of accu-
mulated current with off-axis injection in the horizontal
plane using the NLK. This current is presently limited by
vacuum. We are now slowly returning to work to continue
with beam commissioning and proceed with installation of
the first undulator for the protein crystallography beamline
MANACA.

The Sirius project has effectively started in July 2012
when the decision to change to a low emittance SBA lattice
was taken, implying completely new components design.
Installation of the accelerator subsystems in the machine
tunnel started on May 2018 and the first turn in the storage
ring with on-axis injection was achieved on Nov. 22",
2019. The first stored beam was obtained 3 weeks later, on
Dec. 14", Two days later, first light from a superbend was
observed at the MOGNO beamline and first X-ray microto-
mography results were taken (see Figure 2). First beam ac-
cumulation with the NLK was obtained on Feb. 20™, 2020.
Figure 3 shows a picture of the main accelerator tunnel.

Figure 1: Sirius optical functions with a high-beta section
on the left and a low-beta section on the right. The optics
is 5-fold symmetric with 5 high-beta and 15 low-beta sec-
tors. The centre dipole is a permanent magnet superbend.
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Figure 2: First X-ray microtomography of a carbonate rock
sample obtained on Dec.16% 2019 at beamline MOGNO,
using white X-ray beam from 8 keV to 200 keV from the
3.2 T superbend permanent magnet dipole source. The im-
age was obtained two days after storing the first beam with
on-axis injection.

Figure 3: View of Sirius accelerators tunnel with storage
ring on the left, booster on the right and BTS transfer line.
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ACCELERATOR PHYSICS ISSUES

The main issues related to accelerator physics during
booster commissioning were: (i) an unexpected gradient
field in the booster pulsed injection septum had to be intro-
duced in the LTB model to improve optics matching and
thus injection efficiency at 150 MeV. This is a very strong
septum, with a deflection of ~22 deg. (ii) the very small
booster momentum compaction factor ¢, causes a non-
negligible effect of beam velocity variation on orbit period
during the ramp (as compared to the energy contribution)
that was not anticipated. As the revolution time is fixed by
the RF frequency, this causes a variation of beam energy
deviation d during the ramp, requiring extra horizontal ap-
erture (~2 mm in our case). The main accelerator physics
issues related to the storage ring commissioning were: (i) a
systematic error from building shrinking resulted in differ-
ent RF frequencies for the booster and SR. The measured
difference between the rings (~800 Hz) is larger than ex-
pected. This caused some difficulty in searching for the
correct SR frequency in the beginning because a change in
RF frequency requires a re-optimization of the injector. (ii)
a large calibration error of electromagnet dipoles B1 and
B2 with respect to permanent magnet dipole BC (2.5%)
was noticed during initial optics measurements with the
on-axis injected beam. After correction, measured optics
functions are closer to the model and accumulation with
the NLK was successful. Figure 4 shows the measured dis-
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persion function as compared to the nominal. Further opti-
mization work is on-going to improve the optics and injec-
tion efficiency, presently at about 60%.

Dispersion function at BPMs @ Nominal
» Measured

i]' BEEL WAL WRLE LR FAY:

0 ‘I(‘)O. ‘ 260 3("]0 V . 4(‘]0. ‘ 560

s [m]
Figure 4: Measured dispersion function along the storage
ring as compared to the nominal after correction of dipole

calibration error.

DC AND PULSED MAGNETS

All Sirius DC electromagnets were fabricated using
stacked laminations by a Brazilian company, and are
aligned by mechanical design on the girders, using refer-
ence surfaces, with no adjustment flexibility, to improved
stiffness and stability. The 20 permanent magnet super-
bends BC (reaching 3.2 T peak field) in the centre of the
achromatic arc have been produced in-house. Figure 5
shows a picture of storage ring magnets in one SBA arc.

The main issue related to DC magnets was the magnetic
field calibration of electromagnet dipoles with respect to
the permanent magnet dipole. The cause of the problem is
being investigated but is probably related to the large range
of measured field intensities. Another issue is the storage
ring pulsed injection septa leakage field. Additional shield-
ing is being planned to mitigate this effect.

at - = = J
Figure 5: View of Sirius magnets in one SBA arc.

VACUUM SYSTEM

The Sirius vacuum system for the storage ring is based
on fully in-house NEG-coated copper chambers. The NEG
activation process was carried out by in-situ bake-out with
the magnets in place, and by using a custom developed
heating system [1]. During installation, a few issues oc-
curred and were all easily solved: one sector vented after
NEG activation, few RF shielded bellows stuck during
bake-out and a few components presented leak. During op-
eration, the main issues were a leak in a septum chamber
due to arcing that required substituting the chamber, two
ion-pumps short-circuited, and a photon beam induced hot-
spot that was mitigated by realignment of the chamber. Fig-
ure 6 shows some of the described problems.

MC2: Photon Sources and Electron Accelerators
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Figure 6: Some problems related to vacuum system during
operation: (1) storage ring ion pump short-circuit; (2) pho-
ton beam induced hot-spot; (3) septum chamber leak; (4)
booster extraction septum arc on the chamber.

The pressure in the storage ring is evolving smoothly, as
can be seen in Figure 7.

Storage Ring Static Pressures
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Figure 7: Storage ring static pressure and evolution of dy-

namic pressure as a function of accumulated dose.
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BEAM DIAGNOSTICS

Here we present two beam diagnostic systems that have
most interesting results up to now.

Beam Position Monitors

The storage ring 160 BPMs had all parts contracted to Bra-
zilian industry. The buttons were assembled and brazed in-
house and welded to the BPM body in-house as well. All
BPMs have bellows on both sides and are referenced to the
girders by design. BPM electronics were developed in-
house and produced by a local Brazilian company.

Figure 8 shows the results of measured BPM electrical
offset calibration and Beam Based Alignment (BBA) offset
calibration using normal and skew quadrupole trim coils.

_Electrical offsets ~ BBAoffsets
04 160 BPMs 04- 140 BPMs
- t G, =83 um ~ | o, =114 um
£ o o=90pm | £ o Oy =97 um
. ot ae” o i
3 0% &,“' 5 o4
- PRty 3|
2 of $ of
o4 o4

04 02 00 02 04 04 02 () 02 0.4

Horzortdl offset [ram) Horizortd offset [ram)

Figure 8: Measured BPM electrical and BBA offsets.

The main issue related to BPMs was a strong electro-
magnetic interference induced by the injection kicker on
the BPM next to it. The problem has been mitigated by the
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implementation of a digital filter, as can be seen in Figure
9.
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Figure 9: Effect of injection kicker electromagnetic inter-
ference on the closest BPM signal was mitigated by means

of a digital filter.

Beam Scrapers

Special scrapers have been designed for Sirius to mini-
mize beam coupling impedance effects. The design uses a
special round blade geometry with angular motion, driven
by a linear-to-angular motion transmission. See picture in
Figure 10. The main difficulties in this design were the in-
direct blade position feedback, that required 3D measure-
ments. After installation and baking, the linear stages of the
horizontal scraper were found to be offset, not allowing one
blade to fully open, and the opposite blade stuck after first
2 days of testing. The horizontal scraper has been removed
for inspection and will be reinstalled in the next oppor-
tunity. The vertical scraper had no problems up to now.

Angular Motion

Linear Motion

Figure 10: Sirius scraper design minimizes beam coupling
impedance. It is based on a special round blade geometry
with angular motion driven by a linear-to-angular transmis-
sion.

RF SYSTEM

Sirius is being commissioned with a reduced RF system.
A single RF plant delivering up to 120 kW of power at
500 MHz drives one 7-cell Petra cavity. The final system
consists of 2 superconducting cavities and is expected to be
installed within 2 years. The 50 kW, one 5-cell cavity
booster RF system is fully operational. The conditioning of
the 7-cell cavity for high power is still under way, progress-
ing at a much slower pace than expected. Planned opera-
tion voltage is 1.8 MV (70 kW in the cavity). A new version
of ALBA LLRF was developed for Sirius and is fully op-
erational for commissioning. The amplifiers have been
tested during cavity conditioning up to 100 kW in pulsed
mode, 80 kW in CW mode. The main storage ring RF pa-
rameters during commissioning and final design are shown
in Table 2.
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Table 2: Main Storage Ring RF Parameters

Commissioning Design
RF Cavities 1 x 7-cell 2 x SC CESR
Power/cavity 120 kW 240 kW
Acc Voltage 1.6-1.8 MV 3 MV
Max beam current 50 mA 350 mA

NON-LINEAR KICKER

The Sirius NLK is based on the Bessy design [2] using 8
wires. Figure 11 shows the position of the wires and the
NLK being assembled. The resulting magnetic field shape
is close to zero at the center and has maximum intensity
at -8 mm from the beam axis, were the injected beam from
the booster is deflected into the storage ring acceptance. A
vertical full gap of 9 mm at the ceramic chamber center is
set to allow positioning of the wires. The single piece NLK
ceramic chamber was produced by a Brazilian company
and precise channels were machined to position the wires.
The coating with titanium was performed in-house. The
main challenges during chamber manufacturing were
achieving the internal profile tolerances and producing a
homogeneous Ti coating. A new split ceramic design is ex-
pected to reduce the profile tolerance from present 0.4 mm
to 0.05 mm. The Ti coating was successful after replacing
DC by RF magnetron sputtering as can be seen in Figure
12.

g

. 23 " - ._A,_‘—
Alumina substrate (e'qam

Figure 12: Ti coating on NLK ceramic chamber with DC
(left) and RF (right) magnetron sputtering. The Ti layer
thickness is 17.4 pm and 8 pm respectively.

19 34 SEL
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CONTROL SYSTEM

The Sirius control system is based on EPICS framework
and the main applications and IOCs are running on Control
Servers. The nodes are based on open source and low-cost
Single Board Computers (BeagleBone Black). Hardware
and software are developed in-house. Presently there are
approximately 110 k connected EPICS PVs, 60 GB of data
per day with 2.5 Gbps of data traffic on core switch.
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For the High-Level system, the main development lan-
guage is Python and Soft IOC servers are based on
PCASpy and PyEpics. Currently there are 222 Soft IOCs
running with 2 to 10 Hz update rates. HLAs are mainly
based on PyQt and PyDM.

POWER SUPPLIES

The Sirius power supplies (PS) were designed in-house
and contracted to a Brazilian company for fabrication. Re-
garding the injection system PS, the measured tracking er-
ror for booster magnets were initially above specification
when tested in the real machine and required more time
than expected to be adjusted. The main issues related to the
storage ring PS are: (i) overheating of dipole power sup-
plies that caused capacitor explosion in 3 units, as can be
seen in Figure 13. The manufacturer sent new capacitors
and the problem did not happen again after all capacitors
were substituted. This problem caused a big inconvenience
in commissioning because it required turning the storage
ring off for one hour after one-hour operation, until all ca-
pacitors were substituted. (ii) a cross-talk between quadru-
pole trim coils appeared in the final installation and took
longer than expected to be solved.

Figure 13: Damaged capacitors of storage ring dipole
power supply.

FINAL COMMENTS

Many problems only appear during real operating condi-
tions. A well prepared team capable of investigating the
problems is fundamental. Beam commissioning could have
been briefer if the subsystems were thoroughly tested be-
forehand. Precise and accurate beam diagnostics tools
(hardware and software) are fundamental for commission-
ing. In particular, precise BPM turn-by-turn capabilities
and flexible analysis and simulation software tools are very
helpful. The booster commissioning while the storage ring
was being installed in the same tunnel led to an intermittent
booster commissioning schedule that was not very effec-
tive. The booster might have been commissioned close to
the end of storage ring installation. Provision for on-axis
injection in the storage ring was essential for initial optics
adjustments based on beam measurements. The control
system with remote control capability proved to be very
useful, especially in the present Covid-19 pandemic case.
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REVIEW OF REQUIRED PROOF-OF-PRINCIPLE EXPERIMENTS
TOWARDS A MUON COLLIDER

Alessandro Variola, INFN — Sezione di Roma, P.le Aldo Moro 2, I-00185 Rome, Italy

Abstract

The HEP scientific community is, at present, exploring
different scenario concerning the post LHC era. In fact, af-
ter the Higgs boson discovery, the future facility will re-
quire not only to improve the LHC and HL-LHC physics
programs but also to continue the search for phenomena
beyond the Standard Model into an extended energy do-
main. In this framework ideas and proposals, together with
the results obtained in accelerator research, introduce a sce-
nario where the feasibility of a multi-TeV muon collider
should be explored.

This article will describe the advantages provided by the
muon collider scheme. The proposed schemes will be
shortly illustrated. The very important recent results ob-
tained in proof-of-principle experiments will be subse-
quently described. Finally, for each scheme, the future pos-
sible directions for proof-of-principle experiments to
demonstrate the muon collider feasibility will be presented.

INTRODUCTION

The future challenges in the high energy colliders fron-
tier, cannot be decoupled from the luminosity requirements
keeping as fundamental constraint the necessity to build
and operate the facility with a reasonable construction and
operation budget. In this context a high energy muon col-
lider should represent a true opportunity. In this framework
a still-in-progress physics case has been elaborated [1] and
this has been recently taken into account in the input for
the European Strategy for Particle Physics Update 2020 in
the Physics Briefing Book [2].

Different considerations make the muon collider option
very attractive. First of all, the center of mass energy can
be considerably reduced in respect to the p-p configuration
where a significant fraction of the proton-beams energy in
the interaction point is carried away by the partons contri-
bution. Furthermore, the leptonic nature of the muons also
assure a direct exploitation with a significant noise reduc-
tion, resulting in foster the muon potential not only as high
energy but also as a precision collider. On the other side
this solution presents definite advantages with respect to
the e*e” configuration, mainly due to the about 200 mass
scaling factor. This strongly relaxes the constraints in syn-
chrotron radiation power emission and in the beamstrah-
lung effect that represent one of the main performance lim-
itations respectively for the circular and linear lepton col-
lider options. Finally, the luminosity parameter for the high
energy configuration is linearly dependent from the energy
at constant beam power, when compared to the constant
behaviour of the linear collider option.

A final definitive assessment of the luminosity require-
ment should be delivered in a CDR phase where an exten-
sive investigation of the physics channels should be carried
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out. Nevertheless, basic considerations allow to fix a lumi-
nosity target of 2 10**¢cm?s" at 3 TeV [3].

The undeniable advantages represented by the muon col-
lider option are nevertheless challenged by the main limi-
tation given by the muon 2.2 us at rest lifetime, rather short
in a collider perspective. This is an important limiting fac-
tor namely at the muon production. In fact, muons bunches
are produced with a very large 6D emittance and a limited
number of particles per bunch limited by the primary beam
power and the target technology. To provide a collider de-
sign matching the luminosity requirements, any applicable
cooling technique needs, thereby, to show unprecedented
efficiency to guarantee the emittance shrinking with a very
fast process immediately after the production. This will
permit the subsequent beam shaping, transport and post ac-
celeration phases. Different techniques should also be en-
visaged to recombine muon bunches before a final cooling
stage, to benefit of the luminosity quadratic dependence on
the single bunch intensity. All these considerations under-
line the crucial aspect of the source design for the muon
collider option. To provide a reliable design of a muon
source integrating all the production, shaping, cooling and
recombination phases represented for years the true chal-
lenge and it resulted in an important and long R&D effort
sustained by the community. In this framework it is im-
portant to underline the muon collider R&D strong syner-
gies with the neutrino physics programs.

MUON COLLIDER SCHEMES

At present there are two main proposed scenarios for a
muon collider facility the difference being essentially in the
muon source design. The first has been elaborated in the
framework of the US Muon Accelerator program (MAP)
and it consider the muons as tertiary particles in the decays
of the pions created by an intense proton beam interacting
a heavy material target. The second, the LEMMA scheme,
takes into account the process e'e”—pu” just above
threshold for the muon generation considering a high en-
ergy positron beam impinging on a target. After the pecu-
liar phases of bunch generation and emittance shaping as-
sociated to the specific production process, similar tech-
nical and design issues for the two schemes are found in
the post acceleration stage. At the end, depending on the
beam emittances, different collider ring design require-
ments are also considered.

MAP: THE PROTON DRIVEN SCHEME

The Muon Accelerator Program [4] started in 2011 to de-
velop the conceptual designs and to face all the technolog-
ical R&D challenges associated to the Muon Colliders and
Neutrino Factories. To establish the program priorities a
baseline scheme was proposed [S]. The collider layout
takes into account five different stages. The first includes
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the production and shaping of the high intensity primary
proton beam. The second stage takes into account the
generation of the muon bunches by means of the pion
production in a MW class target and the front end section
consiting in a decay channel for the muon production and
a first longitudinal capture section. The third stage
envisages the muon beam 6D emittance decrease by
ionization cooling and the bunches recombination. A post
cooling channel is foreseen after the recombination due to
the subsequent Liouville emittance enhancement of this
phase. The fourth and the fifth stages take into
consideration, respectively, different design proposals for
the post acceleration process and the injection and the
beam storage in the collider ring. The MAP program has
reached a high maturity level by systematically
determining and carrying out different proof-of-principle
experiments and techonological programs. Among them it
is important to highlight the important progresses obtained
thanks to the MICE, EMMA and CBETA facilities.

MICE: The Ionization Cooling Demonstrator

One of the most important part of the MAP proposed lay-
out is given by the ionization cooling section, that has to
assure the availability of high brightness muon bunches.
This is a classical cooling mechanism where the particles
lose energy in many degrees of freedom through ioniza-
tion, in an appropriate material absorber, and restore it in
one degree of freedom thanks to a RF post-acceleration.
The final emittance budget is the result of the equilibrium
between the ionization energy losses cooling mechanism
and the heating process given by the multiple scattering in
the absorber medium. To assure also the longitudinal muon
beam cooling, different solutions are proposed to imple-
ment an emittance exchange mechanism by correlating the
transverse to the longitudinal dimensions and inserting
wedge shaped absorbers. In this framework it was essen-
tial, as first proof-of-principle experiment to validate the
efficiency of the ionization cooling mechanism in a real 4D
cooling channel with a muon beam. At this scope the MICE
international collaboration [6] implemented a muon trans-
verse cooling demonstrator at RAL. The apparatus consists
in an absorber section inserted in a tight focusing twelve
superconductive solenoids lattice, where the 4T spectrom-
eter and the 3.5T on-axis field magnet allow for, respec-
tively, the momentum measurements and the achievement
of a small B function (430 mm) at the absorber location to
increase the cooling efficiency. As far as the absorbers
cooling performance is concerned, low atomic number ma-
terials with a large radiation length / rate of energy loss ra-
tio, like liquid-hydrogen (LH) and lithium hydride (LiH),
were chosen. The muons phase space was reconstructed
before and after the cooling section by TOF and Cerenkov
counters measuring the particles’ velocities and by five pla-
nar scintillating-fibre stations trackers determining the
muon positions and momentum. A 140 MeV/c muon beam
with a normalised emittance varying from 4 to 10 mm was
delivered extracting the ISIS synchrotron beam on a target.
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To evaluate the effective cooling efficiency of the chan-
nel different analysis were performed comparing the up-
stream and downstream phase space in presence or absence
of the absorbers effect. A recent outstanding publication [7]
provided the first transverse ionization cooling demonstra-
tion observing the increasing of the downstream small am-
plitude particles and the beam phase density increase.

EMMA and CBETA: Post Acceleration Schemes.

The short muons lifetime demands another innovation
effort in the muon collider post acceleration system design.
Indeed, this phase duration has to be minimized to avoid
relevant muon decay losses. Due to the difficulty to provide
very fast high field ramping magnets one of the most prom-
ising solutions was to explore non-scaling FFGA systems
whose characteristics allows fast acceleration.

A first proof-of principle experiment, the EMMA elec-
tron ring, was studied and built in Daresbury. It aimed to
demonstrate, in the 10-20 MeV range, the possibility to ob-
tain a reduced momentum compaction and hence a smaller
orbit excursion, in respect to the scaling systems, with a
non-scaling design and by operating fixed frequency accel-
erating cavities (asynchronous or serpentine accelera-
tion), [8]. This allows reducing the elements complexity
since linear magnetic fields can be associated to small orbit
oscillations so increasing the dynamic aperture. Further-
more, it shows that CW operation is possible in the context
of the future application to the muon acceleration. Forty-
two identical cells containing offset quadrupole doublets
provide the EMMA ring beam optics and the bending
force [9]. To take into account the fast ramping needed for
the muon bunches a RF system consisting of nineteen sin-
gle-cell normal-conducting cavities, and resulting in an en-
ergy increase of more than 1 MeV per turn, was inte-
grated [10].

Finally, it was demonstrated a stable acceleration in a
serpentine channel from 12 to 18 MeV in six turns with a
reduced orbit shift and where different integer H&V tunes
were crossed throughout the acceleration without increas-
ing the beam oscillations amplitude [11].

Another important proof-of-principle concept was re-
cently demonstrated with the results obtained in the
CBETA facility in Cornell, a SC Linac ERL with four ac-
celerating passes at42, 78, 114 and 150 MeV but integrated
in a single Fixed Field Alternating Linear Gradient (FFA-
LG) return beam line [12]. The different energy beams are
merged by a 4 arms beam spreader. The single pass accel-
eration is assured by six SRF1.3 GHz 7-cell cavities cry-
omodules, with a 12,5 MeV/cryomodule energy gain,
around the double of what is necessary for the 42 MeV
pass. The ERL efficiency is estimated at 99.9%. The return
loop is based on 214 permanent magnets divided in quad-
rupoles and combined-function gradient magnets using a
variant of the circular Halbach design. The line is based on
doublet cells with a focusing quadrupole and one defocus-
ing-bending quadrupole allowing for a maximum trans-
verse displacement of less than 46.6 mm. Recently CBETA
announced the first successful eight pass (4 accelerating
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and 4 decelerating to demonstrate energy recovery) opera-
tion becoming, therefore, the first 4 pass ERL based on the
innovative single permanent magnet return line [13].

Outstanding R&D Programs

The MAP’s technological challenges related to the muon
collider project require different R&D programs that, for
their innovation content, can be considered as veritable
proof-of principle experiments. Among others it is im-
portant to stress the test of high gradient cavities under
strong magnetic fields, representing the technology core of
the ionization cooling cells. Different 800 MHz class cavi-
ties (Qo value ranging from 1.5 + 3 10%) were tested in 5T
solenoidal field [14], achieving peak surface fields of the
order of 20MV/m corresponding to accelerating gradients
of more than 50 MV/m. In parallel the realization and com-
missioning of the MICE 201 MHz cavity was carried out.
For the so-call Helical Cooling Channel, it was also im-
portant to demonstrate the feasibility of pressurized high
gradient cavities. Measurements were performed under 30-
100 Atm pressure of pure hydrogen, nitrogen and helium,
or with a SF6 doping, demonstrating gradient up to 60
MV/m in the hydrogen case. In the same pressure range a
proton beam test was also successful achieving SOMV/m
in a 3T field for a RF pulse length of 40us [15]. The reach
of very high magnetic fields, providing a small beta func-
tion in the cooling channel, was explored by the NHMFL
R&D program on high field HTS magnets with YBCO-
coated tape conductors and Bi-2212 round wires that suc-
ceeded in demonstrating a field on-axis higher than 30T
[16]. As far as the Bi 2212 cables are concerned it must be
highlighted that, a recent publication, illustrates the stable
operation at wire current density of 1000 A/mm?[17]. The
requirements for very high power targets, namely in the
framework of the neutrino program, were addressed in the
CERN MERIT proof-of-principle experiments where an 8
MW at 70Hz Hg jet target was successfully tested [18].

Future Perspectives

The undeniable success of the different over mentioned
experimental programs results in a strong maturity of the
MAP proposed scheme that could move into a CDR phase.
Therefore, following the 4D cooling demonstration accom-
plishment, the future step forward should be represented by
the full test of a 6D cooling cell. The cell will have to be
redesign taking into account the achieved results on the dif-
ferent components technology, starting from the high mag-
net field to the cavities accelerating gradients. An emit-
tance exchange configuration should be integrated to as-
sure the test of the longitudinal cooling. A subsequent en-
gineering phase should allow the realization of a cell pro-
totype to be commissioned and finally tested on a muon (or
proton) beam line as a true proof-of-principle experiment.
The extension of the results of this experiment to a full 6D
cooling line should confirm the theoretical possibility to at-
tain the final required emittance before the post accelera-
tion phase in a linear cooling channel, as a first fundamen-
tal step. The subsequent step should be represented by the
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measurement of the cooling efficiency of the full 6D cool-
ing line. Even if the final baseline design takes into account
a linear channel, it would be extremely interesting to set up
a test facility based on one of the proposed circular sys-
tems, like the RFOFO [19] or the Dipole-Solenoid
rings [20] that can represent a true validation at a reasona-
ble cost and effort. The first system is based on a focusing-
drift-focusing lattice with axial field polarity inversion in
the middle of the cell. In this configuration the dispersion,
the acceleration and the energy loss in a single hydrogen
wedge are taken into account in each cell. The second one
is composed of modules consisting of a straight section and
an arc. The former is dispersion-free and takes into account
the injection, the extraction and RF cavities drifts. The lat-
ter introduce the 6D cooling necessary dispersion for the
energy-loss wedge absorbers.

A proof of principle experiment, in this context, should
ambitiously consider the realization of a full facility based
on these designs where, also in this case, all the recent tech-
nology results should be integrated in the rings lattice.

A separate context is represented by the possibility to
have a proof-of-principle facility to demonstrate the Para-
metric-resonance lonization Cooling concept [21]. This is
supposed to be effective for the final 6D cooling stage of a
high-luminosity muon collider allowing a cooling effi-
ciency increase of one order of magnitude in respect to the
conventional ionization cooling alone. The PIC technique
scheme takes into account a ring with a cooling channel
where a half-integer parametric resonance is induced. This
converts the usual periodical elliptical phase-space trajec-
tories into a hyperbolic shape, therefore, reducing the geo-
metrical oscillations amplitudes and increasing the angular
ones. The damping mechanism, introduced by the absorb-
ers at the focal points, avoid the resonant instability growth
reaching an equilibrium. The consequent beam size reduc-
tion in the absorbers location results in an effective cooling
efficiency gain. Due to this very particular beam dynamics
the PIC scheme proof-of-principle validation should be
carried out in a dedicated facility.

Finally, it is important to point out that there are still
some fundamental R&D programs, working on the perfor-
mance of a component, to be carried out in the MAP frame-
work. Among others a very important role is played by the
development of the 400Hz - 2T fast ramping cycling mag-
nets for the post acceleration phase [22]

LEMMA: THE POSITRON DRIVEN
SCHEME

In the past years another muon collider basic scheme,
LEMMA, has been proposed [23]. In this context the pri-
mary beam is made of 45 GeV positrons impinging on a
target, interacting with the material electrons and conse-
quently creating a secondary beam of muons pairs at
threshold. The attractive characteristics of the y-boosted
muon bunches are a reduced emittance and a longer life-
time at creation. The drawback of this design is the very
low production cross section in a collider framework. To
profit of the luminosity quadratic dependence on the bunch
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population it is therefore necessary to introduce a bunch
recombination scheme not increasing the bunch emittance.
This is taken into account by recirculating in two separate
rings the W*—U~ beams. After one turn they are focalized
with a new positron bunch on the production target so over-
lapping the generated pairs with the recirculated particles.
This allows to bypass the Liouville theorem constraint by
stacking the new generated muons in the existing bunches
phase space, but taking into account the heating given by
the multiple scattering in the target. After N cycles the
bunches are extracted for the post acceleration process. The
reduced emittance of the LEMMA design allows to inte-
grate very small B* IP regions in the collider, so drastically
reducing the bunch intensity at constant luminosity and
consequently the radiation and the background problems
associated with the muons decay.

To face all the technological and design challenges of the
LEMMA proposal a global design process has started re-
cently [24] where different schemes have been proposed.
The more robust considers a complex cycles succession in-
volving a Positron Source (PS) with a Damping Ring (DR),
a Positron Accumulator ring (PR), two Muons Accumula-
tor rings (MA) and different linear accelerating systems.
After a first injection of 1000 positrons bunches in the PR
and their subsequent cooling the positron bunches are ex-
tracted for the first muon recirculated production cycle. All
the production phase has to last less than 300us to take into
account the muon population exponential decay and, at the
end, the muon bunches are extracted and send to the post
acceleration complex. Following the muon production, the
spent positron bunches are re-injected, with a certain effi-
ciency, in the PR to cool down the large energy spread ac-
quired in the target by Bremsstrahlung emission. In 10 ms
the positrons are subsequently spilled out and sent, depend-
ing on the final design, either into the DR where the lost
positrons population is recovered by stacking from the PS
or towards an embedded positron source to generate posi-
trons bunches with an efficiency greater than unity. This
slow spill process allows also to envisage reasonable aver-
age and peak positron currents in the accelerating or decel-
erating linear systems. After that the positron bunch inten-
sity and emittances have been recovered it is possible to
start a new muon generation phase.

Future Perspectives

Being relatively recent the LEMMA scheme has not
reached the same design maturity of MAP. A first proof-of-
principle experiment has been realised in a CERN test
beam, to assess the produced emittance by positrons anni-
hilations [25]. The results showed a 20% dissymmetry in
the u*— W phase space distributions but a good agreement
with the simulated values. Another proposal, in the frame-
work of the CERN UA9 program, aims at exploring the re-
combination of bunches in a curved crystal and measuring
its efficiency. Other experimental tests or R&D are not pre-
cisely identified by the determination of their final out-
comes, but on the other side, the possibility to work with
an established feasibility scheme allows to individuate the
different programs topics. A first proposal should concern
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the possibility to measure the beam dynamics, and so the
beam lifetime, in a lepton storage ring under an energy
spread dominated regime given by the insertion of a target.
Also if performed at a lower energy this test should confirm
the reliability of the simulations results.

As far as the R&D programs are concerned one of the
most important field to explore is the availability of high
power targets capable to minimize the thermo-mechanical
stress effects. Both the muon and the positron sources
should benefit from extensive R&D programs exploring
also innovative ideas as the utilization of liquid Hydrogen
pellet targets, the evaluation of rotating or pendulum tar-
gets, both in amorphous or in granular configuration, and
the design of shockwave impedance matching systems. On
the other side the requirements of manipulating in the lin-
ear systems very intense positron beams in short periods
would require a dedicated project on high gradient - hun-
dreds mA class SC cavities. Finally, a more ambitious pro-
gram should be imagined with the realization and the test
of the muon recombination ring, one of the most critical
systems of the whole scheme.

GAMMA FACTORY: AN ALTERNATIVE
PROPOSAL

In the framework of the gamma factory activity at
CERN [26] the proposal to utilize the high energy photons
to produce muons pairs in a target was made. In this pro-
posal the high energy gammas are created by Compton
backscattering when very high energy ions beams collide
with a laser pulse. This muon source should provide also
relatively low emittances beams but requiring a very high
gamma flux. At present the gamma based muon collider
has not been integrated in a scheme, so it is in a very pre-
liminary conceptual phase. Nevertheless, an important
proof-of-principle experiment will be represented by the
measurements planned at CERN [27] that will characterize
the flux and the spectrum of the backscattered photons.

CONCLUSION

For many years the muon collider community has
demonstrated creativity in proposing innovative solutions
and in defining advanced R&D programs to explore its fea-
sibility. These programs successes, in some case, repre-
sented a true breakthrough in the accelerator physics fields.
The MAP program achieved a strong maturity to move to
the CDR phase and its possible proof-of-principle experi-
ments should be dedicated to the 6D cooling cell and its
efficiency definition. Further ambitious program can be en-
visaged to test a cooling line by realising a dedicated facil-
ity that should consider also innovative proposal like the
PIC resonance cooling. The LEMMA scheme has to go
through a phase of definition of possible proof-of-principle
experiments, especially in the domain of the targets for the
high intensity positrons sources and of the energy spread
dominated beam dynamics. The gamma factory proposal
has already an established program to demonstrate the
source performance.
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Abstract

In summer 2019 the IFMIF/EVEDA Radio Frequency
Quadrupole (RFQ) accelerated its nominal 125 mA deu-
teron (D+) beam current up to 5 MeV, with 90% transmis-
sion for pulses of 1 ms at 1Hz. The Linear IFMIF Prototype
Accelerator (LIPAc) is a high intensity D+ linear accelera-
tor; it is the demonstrator of the International Fusion Ma-
terial Irradiation Facility (IFMIF). In particular the RFQ is
the longest and most powerful ever operated. An intense
campaign of measurements has been performed in Rok-
kasho to characterize several performances of this complex
machine: transmission, emittances, energy spectrum and
beam loading. The history and the results of the commis-
sioning until this important project milestone are here de-
scribed. An overview of the foreseen activities to be carried
out to reach the CW operation is also presented.

INTRODUCTION

The LIPAc RFQ is a CW linac, capable of delivering
125 mA of D+ beam at 5 MeV. The 10-m long, 175 MHz
cavity is designed to accelerate a DC 100 keV, 130 mA D+
beam from the injector with transmission > 90% [1].

RFQ is installed in Rokkasho (Fig. 1) since April 2016.
The low power RF characterization was concluded in Sep-
tember 2016. We installed the 8 power couplers in Decem-
ber 2016, checking the field by pick-up reading. After bak-
ing and connection to cooling system and to the 8 RF sys-
tems, RF conditioning started in July 2017 (Fig. 2). After a
first period where some hardware and integration problems
have been faced, in Spring 2018 the RF operation concen-
trated to stabilize the conditions for the proton beam injec-

™

Figure 1: IFMIF/EVEDA LIPAc in Rokkasho.
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tion [2]. In June 2018 first proton (H+) beam was success-
fully accelerated through the RFQ [3]. After maintenance,
conditioning restarted in February 2019 (Fig. 2) with the
goal of reaching the conditions to accelerate D+ [4]. First
D+ injection was possible in March 2019, then we reached
in July 132 kV-2.5 ms-20 Hz and in July 24th we achieved
a 125 mA D+ current at 1 ms/1 Hz out the RFQ, with trans-
mission>90% (Fig. 3).
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Figure 2: RF history of the RFQ (Sep. 2017 — Aug. 2019).
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Figure 3: Image of the 125 mA D+ beam transmitted to the
Low Power Beam Dump (LPBD).

LIPAC CONFIGURATION

The configuration for beam commissioning of LIPAc
RFQ is shown in Fig. 4. LEBT optics includes two sole-
noids (Sol#) with integrated steering magnet pairs (ST#).
Diagnostics include Doppler-Shift Spectroscopy, a 4-grid
analyser, an Allison-Scanner, a beam stop, two CCD beam
profile monitors. Three cm from RFQ matching point,
there is LEBT-ACCT. RFQ input plate includes an electron
repeller (-3 kV). Cavity is maintained at 10" mbar vacuum
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level by 10 cryo-pumps. For RFQ beam characterization,
MEBT is equipped with an ACCT just after the gate valve
separating it from the RFQ, a Fast Current Transformer
(FCT) and 4 BPMs. Diagnostic-Plate (D-Plate) next to
MEBT includes 3 BPMs, 2 Slits combined with SEM-
Grids for profile and emittance measurement, an ACCT-
DCCT, a Residual Gas Bunch Length Monitor (RGBLM),
a Fluorescence Profile Monitor (FPM) and an Ionization
Profile Monitor (IPM). Low Power Beam Dump (LPBD)
is used as Faraday Cup.

\D-Plate

Figure 4: LIPAc configuration showing main systems.

CRITERIA AND PROCEDURE FOR
RFQ INPUT BEAM

The beam injection into the RF has been prepared in the
previous years by a detailed characterization of the Ion
Source (IS) and LEBT beam [5]. The Twiss parameters
were measured moving the Allison Scanner at the IS exit,
between the 2 Sol# and after the RFQ injection cone. The
large number of measurements have been used to bench-
mark a model of the line, based on WARP for space charge
compensation patterns and LEBT transport, IBISIMU for
the IS extraction, Tracewin for matching routines and out-
puts and Toutatis for the RFQ model “as built”, i.e. con-
taining mechanical and voltage errors measured on the real
cavity.

Since during RFQ operation the Allison Scanner would
be located in the box between the two LEBT Sol#, we
wanted to determine a fast experimental criteria to define
if a certain IS beam is acceptable for the RFQ injection,
looking to the emittance just after Soll.

The practical result is that, in order to limit the emittance
growth in the second half of the LEBT for any couple of
Sol#, the emittance after Soll must be € < 0.2 T mm mrad
normalized rms (Fig. 5). This should ensure a transmission
of at least 90% accelerated particles through the RFQ at
full current. It should be noticed here that in 2018 [6] we
reported 0.15 m mm mrad as limit for RFQ input match; a
successive analysis showed that this number was affected
by an error on the Allison Scanner gap that caused under-
estimation of the emittance [5].

After the first H+ beam injection, the procedure applied
to each RFQ injection point has been:

1. Study of the point at the injector level, in particular
check if the emittance between the two Sol# is com-
pliant with the criteria

2. Solenoid set to theoretical value.

. Rough ST# optimization, to maximize LPBD current.
4. Sol# scan and ST# refinement with a dedicated rou-
tine.
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5. Slight MEBT quadrupoles tuning.
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Figure 5: Limit for the emittance between two Sol#, here
for H+ as function of the voltage between plasma electrode
(PE) and puller electrode.

BEAM COMMISSIONING RESULTS

We report now some significant results of the H+ and D+
beam campaigns.

A technical problem limited the use of the chopper for
the high current D+ experiments (Summer 2019). There-
fore, we injected the full un-chopped IS pulse into the
RFQ. Because of the LPBD power limit, the IS beam pulse
was kept around 1.3 ms. Normally, high perveance opera-
tion from the IS requires pulse of at least 3 ms, in order to
have a stable plasma at the end of the pulse. Two main ef-
fects follow such short, un-chopped pulse:

e The IS pulse was unstable. Therefore, the current was
oscillating with a 6 = 2 mA, increasing the error on
the current measurements.

e The D+ fraction was around 80%, lower than the nom-
inal IS tuning, where D+ = 90 % for IS pulses > 3 ms.
This caused an overestimation of the current at the
RFQ input, given by the presence of other molecular
species extracted from the IS.

These two experimental uncertainties are taken into ac-
count on the transmission calculation and they are as well
applied to the assumptions withstanding the simulations.

Moreover, because of the chopper unavailability with
high D+ currents in this campaign, the D-Plate emittance
measurement unit was not usable with such a long pulse.
For the RFQ emittance analysis we report the results for
H+ at 1/3 perveance of the beam (23 mA, 2.5 MeV) [6].

Transmission vs. Voltage Curve

The Transmission-Voltage curve is a key characteristic
to validate the RFQ design. The current transmission is
given between RFQ Input (It gsr) and the LPBD (Iippp), in
order to use the MEBT quadrupoles as filters for off-mo-
mentum particles. Such measurement scans the longitudi-
nal and transverse dynamics of the RFQ, supplying a good
insight of the machine performances.

Before scanning the RFQ voltage, input conditions are
optimized looking for the values of LEBT Sol# and ST#
that maximize I psp (Fig. 6). Three points of the Sol# scan
at Irpgp = 125 mA have been simulated, showing a good
agreement with measurement (Table 1). The higher error
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of point 1 of Table 1 (10%) is due to the larger approxima-
tion of the LEBT model, when describing beams with im-
portant losses on the metallic walls of the line.

Sol1 vs Sol2 current @ LPBD, 124 mA D* beam @ 5 MeV

-
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Figure 6: Iipgp as function of Soll/Sol2 currents, for
Iiegr=137 mA D+.

Table 1: Sim./Meas. Comparison of the Sol Scan in Fig. 6

Soll-Sol2 IiLEl;]'grD:;;:iz ILPBD sim.
point ILEBT =135 mA
mA
1 82 mA 86+8 mA
124 mA 122.5+0.5 mA
3 64 mA 70.5+£0.5 mA

Figure 7 shows the RFQ transmission-voltage scan for
three different H+ currents compared with simulation of
24 mA H+ beam current, recorded in Summer 2018 and
described in [7]. We only observe here that:

e small discrepancies at I ggr=21.7 mA and 27 mA are

due to contaminant species at RFQ input;

e The larger discrepancy for I gsr = 29.3 mA is due to

the non-compliancy of the input conditions with the
criteria of 0.2 T mm mrad.
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Figure 7: Transm.-Voltage curve for some H+ beams.

Figure 8 shows transmission-voltage scan for D+ beam
at Itggr = 137 mA, performed with input conditions re-
ported at point 2 of Tablel. Simulation error are calculated
by uncertainties of the input values used, for example
slightly variations on the beam input current and Twiss pa-
rameters that can in any case fit the experimental data. The
experimental results are compatible with the model.
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Figure 8: Transm.-Voltage curve for 125 mA D+ beam.
Beam Time of Flight (TOF)

Energy of first H+ beam campaign was measured with
bunchers off and detuned. The TOF between the three D-
Plate BPMs was performed with oscilloscope. In absence
of re-bunching, the bunches spread in phase at D-Plate po-
sition, but a structure was still present and the BPM signals
were three shifted sine-like waves at 175 MHz. From phase
differences we obtained an energy of 2.5 MeV within 1%
error [7]. For the D+ campaign we calibrated and processed
the BPM’s acquired data, and the measurements were done
with bunchers operative [8]. The data in Fig. 9, plotted as
function of the RFQ voltage, give an output energy of
5.0 MeV within 1% error.
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Figure 9: D+ TOF energy from different pairs of BPMs of
the D-Plate and MEBT as function of the RFQ voltage.

The TOF measurements gave also an interesting result
observed during the voltage scan of the RFQ (Fig. 10): the
beam energy oscillates in a range of 20 keV as function of
the cavity voltage. This effect can be linked to a slight RFQ
input beam energy offset, that causes a synchrotron oscil-
lation of the bunch inside the separatrix and around the
nominal energy point. The amplitude of the oscillation is
compatible with an injection energy 0.7 keV — 1 keV higher
than nominal input energy. The effect shall be furtherly ex-
plored after the activity restarts.

4% 15 115 120 125 130 135 140 145
Vaso

Figure 10: ToF for D+s as a function of RFQ voltage.

RFQ Beam Loading

The beam loading calculation, applied to the RFQ as a
multicell cavity for 125 mA D+ (or 62.5 mA H+), gives

TUVIR11
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+8.1 kHz detuning to be at resonance with beam. The cal-
culations are based on the following definitions (where i is
the cell index):

) YiViT;sing;
Effect h. ph = atanS————+
e Effective synch. phase ¢ Y.V iTicosd;
e Effective acc. voltage |I7; | = LiViTicoss
cos¢

o Effective shunt impedance 7y = |I7; |2 /Pcu
Beam operation is only possible at fzr = 175 MHz, thus
we measured the beam loading through two indirect effects
on the forward (FWD) phase and cavity phase, compared
with calculations. The experimental steps were (Fig. 11):
1. Tuning of the cavity (fzr = fcar = 175 MHz), adjusting
the cooling water temperature to maximize the cavity
voltage at 175 MHz;
. In close loop (fzr = fcar = 175 MHz), measurement of
FWD phase correction required at beam entrance, to
Vesin (@) ) —0;
Ve cos(@)+Vy ’
.In amplitude and phase open loop (frr=fcar =
175 MHz), measurement of the beam induced phase

be compared with Ap = atan (

in cavity voltage, compared with Ay =
IpeamTs sin (@)
atan (— —)
Ve(1+8)

These measurements of beam detuning include more
sources of errors, with respect to the direct frequency
measurement, for example a slight drop of the cavity volt-
age can occur in the open loop measurement. The results

are satisfactory in a large range of currents (Fig. 11).
20

+ FWD phase correction (close loop - meas)

phase [deg]

0 —FWD phase correction (close loop - calc)
Cavity de-phase (open loop - meas)
Cavity de-phase (open loop - calc)

0 20 40
beam current [mA]

Figure 11: Beam loading induced de-phase for different H+
currents (Sim/Meas). In open loop it was impossible to
measure the 55 mA H+ current because of the significant
RFQ voltage drop induced by the beam.

60

Transverse Emittances Downstream of the RFQ

For the nominal D+ beam currents, the un-chopped IS
pulse length (1.3 ms/1 Hz) overcomes the power limitation
of the D-Plate slits, used for the transverse emittance meas-
urements after the RFQ (limit = 100 ps/1 Hz at 125 mA).
Then, it was impossible to measure the transverse emit-
tance for such current. However, a benchmark measure-
ment was performed for 22 mA of 2.5 MeV H+ beam (1/3
of the nominal perveance, equivalent to 41.6 mA of D+).
Figure 12 shows an example of the reconstructed phase
spaces after RFQ, simulated and measured. Table 2 shows
some values of benchmarked emittances with respect to
RFQ voltage and LEBT Sol#. An overall good agreement
is achieved, showing that the emittance and the Twiss pa-
rameters are reproducible by the integrated simulation
model (LEBT, RFQ, MEBT).
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Figure 12: H+ simulated and measured emittance for xx’
and yy’ plane after RFQ (point 3 of Table 2).

Table 2: Sim./Meas. Comparison of RFQ H+ Emittances

Point 1 2 3 4 5 6
Soll [A] 131 135 135 135 135 135
Sol2[A] 162 162 160 160 160 160
VRFQ

[kV] 70 70 70 66 66 62
ILPBD

221 220 228 21.8 224 21.8

[mA]
gexp/esim 024 022 023 024 024 024

[tmm /02 /02 /02 /02 /02 /02

mrad] 8 3 3 4 4 4
BG[}I‘EI/E/SHH 65 66 69 71 70 80

T 60 /63 /61 /15 /1.0 /8.1
mrad]

oexp/asi  -44 -43 -46 48 -47 -S54

m /45 -43 /-46 /55 /-50 /-6.0

CONCLUSIONS AND PERSPECTIVES

The results obtained up to now show that the RFQ works
as designed, with good agreement between simulations and
measurements: transmission-voltage curve, beam loading
calculation, LEBT Sol# scan and RFQ transverse emit-
tances are reproducible and benchmarked.

In future pulsed mode operations, we need to measure:

e the transverse emittance for the nominal beam inten-

sity, with chopper now repaired;

e the longitudinal emittance;

e the x/y profiles at the nominal beam intensity.

After these last pulsed beam tests, it is essential to run
the RFQ in CW mode in order to fully demonstrate its per-
formances in terms of RF and thermal stability and verify
the effects on the cavity when subjected to long run CW
beam operation.

The maintenance from September 2019 to February
2020 has been dedicated to an important upgrade of the RF
system in order to improve the conditioning of the cavity
to CW RF operation. Moreover a dedicated beam transport
extension has been installed after the MEBT (Fig. 13). The
purpose of this line is to fully characterize the RFQ before
installing the Superconducting Linac. The D-Plate has
been shifted ahead, the HEBT is now installed and the
LPBD is now replaced by the High-Power Beam Dump,
able to receive up to 1.12 MW beam power.
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Figure 13: the present configuration (April 2020) of the
IFMIF/EVEDA installation in Rokkasho.
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Abstract

Within the FAIR (Facility for Antiproton and Ion Re-
search) accelerator complex, the SIS100 synchrotron will
provide high intensity proton to heavy ion beams to the
various beam lines and storage rings. This paper presents
the recent progress of the SIS100 overall RF system in its
preparation towards installation. The RF system is split into
four separate sub-systems with a significant number of RF
stations. Each RF station consists of a ferrite or MA loaded
cavity, a tetrode-based power amplifier, a switching mode
power supply unit and various analogue or digital LLRF
components for feedback and feedforward control. Fourteen
ferrite cavities will generate the accelerating field, while
nine cavities loaded with magnetic alloy ring cores are used
for bunch compression. The barrier bucket system, which
is used to apply a pre-compression of the beam, as well as
the longitudinal feedback system for stabilization of beam
oscillations will be realized by in total four cavities of the
same type.

INTRODUCTION

The Facility for Antiproton and Ion Research is an accel-
erator facility, which will provide high intensity beams for
experimental programs with a wide range of particles includ-
ing protons, all kinds of heavy ions as well as antiprotons.
The existing accelerators of the GSI Helmholtzcentre for
Heavy Ion Research will be used as injectors for the FAIR
chain of accelerators, beam lines, storage rings and exper-
imental stations. A major upgrade program is ongoing for
the GSI machines as well.

The synchrotron SIS100 is the main accelerator of the
FAIR complex. With a circumference of ~1.1 km the ma-
chine is designed to accelerate high intensity proton and
heavy ion beams. Its name reflects the B p value of the ring,
which will consist of a mixture of superconducting and nor-
mal conducting components [1]. The lattice is optimized
for the broad ion spectrum between protons and uranium.
Special care has been taken to control particle losses due to
residual gas effects. The construction of the SIS100 complex
is ongoing and advancing well [2].

Four different RF systems are being prepared for SIS100,
namely: the acceleration system, the bunch compression
system and the broadband systems: barrier bucket and lon-
gitudinal feedback with a total number of 27(+13) RF sta-
tions [3,4]. The “(+13)” stations will be added only in a
later stage of a SIS100 upgrade.

* 14 (+6) Acceleration System (AC)

* 9 (+7) Bunch Compression System (BC)

¢ 2 Barrier Bucket (BB)

* 2 Longitudinal Feedback (LF)
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In a simplified view each RF station is a compound of
one cavity, with its amplifier, power supply unit and LLRF
system. Still, the system with all its details will be much
more complex, including the gap periphery, water cooling,
controls integration and much more. Figure 1 visualizes the
distribution of the RF stations along the SIS100 ring. The
RF stations are located in all sectors (except sector 5, where
the extraction system is located). For all of those systems the
goal is to provide robust components for reliable operation
of the RF stations.

Sector3:

(£6p%"AC Sector2:
(+4) x BC Bx AC
2x'8B
2xLF
Sector4:
6 xAC
3(+1)x BC
Sectort:
3(+1)x BC
Secters: Sector6:
2xAG
8(+1) x BC

numbers:
first stage (+ upgrade)

Figure 1: The distribution of the RF stations along the
SIS100 ring. The numbers in brackets represent a later stage
of a SIS100 upgrade

THE ACCELERATION SYSTEM

The 14(+6) RF stations of the AC system will accelerate
ions in fast ramping cycles. The cavities are designed to pro-
vide high acceleration gradients of 20 kVp per cavity in cw
operation. The design is based on the SIS18 design with two
ferrite core stacks operating against one ceramic gap to pro-
vide the acceleration voltage. One of the challenges is to con-
trol degrading effects like dynamic and quality loss effects
(ferrite characteristics) [5]. The tuning rates of >10 MHz/s
lead to the need of a dedicated frequency tuning system.

The main parameters of the AC RF stations are:

* Continuous wave operation (cw)

* Frequency range from 1.1 MHz to 3.2 MHz

* Nominal voltage of 20kVp

* Impedance seen by the beam <2 kOhm

» Cavity length of 3m

* Tuning rate > 10 MHz/s

The acceleration system is being realized by RI Research
Instruments GmbH in collaboration with Ampegon Power
Electronics AG for the power supply units. The first-of-
series RF station has been successfully tested in a test stand
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at GSI [6] and currently, the production of the series is
ongoing with a rate of about two cavity and amplifier systems
per month. By end of May, 4 cavity and amplifier systems
together with two power supply units are expected to be
delivered to GSI. Two more systems are undergoing the
factory acceptance tests at the moment. The photo in Fig. 2
shows one of the test stands at Research Instruments, where
the cavity is tested in the system with a power supply unit
and LLRF.

All systems are planned to be completed by autumn this
year.

e, W)
b enbacher(RI) g

Figure 2: Test stand for factory acceptance tests of the cavity
and amplifiers at RI (courtesy of RI Research Instruments
GmbH).

THE BUNCH COMPRESSION SYSTEM

The bunch compression system will allow to create
bunches of less than 50 ns bunch length due to a bunch rota-
tion in longitudinal phase space by means of intentionally
mismatched buckets. Therefore a 3 ms RF burst with a rise
time of <30 us and an overall gap voltage of 360 kV(+280kV)
is planned. The design of the 9(+7) RF stations is (like for
the acceleration system) based on the RF stations operating
in SIS18 [7, 8]. To be able to generate the peak voltages of
40kV on a cavity length of just a bit more than 1 m, magnetic
alloy ring cores are used instead of ferrites.

The main parameters of the BC RF stations are:

* Burst mode or pulsed wave operation 3 ms/s

* Frequency range from 310 kHz to 560 kHz

* Nominal voltage of 40kVp

* Impedance seen by the beam <1 kOhm

 Cavity length of 1.2m

* Amplitude rise time <30 ps (fall time uncritical)

The cavities and amplifiers for the bunch compression
system are manufactured by Aurion Anlagentechnik GmbH,
while the power supply units are realized by OCEM Power
Electronics. All cavity and amplifier systems have been built
already, you can see some of them as they are in storage at
GSI currently together with a test stand at the manufacturing
company Aurion with a power supply unit, cavity and ampli-
fier in Fig. 3. Also all power supply units are in preparation
for their factory acceptance tests at OCEM.

The first-of-series of the cavity-and-amplifier-systems as
well as the power supply unit have been tested by the GSI
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Figure 3: Photo of the test stand at the manufacturing com-
pany Aurion (left) and components in storage at GSI (right).

team under high power operating conditions. Those tests
have shown that the system reaches the required parameters.

Still some topics were found, which led to adaptions of the
series components. During high power tests sparking on the
ceramic gap on the bunch compressor beam pipe had been
observed. Also the power supply unit showed some issues
with overheating on the anode modules, which prevented
long term operation.

Both of these topics are currently being addressed. A
new gap design has been defined, which is optimized to
improve the shielding of ceramic to metal contacts from the
high electric fields on the beam axis. New beam pipes with
this gap geometry are in manufacturing right now and are
planned to be verified before the end of this year. Also the
first of series power supply unit has been upgraded and a 16 h
duration test (on the cavity) has been carried out successfully
(see Fig. 4). The implementation in the series is ongoing
and first modules of the ,,new* series are expected for testing
on site soon.

et e
e asaaEat_ s S S s S
——— e — ]

P ot - et~

Figure 4: Temperature on the power supply unit anode mod-
ules stabilize at ~65°C during a 16 h duration test on the
cavity.

LLRF FOR THE ACCELERATION AND
BUNCH COMPRESSION SYSTEMS

The LLRF concept [9] for the AC and BC systems is very
similar. Each of the cavities will be controlled in amplitude
and phase. In addition, the AC system will be equipped with
a frequency tuning loop to be able to follow the required
tuning rates instantaneously.

One of the challenges for the LLRF systems in SIS100 is
the distribution of the supply rooms around the ring. Solu-
tions had to be found to ensure the synchronization of the
systems at different locations. Central clock signals on a
fixed frequency are distributed with the Bunch Phase Timing
System (BuTiS) and processed in the common system to
distribute the reference signals to the local cavity systems.
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The generic layout is presented in Fig. 5. barriers formed by two single sine pulses, whose amplitude
_ and phase difference can be quickly modified within one cy-
ramp data (revolution frequency, target values, . . . . . . .
harmonic numbers h) and White Rabbit events cle. This will allow to introduce longitudinal manipulations

FAIR Central Control System | . . .
clock signals like for example pre-compression of a coasting beam.

G revolution  [target It is planned to build two RF stations with magnetic alloy
fipauens. - |ampliude cavities. This is needed, since 15kV have to be provided on
a short length of 1.2 m.
The main requirements of the BB RF stations are:
_ e 15 kV pulse amplitude at cavity length ~1.2m
8 popeoraan™! ampifer * broadband pulses of duration 666 ns at repetition peri-

divider)

reference
signals
(h=1,10, ...)

amplitude
control

o e ods between 3.7 ps and 9.1 ps
v It sl Another major point of the design is the desired signal
resonan bias . . .
frequency Supply quality of the single sine pulse. A broad frequency range
only ACC of 110kHz up to 15 MHz and a pre-distortion of the input-
Figure 5: Schematic of the LLRF control loops for the  signal are needed to match this requirement.
SIS100 AC and BC systems. To generate the input signal, the transfer function H(w) is

measured for each system and its inverse is calculated. With
Most LLRF modules are dedicated developments (in-  this information the Fourier-coefficients of the pre-distorted

house and in cooperation with external partners), e.g. signal ¢, = H~ ! ¢, can be defined, which compensates the
* rf distribution amplifier set up characteristics individually.
* direct digital synthesis (DDS) module
« analog pre-processing phase detection modules Longitudinal Feedback System
* DSP system (Sundance Multiprocessor Technology

The longitudinal feedback system is a preventive system
to flexibly cope with different bunch oscillations [10]. For
example, it will be used to damp longitudinal oscillations,
acting individually on single bunches complementary to the
beam-phase control. It consists of two RF stations with Fast
Current Transformer (FCT) as beam pick-up and 2 broad-
band kicker cavities with tetrode amplifiers. The kicker acts
on dedicated bunches in addition to the acceleration cavities,
which can be used to damp cohered modes. The beam signal
for each bunch is extracted to calculate the proper signal for
the kicker cavity to correct its phase or shape. The correc-
tion signals for all bunches are combined afterwards in the
overall kicker signal to generate the correct signal for the
full bunch chain.

The main requirements of the LF RF stations are:

* signal processing individually for each bunch

* bunch gap >50ns results in bandwidth (3 dB) require-

ment 20 MHz for overall system

¢ 12kV required, cw operation

Ltd.)

¢ FPGA interface board FIB3 (KTS GmbH)

In the past years major developments for those LLRF
modules have taken place. The high level of standardization
of the LLRF modules for different systems allows to keep
a common stock of spare modules for fast exchange in case
of failures of modules in operation. Figure 6 shows a test
installation of the LLRF racks.

About 50% of the series components have been delivered
already and pre-assembly of the racks has started. This will
allow us to minimize the installation time for the LLRF racks
in the supply tunnel, once the tunnel is ready for installation.

Status of the Broadband Systems

Following a staged approach in the project, the focus had
been set on the AC and BC systems first. Meanwhile, ma-
chine experiments have been performed in the GSI Experi-

: B e 4 mental Storage Ring and SIS18 to test the concepts of the BB
Figure 6: Installation of the LLRF racks in the test stand of and LF systems with quite good results. To give an example:
the AC first of series RF station at GSI. the plot in Fig. 7 shows the measurement of a single-sine

barrier pulse with very high quality that was taken on the

BB system in the experimental storage ring. Also the signal

THE BROADBAND SYSTEMS processing for the LF system has been demonstrated at the
SIS18 acceleration cavities.

Since the requirements in terms of frequency range and

A barrier bucket system with two RF stations is being  gap voltage are very similar, a common design for the cavity

designed for SIS100, which will be able to create potential ~ and amplifier systems of the LF an BB systems is preferred.

7 TUVIR14 MC4: Hadron Accelerators
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E ;3{;& I~ N\« gapsignal

example: measurement at the
ESR Barrier-Bucket system

Figure 7: Measurement of a single-sine barrier pulse in
comparison to the pre-distorted input signal in the BB system
of the experimental storage ring.

A design study for broadband systems has shown that pa-
rameters like they are expected for the BB and LF operation
in SIS100 are feasible. A visualization from this study is
shown in Fig. 8.

Currently, detailed specifications for the SIS100 Barrier-
Bucket system are in preparation.

e

Figure 8: Visualization of a possible broadband cavity and
amplifier system from the ,,Research and Development-study
for magnetic alloy broadband cavities (Aurion Anlagentech-
nik GmbH)

LLRF for the Broadband Systems

The general concept of the LLRF systems for the broad-
band RF stations follows the one as presented for the AC
and BC systems. Separate LLRF systems will be prepared
for BB and LF in the first stage of operation, a later flexible
usage of the LLRF for all four cavities will be studied. While
the BB LLRF system is optimized for the generation of the
single-sine RF barrier signals, in the LF system, signal pro-
cessing for the individual bunches is needed as described
before [11].
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The LLRF systems are realized with many standard mod-
ules that are also used for SIS100 AC and BC (e.g. DSP,
DDS). Dedicated modules for LF system include:

* Demultiplexer (DEMUX) and Multiplexer (MUX) de-

veloped by Novotronik GmbH

* broadband amplitude modulator

Dedicated modules for BB system include:

» waveform generator (Tabor)

* RF disabling unit

¢ trigger generation unit

Prototype LLRF architecture and machine development
experiments have been realized for both systems.

An example of the demultiplexed bunch signals of an
emulated chain of 4 bunches is shown in Fig. 9. Experiments
like this one have shown the functionality of the systems.

Figure 9: Measurement of demultiplexed bunch signals of
an emulated chain of 4 bunches.

CONCLUSION

The current status for the SIS100 RF systems can be sum-
marized like this: The acceleration and bunch compression
systems and the LLRF systems are in the phase of FATs and
deliveries, while the broadband systems are in the phase of
specification and design.

The placement of contract for First-of-Series (FoS) of the
broadband cavities is planned for 2020. Other ongoing topics
are the development of semi-conductor gap switches, which
are needed to cope with the very high expected numbers of
switching cycles in the gap periphery, or the integration of
the LLRF system into the common control system.

Preparations for the installation and commissioning phase
are ongoing. It is planned to start the installation of the
SIS100 systems in 2021.
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LONG-TERM BEAM POSITION AND ANGLE STABILITIES FOR THE

Abstract

A 30 GeV proton beam accelerated in the J-PARC Main
Ring (MR) is slowly extracted by the third integer resonant
extraction and delivered to the hadron experimental hall. A
unique dynamic bump scheme for the slow extraction has
been applied to reduce the beam loss. The current extrac-
tion efficiency is very high, 99.5%. Howeyver, the dynamic
bump scheme is sensitive to the beam orbit angle at the first
electrostatic septum (ESS1). The orbit angle of the dynamic
bump must be sometimes readjusted to keep such a high
efficiency. A long term stability of the orbit depending to
momentum has been investigated.

INTRODUCTION

A high-intensity proton beam accelerated in the J-PARC
main ring (MR) is slowly extracted by the third integer reso-
nant extraction and delivered to the hadron experimental hall
to drive various nuclear and particle physics experiments [1].
Most of the proposed experiments are best performed using
a coasting beam without an RF structure and a uniform beam
intensity during the extraction time. One of the critical is-
sues in slow extraction (SX) of a high intensity proton beam
is an inevitable beam loss caused by the extraction process
at septum devices. A unique dynamic bump scheme for the
slow extraction has been applied to reduce the beam loss [2].
The layout of J-PARC MR Slow extraction devices is shown
in Fig. 1.

The beam power of 30 GeV slow extraction has achieved
to 51 kW at 5.2s cycle in current physics runs. The extrac-
tion efficiency is very high, typically 99.5%. However, the
dynamic bump scheme is sensitive to the beam orbit angle
at the first electrostatic septum (ESS1). The orbit angle of
the dynamic bump must be sometimes readjusted to keep
such a high efficiency. A long-term stabilities of the orbit
and the relative momentum have been investigated in this
paper. The work in this paper is useful for a diffuser [3]
and/or a silicon bend crystal [4] to achieve further high slow
extraction efficiency introduced in future. They could be
more sensitive to the orbit and momentum shifts.

CURRENT SLOW EXTRACTION
PERFORMANCES

The momentum pattern of the current slow extraction
is shown in Fig. 2. The repetition cycle is 5.2 s, in which
the flat top length is 2.61 s. The proton number per cycle
is 5.6 x 10'3 ppp corresponding to 51 kW. The extraction

* masahito.tomizawa @kek.jp
MC4: Hadron Accelerators
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Figure 1: Layout of J-PARC slow extraction devices.

efficiency is very high, 99.5% [5,6]. The typical spill length
and spill duty factor is 2 s and 50%, respectively [6]. In
the current beam power, the transverse instability during
the debunch process to obtain an uniform time structure is
serious. To solve this problem, the beam is injected to the RF
buckets with phase offset of 50—60 degree [5]. The resultant
momentum width is spread to ~0.5% in full width at the flat
top.

The dynamic bump orbit tuning associated with the po-
sition and angle of the electrostatic septa (ESS1 and ESS2)
and the magnetic septa (SMS1 and SMS2) is the most im- .
portant to obtain a high extraction efficiency. Figure 4 shows
extraction efficiency as a function of the bump orbit angle at
the entrance of the ESS1. The bump orbit angle is for the end
of extraction and the actual bump orbit angle is shifted so
as to superimpose the extraction arms from the separatrices

40 :
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Figure 2: Momentum pattern of MR slow extraction opera-
tion.
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Figure 3: Measured extraction efficiency and the bump orbit
angle at the ESS1 entrance.

during the extraction. The extraction efficiency is sensitive
to the bump orbit angle, and must be tuned with an accuracy
of 5 urad to optimize the extraction efficiency (Fig. 3).

ORBIT ANGLE AND MOMENTUM
SHIFTS

The orbit angle x” and the position x at the ESS1 entrance
are derived from the beam positions measured by beam posi-
tion monitors (BPMs) located just upstream and downstream
of the ESS1 and so-called Twiss parameter Sy, a, and phase
advance at the three locations. The straight section where
the ESSs is located is dispersion free. The 24 BPMs with
large dispersions in the arc sections are chosen to derive
the shift Ap/p for the reference momentum defined by the
bending field and the RF frequency. The COD in MR is
corrected by the steering magnets at any acceleration timing
in typical rms COD of ~0.5 mm. The beam position x; of
the i-th BPM is written as

A
i =ni- =L + 6,
p

ey
where 7; and 0x; are dispersion and COD, respectively.
Then the momentum shift Ap/p can be expressed as

Ap 1 24

p 244

Xi

©))

The COD term dx; in Eq. (2) can be approximately can-
celed in the summation. The observing timing for plots
shown in next section is at the flat top start just before de-
bunch and exciting the bump orbit. The bump orbit is ac-
tually incorporated in the actual orbit angle during slow
extraction.

LONG TERM STABILITIES OF
EFFICIENCY, ORBIT ANGLE AND
MOMENTUM SHIFT

Figure 4 shows trends of slow extraction efficiency, orbit
position x and angle x” at the ESS1 entrance and momentum
shift. The extraction efficiency can be derived from the

TUVIR1S

IPAC2020, Caen, France
ISSN: 2673-5490

JACoW Publishing
doi:10.18429/JACoW-IPAC2020-TUVIR15

|
190000

180000 200000

shot number

210000 220000 230000

1 1
200000 210000
shot number

-0.01 T T

1
190000 230000

1 1 k
190000 200000 210000 230000

shot number

£ 0.0007 |
0.0006 i

ki L‘h- 1

180000 1920000

1
210000

0.0005 £ '
170000 220000

200000
shot number

230000

Figure 4: Trends of extraction efficiency, horizontal position
x, angle x” and Ap/p.

beam loss monitors (BLMs) around the ESSs and SMSs
area (see Fig. 1). The horizontal axis shows accumulated
shot numbers (one shot is 5.2 s MR cycle). In this figure,
the data derived from the BPMs are plotted every 10 shots.
The interesting oscillation pattern can be seen in the Ap/p
trend. The oscillation pattern has a half-day cycle. The orbit
angle at the ESS1 entrance also has a pattern synchronized
with the Ap/p oscillation pattern. The extraction efficiency
seems to have a similar oscillation, though it is not so clear.
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Figure 5: Relation between Ap/p trend and tidal level in
Oarai coast.

Figure 5 shows the relation between the Ap/p pattern and
tidal level in Oarai coast [7]. Oarai coast is located at 20
km far from J-PARC cite as shown in Fig. 6. Low and high
tides are shown in green and pink in Figure 5, respectively.
The Ap/p peaks coincide with the low tides, on the other
hand, the Ap/p valleys coincide with the high tides. The
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Figure 6: Location of J-PARC and Oarai coast.

peaks have large and small amplitudes alternately, which
corresponds to the strong and week low tides. The valleys
are also similar. The Ap/p oscillation pattern is estimated
to be generated by the circumference change of the ring due
to the tidal force. If RF frequency and bending field are
constant, Ap/p can be written as

1 1 + 1 L
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Figure 7: Long term Ap/p shifts for three runs.
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Figure 8: Long term shifts of x” at ESS1 entrance corre-
sponding to Fig. 7.

Ap 5, AC
7 =Y ol
where, y and C are Lorentz factor and the ring circumference,
respectively [8]. From Eq. (3), when Ap/p increases by
0.0001 at 30 GeV, the corresponds C expansion becomes
0.144 mm (= AC).
Figure 7 shows a longer term stability of orbit angle at the
ESS1 entrance and Ap/p, three different run cases are plot-

ted. The Ap/p increases monotonically in the long period at
any run (0.002~0.003/100days). The long term Ap/p shifts

3

is rather larger than the oscillation amplitude by the tide. On .

the other hands, the orbit angle at the ESS1 entrance shifts
monotonically in the long period at any run (-0.05~-0.03
mrad/100 days). Temperature in the MR tunnel has been
controlled by air conditioners in three machine buildings
connected to the MR tunnel. The air temperature in the SX
operation is roughly 4 degree higher than the air temperature
in the machine maintenance period. The tunnel concrete
may expand gradually by the air temperature increase of 4
degree during the slow extraction operation.

CONCLUSION

A 30 GeV proton beam accelerated in the J-PARC Main
Ring (MR) is slowly extracted by the third integer resonant
extraction and delivered to the hadron experimental hall. A
unique dynamic bump scheme for the slow extraction has
been applied to reduce the beam loss. We have achieved
51 kW stable operation at 5.2s cycle in the recent physics
run. The extraction efficiency is very high, typically 99.5%.
However, the dynamic bump scheme is sensitive to the beam
orbit angle at the first electrostatic septum (ESS1). The orbit
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angle of the dynamic bump must be sometimes readjusted
o keep such a high efficiency. A long-term stabilities of the
eam position and angle at the ESS1 and Ap/p have been
investigated. We observed an oscillation synchronized with
tides in Oarai coast. We also observed a monotonical Ap/p
increase in the long period at any run. They are estimated to
be caused by the tunnel expansion.
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Abstract

Electron bunches in an undulator develop periodic density
fluctuations, or microbunches, which enable the exponen-
tial gain of power in an X-ray free-electron laser (XFEL).
For certain applications, one would like to preserve this
microbunching structure of the electron bunch as it experi-
ences a dipole kick which bends its trajectory. This process,
called microbunch rotation, rotates the microbunches and
aligns them perpendicular to the new direction of electron
travel. Microbunch rotation was demonstrated experimen-
tally by MacArthur et al. with soft x-rays [1] and additional
unpublished data demonstrated microbunch rotation with
hard x-rays. Further investigations into the magnetic lattice
used to rotate these microbunches showed that microbunches
can be rotated using an achromatic lattice with a small R56,
connecting this technique to earlier studies of achromatic
bends. Here, we propose and study a practical way to rotate
Angstrom-level microbunching as an out-coupling mecha-
nism for the Optical Cavity-Based X-ray FEL (CBXFEL)
project at SLAC.

CAVITY-BASED XFELS AND THE
CBXFEL PROJECT

Current state-of-the-art XFELSs, including the LCLS at
SLAC, are SASE (Self-Amplified Spontaneous Emission)
XFELs, as depicted in Fig. 1A. A several GeV electron beam
passes through an undulator, a series of alternating north-
south magnets which rapidly bend the e-beam trajectory back
and forth. An e-beam/radiation collective instability occurs
when this oscillating electron beam interacts with light at a
resonant wavelength, developing periodic density modula-
tions, “microbunches,” which increase the coherence of res-
onant X-ray synchrotron radiation emitted by the electrons.
In a SASE XFEL, the light which seeds the XFEL arises
from noise. This light is incoherent and low intensity, thus
many undulators are required to microbunch the electron
beam and produce bright X-rays. The resultant X-ray pulse
is transversely coherent, but longitudinally chaotic, with a
longitudinal coherence length inversely proportional to the
spectral bandwidth of the XFEL amplifier, [.,, ~ UL [2].
This longitudinal coherence can be increased by segding
with X-rays of a narrower bandwidth than the XFEL ampli-
fier. Lacking compact coherent X-ray sources, one solution

* This work was supported by the Department of Energy, Laboratory Di-
rected Research and Development program at SLAC National Accelerator
Laboratory, under contract DE-AC02-76SF00515.
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is to use monochromatized X-rays generated from SASE to
seed the XFEL process, as is done in a cavity-based XFEL.

The CBXFEL Project will demonstrate two-pass gain in
the LCLS-II hard X-ray undulator line using the LCLS cop-
per linac in two-bunch mode. Four diamond (400) mirrors
will wrap seven undulators (~ 35 m) to form a rectangular
optical cavity as depicted in Fig. 1B. Hard X-rays at 9.83 keV
from the first bunch will Bragg reflect and return to seed a
trailing fresh electron bunch on the subsequent pass.

CBXFEL will develop technologies to enable future
production-level cavity-based XFELs which leverage the
high repetition rate (1 MHz) and electron energy (8 GeV) of
the LCLS-II High Energy (HE) upgrade [3]. These cavities
may wrap the entire 130 m undulator line at SLAC such that
the photon cavity round trip time matches the arrival of MHz
electron bunches.

Table 1 summarizes the projected outputs of such
production-level facilities in two modes, X-ray Regenera-
tive Amplifier FEL (XRAFEL) and X-ray FEL Oscillator
(XFELO). XRAFEL is a high gain system, regenerating a
large percentage of the X-ray power on each pass through
the cavity. XRAFEL can produce >5 times the peak power
and 100 times the energy resolution of a SASE FEL, while
maintaining short pulse lengths. XFELO is a low-gain sys-
tem which builds up X-ray power over many passes. XFELO
produces X-ray pulses with 10,000 times narrower energy
resolution, and 1000 times higher average spectral bright-
ness, with the trade-off of longer X-ray pulses. Both have
high longitudinal coherence and stability, replacing chaotic
arrival times of SASE spikes.

Table 1: Projected Cavity-based XFEL Properties [4, 5]

SASE XRAFEL XFELO

Gain High High Low
Passes 1 10’s 100’s
to Saturation
Peak Power 1I0GW  >50GW  10MW
Average Power 100 W 10W 20W
(1MHz) (10kHz) (1 MHz)
Bandwidth 10eV 0.1eV 20 meV
Average Spectral
Brightness e 10%6 1028
( photons )
smm? mrad?.1 %BW
Pulse Length 1-100 fs 20fs 1ps
Temporal Stability Poor Excellent Excellent
and Coherence
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Figure 1: XFEL Schemes: A) a single-pass conventional SASE XFEL, B) a cavity-based XFEL with drumhead crystal
outcoupling, C) a cavity-based XFEL with microbunch rotation outcoupling.

The projections shown in Table 1 represent recent stud-
ies on XRAFEL and XFELO, and incorporate two differ-
ent methods of out-coupling X-rays from the optical cav-
ity. CBXFEL is investigating several possible outcoupling
methods. The baseline for CBXFEL will be outcoupling
through a drumhead diamond crystal which has been thinned
to ~ 20 um, as depicted in Fig. 1B [6], but other methods
include drilling a ~ 100 um hole in the mirror [7], inserting
a grating beamsplitter to separate the X-ray beam into multi-
ple diffraction orders [8], or utilizing an active Q-switching
method [9]. The former three of these are passive methods,
which outcouple a portion of the X-ray pulse on each pass
through the cavity, while the last is an active method, where
an optical pulse actively controls the reflectivity of the out-
coupling mirror to outcouple a larger portion of the X-ray
beam after a certain number of passes. The passive methods
retain a high repetition rate, and thus a high average power,
but only couple out a small percentage of the X-ray power
on each pass, reducing their peak power. Active outcoupling
methods outcouple a large percentage of the X-ray power,
and thus have large peak power, but lower repetition rate and
thus lower average power as they outcouple less frequently.

These properties are reflected in Table 1, where the
XRAFEL scheme shown utilized an active g-switching
method, and the XFELO scheme utilized a drumhead crys-
tal outcoupling. A passive outcoupling scheme which can
outcouple a large percentage of the X-ray power could dra-
matically increase the average power of XRAFEL and the
peak power of XFELO above the values given in Table 1.

Microbunch rotation is a passive outcoupling method
CBXFEL is investigating to outcouple X-ray power com-
parable to the cavity power by exploiting the electron beam.

WEVIR03

MICROBUNCH ROTATION
OUTCOUPLING

A cavity-based X-ray FEL with microbunch rotation out-
coupling is depicted in Fig. 1C. Electron microbunches gen-
erated in the XFEL process are preserved as the electron
bunch experiences a dipole kick. These microbunches can
then be lased in a downstream undulator to produce X-rays
at an angle to the original beam axis. X-rays rotated outside
the diamond rocking curve (~ 8 urad), will not be reflected
by the cavity mirrors and will exit the cavity.

Microbunch rotation through an achromatic bend was
previously demonstrated for outcoupling infrared FEL oscil-
lators [10], and has also been demonstrated experimentally
with X-ray microbunches. MacArthur et al. demonstrated a
5 prad rotation with soft x-ray microbunches [1] and addi-
tional unpublished data demonstrated 5 prad rotation with
hard x-ray microbunches. Shorter radiation wavelengths are
more challenging for microbunch rotation, as microbunches
are separated at the radiation wavelength, A,., and the bunch-
ing factor for a given microbunch, b = (¢'?), 0 ~ (a—” + i—”)z,
is more sensitive to changes in the z position of the f)artiéles
relative to the center of the microbunch. CBXFEL must use
hard, 9.83 keV, X-rays to Bragg-reflect at 45° from diamond
400, and we must achieve a ~ 10 urad rotation to miss the
diamond 400 rocking curve. Thus, we must extend previous
work on hard X-ray microbunch rotation to higher angles.

Recent work has demonstrated microbunch rotation by
employing three offset quadrupole magnets of the strong
focusing (FODO) lattice in the undulator line. This enables
existing magnets to provide the dipole kicks, and reduces
the need to rematch the beta function following rotation.
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Analytical Matrix Method

We model propagation of a single electron microbunch
through an offset quadrupole triplet using a beam transport
matrix. In the first order beam transport matrix in x, x’, z, A77
phase space,

R11 R12 R15 RI16

R= R21 R22 R25 R26 1
R51 R52 RS55 RS6|’
R61 R62 R65 R66

there are three matrix elements (in bold) which couple energy
spread, Ay—y, to the transverse and longitudinal dimensions
of the bunch. Setting all three of these matrix elements
to zero (an isochronous lattice) would eliminate all first
order microbunching degradation. Here, to simplify the
implementation, we only require the lattice to be achromatic
(R16 = 0 and R26 = 0), and R56 to be small.

We construct a beam transport matrix of three offset
quadrupoles with focal lengths fi, f>, and f3 and drifts L,
and L, between them, and require the transport matrix to
be achromatic as described in detail in [11] (The authors
note a typo in the offsets found in that document; the correct
offsets in the thin quadrupole approximation are given here).
Doing this, we find the optimal offsets for each quadrupole
01,07, and 03 at final beam trajectory angle a:

o = -afif
Ly
0y = afa(foLy+ folo —2L1Ly) 2
LiL,
—a(L3+ fof3)
03 = —L2 .

If we implement microbunch rotation in a FODO lattice
where f| = f3 = —f», and L| = L, = L, these simplify to:

af12

o1 = ——
L

0 = Za/fl (1 + %) (3)
a(ff - L)

03 = —1

We also choose our lattice such that the R56 is small. For
an offset quadrupole triplet in a FODO lattice, R56 is:
2 2L
R56=a2f1(1+i)+—. 4)
L 7/2

Examining this, the i—% factor is the drift R56, and the

> fi (1 + %) factor is due to the dipole kick in the cen-
ter quadrupole. These two contributions can be seen clearly
in Fig. 2. In the convention used here, the drift R56 will
always be positive. Considering a stable FODO lattice will
always have L < 2|f1]|, we find the dipole kick R56 will also
always be positive, but the R56 will be smaller if f; < 0.
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Figure 2: Important beam transport matrix elements through
an achromatic offset quadrupole triplet.

Thus, we choose the first quadrupole of the triplet to be a

defocusing quadrupole in the plane of the quadrupole offset.

Once we have the beam transport matrix, R, we construct

a matrix, X, describing the initial electron distribution in a
2

single Gaussian microbunch, with standard deviations o =

2y 2 2y 2 g2 2 _(8viy2
(x7), T = (x%), 07, =(z7) and o5, = ((7‘) ). We start
at the center of the first quadrupole, where there is zero x-x’
correlation, and assume zero correlation in other planes.

oz 0 0 0
0 o2 0 0 ;
S = oo ,Z=RZRT. (5
0 0 o2 0
0 0 0 o

From the final ¥ matrix, we find o, = 4/(z2) and calculate
the bunching factor along the new beam trajectory.

Genesis Simulations

To support this analytical matrix model, we per-
formed time-independent simulations of an achromatic oft-
set quadrupole triplet using Genesis [12]. Undulators,
quadrupoles and drifts were based on the LCLS-II hard X-ray
undulator line (rounded to the nearest period, 1,,), and elec-
tron and photon energies were chosen to match CBXFEL, as
given in Table 1. Electrons were pre-bunched in 15 vertically
polarized undulators, then sent through three horizontally
offset quadrupoles to perform a 10 prad rotation.

Table 2: Genesis Simulation Parameters

B —64.267 T/m Ly 4.004 m

B) 65.600 T/m Louea 52cm

B —64.267 T/m Lyna 3.3m

Ay 1.6976 Au 2.6cm

E.- 10.2GeV E,  9.83keV

oy L779%10°m | oy 1.124x10rad

o 3212x107'M"'m |0 5.198x 107
Triplet Quadrupole Offsets:

01 254pum ‘ 02 298 um 03 214pum

As shown in Fig. 3C, in simulation 78% of the bunching
factor was recovered following microbunch rotation. The
analytical matrix model predicts 83% recovery. We expect
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the simulation may differ slightly from the analytical model
due to second-order effects. Figure 4C shows the x-z phase
space after microbunch rotation. A high bunching factor at
an angle in the x-z plane is evident.

f, f, fs
& Genesis

Analytical Model

Quadrupole Positions

A

N’

x Trajectory (m)

Distance along Triplet (m)

=z
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N ®» ©
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o
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Bunching Factor, b

Distance along Triplet (m)

Figure 3: Comparison of analytical matrix model and Gene-
sis simulation through an offset quadrupole triplet: A) elec-
ron trajectory, B) tilt angle at which bunching was measured,
determined by the analytical method) C) bunching factor.
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Figure 4: x-z phase space A) directly before the 1st
quadrupole, B) in the center of the 2nd quadrupole and C)
directly after the 3rd quadrupole. These simulations were
done for a single time-independent slice, where Genesis
allows electrons to slip into multiple (~ 5) pondermotive
buckets, as the undulator equations remain the same. These
buckets were retained when converting to z for visual clarity.

FUTURE WORK

We are actively investigating a second-order matrix the-
ory to explain the difference in between the simulated mi-
crobunching recovery and the analytical solution. We also
need to simulate lasing of these rotated microbunches in
re-pointed undulator segments, and perform tolerance test-
ing to understand this system’s sensitivity to variations in
quadrupole offset and other experimental factors. We will ex-
perimentally verify this microbunch rotation once LCLS-II
construction is complete. These microbunch rotation studies
could be taken beyond this achromatic scheme, which uses
existing LCLS-II infrastructure, to make more useful mi-
crobunching rotation schemes for CBXFEL and other XFEL
applications. Our current lattice uses existing quadrupole
magnets in the hard X-ray undulator line, several meters
apart. Making this system shorter while keeping R56 low
requires short focal length quadrupoles with much stronger
gradients (>100 T/m), requiring permanent magnets. We
may also investigate the isochronous solution, which also
sets R56 to zero, but still requires strong permanent magnets
and larger quadrupole offsets.

CONCLUSION

These simulations demonstrate robust angstrom-level mi-
crobunch rotation of 10 prad at electron and photon param-
eters suitable for CBXFEL, with the potential to rotate to
even higher angles. These results support the feasibility of
microbunch rotation outcoupling for a cavity-based XFEL,
and will be continued to be developed through theoretical,
simulation and experimental methods.
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ON-AXIS BEAM ACCUMULATION BASED ON A TRIPLE-FREQUENCY
RF SYSTEM

Gang Xu, Shichang Jiang*
Key Laboratory of Particle Acceleration Physics and Technology,
Institute of High Energy Physics, Chinese Academy of Sciences,
University of Chinese Academy of Sciences, 100049 Beijing, China

Abstract

Considering the incompatible off-axis injection scheme
on the newly constructed light sources, we have proposed
a new on-axis accumulation scheme based on the so-called
triple-frequency RF system. By means of additional second
harmonic cavities, the original static longitudinal acceptance
will be lengthened, which will provide the sufficient time
to raise a full-strength kicker pulse. Through imposing the
specific restriction on the RF parameters, the final bunch
length can also be stretched to satisfy the functions of the
conventional bunch lengthening system. In this paper, we
will move on to explain how to build this complex triple-
frequency RF system, and present the relevant simulation
works.

INTRODUCTION

One of the intrinsic characteristics of advanced light
sources, is their small dynamic aperture, which brings new
challenges for the design of corresponding injection scheme
[1]. Due to this specific characteristic, conventional off-
axis injection schemes might be incompatible. Several new
injection schemes are being designed, in which swap-out
injection is a mature case and it will be utilized in the latest
light sources [2, 3]. Enlightened by few on-axis injection
schemes, we also proposed a new on-axis accumulation
scheme, which is based on a triple-frequency RF system,
consisting of fundamental, second harmonic and third har-
monic cavities [4]. Compared to the conventional bunch
lengthening system, normally indicating a double-frequency
RF system, the extra harmonic cavities will help lengthen
the original static longitudinal acceptance. The local ex-
treme point in the potential curve, corresponding to the fixed
point in the longitudinal acceptance, is away from the syn-
chrotron phase. As well as the time interval between the
circular bunch and the outermost injection point, we ex-
pect this value, employing general lattice parameters of the
fourth-generation light sources, could be larger if the “golf
club” effect is taken into consideration [5]. Based on the
current design, the time interval between this two points,
can be lengthened to nearly 2 ns, and this value in the single
frequency RF system or the double-frequency RF system
is less than 1.5 ns. Furthermore if considering the energy
loss per turn is related to the energy spread, this time inter-
val is able to be increased about 10% to 15%. So long as
the design of the kicker is compatible with the above time
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limit, there will not be any disturbance to the circular bunch
in the whole injection process. Also the injection can be
done in multiturn, when the last injected bunch merged to
the synchrotron phase, the next kicker pulse can be raised
again. This injection scheme also relieve the design for the
booster, if a high charge bunch is needed in the storage ring,
and all the RF parameters can remain unchanged during
the injection. In this paper, we will explain how to build
such triple-frequency RF system, and present the relevant
simulation results, in allusion to a typical fourth-generation
light source.

THE CONSTRUCTION OF THE
TRIPLE-FREQUENCY RF SYSTEM

Without radiation damping, the single-particle motion
while considering the triple-frequency RF system,

hfwon > wope
2 27 EoB?
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H($,8:1) = | > vicos(o + ¢}
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where ¢ and ¢ are a pair of canonical variables with respect
to the time variable ¢, wg = 27¢/C is the angular revolution
frequency of the synchrotron particle, c is the speed of light,
C is the circumference of the storage ring. n = a. — 1/y2,
B = /1 —v2, where a. is the momentum compaction factor
of the storage ring, 7 is the relativistic factor. Suppose there
are Ny fundamental cavities with a harmonic number /£,
Np, harmonic cavities with a harmonic number 4, and N,
harmonic cavities with a harmonic number /4,. ij, V}{l and

VIZ are the voltages of the i-th fundamental cavity, the j-th
2nd harmonic cavity and the k-th 3rd harmonic cavity re-
spectively. (Z)}, qﬁill and ¢)’;lz are the phases of the synchrotron
particle relative to the above cavities.

According to the natural mathematical features of the
potential curve, and lengthening the bunch longitudinally,
we have several restrictions,

P(¢b) = Pmax,P’(¢b) = 07P”(¢s) =0. (@)

In which function P(¢) is the beam potential, ¢;, is the fixed
point in the longitudinal acceptance, corresponding to the
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local extreme point in P(¢), and ¢, is the synchrotron phase.

For easier writing, denoting ¢1 = ¢¢, ¢2 = én,, #3 = dp,,
Vi = Vi, Vo =V, V3 =V, in a triple-frequency RF system.
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Combining the above Eq. 1 and Eq. 2, finally we have a
unified system of nonlinear equations,

—Vicos(¢y + @) — 2Va cos(2¢ + ¢2) — 3V3 cos(3¢ps + ¢3) = 0,
Up — Vi sin(¢1 + ¢5) — V2 sin(2s + ¢2) — V3 sin(3¢s + ¢3) = 0,

Up — Vi sin(¢p + ¢1) — V2 sin(2¢p, + ¢2) — V3 5in(3¢p, + ¢3) = 0,

3

Uo(¢p — ¢s) + Vi(cos(¢p + ¢1) — cos(¢s + ¢1))+
Y2 (cos(2¢p, + ¢2) — cos2¢ + $2)) + 2 (cos(3gp + ¢3) — cos(3s + #3)) = Pruax.

All the RF parameters are able to be solved from Eq. 3,
corresponding to three different frequencies respectively.
In the Appendix of [1], we have written down their ver-
bose expressions for reference. Considering the optimal
bunch lengthening condition, in which the first and sec-
ond derivatives of the total voltage are nearly zero, the
Taylor expansion to it can be simplified while omitting
low order terms. Here we introduce a series of auxil-
iary quantities y;, i = 0,1,2,3, .-, n, where n is the
above harmonic number, y; = V,,, cos ¢, /(V; cos ¢;), and
Xo = Vicoséi/(Vicos¢y) = 1. How to pick up and com-
bine n is based on the RF system, in which {0, 1} represents
a conventional bunch lengthening system, also the double-
frequency RF system. Specifically {0, 1,2} is our proposed
triple-frequency RF system. For a dualistic combination
{0,n}, yn has a concise form y,, = —1/n with a positive
integer n. But for the other multivariate cases, y,, is unable
to be expressed so brief. By means of these auxiliary quan-
tities, we can write down a unified V, up to third order term,
V. = (-1 -mx} —mx; —njx; —---)Vicos ¢ /6. Here
for a triple-frequency RF system, the first three terms are
kept. Thus the Hamiltonian of single-particle motion with
the quartic potential H = acd?/2 + acqz*/4,

B (-1- n?)a - ng)(;) eV]kl3
B 6 C&'CE()T()

q cos ¢, “4)
and k; is the wave number, y1, x> are defined before.

Due to the additional degree of freedom in the triple-
frequency RF system {0, y1, x>}, there are indeed lots of
combinations. Such as the simplest one, the fundamental,
second and third harmonic cavities, denoting it as {0, 1,2}.
By that analogy if we increase y», there will be {0, 1,3},
{0,2,3}, a larger y, will make this problem more compli-
cated. Till now we just consider y» up to 5, for each combi-
nation, the above steps are forced to repeat to solve all RF
parameters. Figure 1 presents the results for the different
combinations, in which x-axis is the time interval between
¢p and ¢, and y-axis is the cavity voltage in the fundamental
cavity.

From the figure we could find that the other combinations
of harmonic number are still applicative, while the remaining
combinations, which are not presented in the figure, may
not be solvable through our methods. Other combinations
compared to {0, 1,2}, their cavity voltages are located in
different areas, and obviously the numbers of the solutions
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Figure 1: Cavity voltage and time interval between ¢, and
¢ for the different combinations of harmonic number.

for the first two combinations {0, 1,2}, {0, 1,3} are much
more.

RELEVANT SIMULATION STUDIES

We consider the random noises on the cavity voltages
and phases, evaluating the impact to the original injection
process. Here we utilize the lattice of High Energy Photon
Source (HEPS), the random noises are part of input in the
macro-particle simulation, major parameters of HEPS are
listed in Table 1 [6].

Figure 2 presents the trajectories of the bunch centroid
whether including the random noises in the triple-frequency
RF system. Different injection points in the left and right pic-
ture, corresponding to dt=0, dp=0 and dt=-2.2 ns, dp=0.03.
From the figure the original trajectories are not affected, in-
dicating that no obvious impact to the injection process. In
fact, the fundamental cavities are the main power contrib-
utor, whether in a double-frequency or a triple-frequency
RF system. Energy loss per turn Uy is larger than 4.3 MeV
in HEPS, and a bucket height 3.5% requires more than 7
MYV in the fundamental cavities, which may need 5-6 su-
perconducting cavities. For the other harmonic cavites, the
designed voltages are only half or less as much, and lesser
power exchanges with the beam. Obviously the fundamental
cavities are more easily affected and sensitive to the noises.

Figure 3 presents the result whether removing the noises
from the fundamental cavities. The right picture only in-
cludes the noises on the second and third harmonic cavities,
the bunch merges to the synchrotron phase after nearly 10000
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Table 1: Major parameters of HEPS, noted that energy loss
per turn and relevant parameters induced by 14 insertion
devices are included, the values are derived from ELEGANT
simulation.

IPAC2020, Caen, France

JACoW Publishing
doi:10.18429/JACoW-IPAC2020-WEVIR0O4
103 <10t 3 4
15 x10 160 1.5x10 ?60
1 8 1 8
05 6 05 6
w0 w

S

0 " 4 0
05 \/J 2 05

-1
0.2

\J

01 0 0.1 Tumns
Bunch centroid [ns]

[N

-
0.1 0 04Tums .02
Bunch centroid [ns]
Figure 3: Comparison of the motion of bunch centroid
whether removing the noises in the fundamental cavities,
in which the picture on the right is after removing.

above triple-frequency RF system. A same numerical
method which can refer to [7], numerical analysis results
to the TMCI at the presence of the triple-frequency RF sys-
tem are in Figure 4. Unstable motions will emerge at the

Parameter Value Unit
Circumference 1360.4 m
Beam energy 6 GeV
Beam current 200 mA
Natural emittance 26.14 pm
Betatron tunes 114.19/106.18
Momentum compaction 1.28e-5

Natural energy spread 1.14e-3

Energy loss per turn 4.38 MeV
Damping time 7.4/12.4/9.5 ms
Harmonic number 756

Main RF frequency 166.6 MHz
Main RF cavity voltage 7.16 MV
Second harm. cavity voltage 3.59 MV
Third harm. cavity voltage 0.90 MV
Main RF cavity phase 2.43 rad
Second harm. cavity phase 0.11 rad
Third harm. cavity phase 4.03 rad
Bunch length (no HCs) 2.6 mm
Bunch length with HCs 322 mm
Linear synchr. tune (no HCs) 1.2e-3

Avg. synchr. tune with HCs 7.85e-5

ID length 84 m
Vacuum chamber radius 3 mm
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Figure 2: Longitudinal motion of bunch centroid at the pres-
ence of noises, injecting at dt=-2 ns, dp=0 (left), and dt=-2.2
ns, dp=0.03 (right), red and blue lines represent the result
with and without the noises respectively.

turns and in the next 90000 turns there are only very weak
oscillations, less than 0.02 ns from the warm color area. But
once adding the noises on the fundamental cavities, in the
left picture, the bunch centroid starts irregular oscillations
in a larger longitudinal scale, the maximal offset is nearly
0.2 ns.

As for the beam collective instabilities, we investigate
the transverse mode-coupling instability (TMCI) using the

, WEVIR04
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Figure 4: Numerical results and estimated values by scaling
law to ImAQ, representing by blue discrete dots and imagi-
nary lines respectively. Which obeys oc /° for / < 0.2 and
oc [ for greater than 0.2.

convergence of the transverse mode m = 0 and m = 1, and
give the single bunch current threshold 7;;,. The red imag-
inary line stands for their different asymptotic properties
ImAQ o« 6 for [ < 0.2, and ImAQ « [ for the other side,
which is already proposed in M. Venturini’s results for the
double-frequency RF system. Here we consider this seg-
mented scaling law, and the framework, are still applicative
for the triple-frequency RF system.

Simulation results are given by ELEGANT [8] . ILMATRIX
gives a single-turn beam transport, the triple-frequency RF
system is built through RFCA, and the RW impedance is
given in ZTRANVERSE. By means of tuning the single bunch
charges, the ever-increasing oscillation of the bunch centroid
exactly indicates unstable motion. Thereby the single bunch
current threshold, and the growth rates by fitting the growth
trajectory of the bunch centroid could be derived. Figure
5 presents the comparison between the estimated values by
the scaling law in [7], and the simulation results. The point
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of intersection with the radiation damping rate, representing
by the blue imaginary line, indicates the the single bunch
current threshold.

104 T T
—Fitting by scaling law
* ELEGANT simulation
= Vertical damping rate|
Tﬂ 102 o
°
g
ES]
3
0400 |
=10
0]
10-2 L L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Single bunch current [mA]

Figure 5: Comparison between ELEGANT simulation and
estimated value by fitting scaling law in black dots and red
lines, while blue imagnary line indicates vertical damping
rate. And the point of intersection nearly 0.23 mA gives
single bunch current threshold.

CONCLUSION

The on-axis beam accumulation scheme are given based
on a triple-frequency RF system, and we briefly introduce
how to build it. In allusion to the noises on the RF sys-
tem, which may not be influential to the injection. Relevant
beam dynamic issues are being studied, the similar analytical
method is still applicative compared to the double-frequency
RF system. Due to their similar Hamiltonian with the quartic
potential in the optimal bunch lengthening condition.
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LONGITUDINAL STABILITY WITH LANDAU CAVITIES AT MAX IV

F.J. Cullinan*, A. Andersson, P. F. Tavares, MAX IV Laboratory, Lund, Sweden

Abstract

The use of Landau cavities was foreseen for both the
1.5 GeV and 3 GeV storage rings at the MAX IV facility from
conception. Along with increasing the Touschek lifetime
and reducing the emittance degradation due to intrabeam
scattering, their purpose is to stabilise the beam in the longi-
tudinal plane. They now play a crucial role in the everyday
operation of the two storage rings. This paper outlines the
current status and the aspects of longitudinal beam stability
that are affected, positively or negatively, by the presence of
Landau cavities. Their effectiveness in the two storage rings
is also compared.

INTRODUCTION

MAX 1V is a synchrotron light source facility in Lund,
Sweden. It includes two storage rings: one at 1.5 GeV and
another at 3 GeV whose circumference is more than five
times larger than the first. A linac injects both rings at full
energy and also functions as a light source for the generation
of short x-ray pulses. The smaller of the two storage rings
has a double-bend achromat lattice while the larger ring,
with its multibend-achromat lattice, is a fourth-generation
storage ring that is capable of delivering ultrahigh-brightness
X-rays because of the low bare-lattice horizontal emittance
of 330 pm rad. Both rings operate in top-up during delivery
of light to users. Table 1

Table 1: Selected machine parameters of the MAX IV stor-
age rings. The lengths of the lengthened bunches are for
500 mA with flat potential conditions.

Parameter 1.5GeV Ring 3 GeV Ring
RF frequency MHz 100
Landau-cavity harmonic 3

Design current mA 500

Landau-cavity...
...shunt impedance MQ 2.5

...quality factor 20800
Main-cavity loaded...

...shunt impedance MQ 0.569 0.310
...quality factor 6760 3690
Natural bunch length ps 49 40
Lengthened bunch  ps 195 196
Harmonic number 32 176
Momentum compaction 0.000306 0.003055
Bare-lattice energy 363.8 114.4
loss per turn keV

Number of...

...main cavities 2 5
...Landau cavities 2 3

* francis.cullinan @maxiv.lu.se

lists the main parameters of the two storage rings with
focus on the RF cavities which are at the same frequency in
both rings [1].

Each ring has a double RF system with Landau cavities at
the third harmonic of the main RF. The Landau cavities are
made of copper, like the main RF cavities, and are passively
loaded by the beam itself. In bunch-lengthening mode, the
Landau cavities are detuned so that the resonant frequency
of their fundamental mode higher than the RF harmonic
and to increase or decrease the field level, the detuning is
decreased or increased respectively. During operation, au-
totuning in the low-level RF is used to maintain the cavity
voltage at a fixed value [2]. The variation along the bunch
of the voltage in the Landau cavities is opposite to that in
the main RF cavities so that the total RF voltage is flatter
than with a single-RF system. This leads to longer electron
bunches which reduces the scattering of electrons within the
bunch and this means lower emittance and energy spread
and a longer beam lifetime. Furthermore, lengthening the
bunches with Landau cavities increases the threshold of cer-
tain collective instabilities in both the transverse [3] and lon-
gitudinal planes. This paper deals mostly with longitudinal
coupled-bunch instabilities in the longitudinal plane, which
are the dominant instabilities in both storage rings at MAX
IV. These are driven by higher-order modes (HOMs) in the
main and Landau cavities, which have no HOM dampers.
Landau-cavity bunch lengthening is advantageous in this
regard because of two reasons. The first is that the longer
bunches have lower form-factors at the frequencies of the
higher-order modes and so excite them less strongly. The
second is the large spread in the synchrotron tune within
the bunches, which means Landau damping of collective
instabilities.

The two storage rings at MAX IV present a rare opportu-
nity because the impedances driving the dominant instability
in each ring are so similar, differing only in magnitude due
to the different cavity numbers. Furthermore, the two rings
have been commissioned and ramped in current more or less
simultaneously and the observation of longitudinal instabili-
ties during this time differed considerably. A comparison of
the current statuses of the two rings in terms of longitudinal
stability is listed in Table 2.

LONGITUDINAL STABILITY

This section summarises the different issues in the two
storage rings that affect the longitudinal stability and how
they are dealt with.

Robinson Mode Coupling

For bunch lengthening, Landau cavities must be tuned
slightly higher than the third harmonic of the main RF. At
this frequency, they destabilise the Robinson dipole and
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Table 2: Comparison of the statuses of the two MAX IV
storage rings in terms of longitudinal stability. The delivery
current in the 1.5 GeV ring is limited by heating of beamline
components while in the 3 GeV ring, it is limited by the
available RF power.

Ring 1.5GeV 3GeV
Delivery current 400 250
Stable current range mA  130-500 57-250
Temperature tuning Minimal Extensive
Longitudinal feedback None Mode-0 phase
Fill pattern Uniform Short gap

quadrupole modes (all bunches moving in unison). How-
ever, more than enough Robinson damping comes from the
main cavities, which are tuned to below the RF generator
frequency to match the beam-loaded cavity to the RF trans-
mitter, so that the Robinson dipole and quadrupole modes
are stable. However, as the Landau cavities are tuned closer
to the third RF harmonic, increasing the field amplitudes
and lengthening the bunches, the frequency of the Robin-
son quadrupole mode decreases while the frequency of the
Robinson dipole mode stays roughly constant. This was
measured in the two storage rings and compared with theory,
as shown in Fig. 1 for the 1.5 GeV ring and Fig. 2 for the

10 -
—— Dipole

9 - Quadrupole
T 8] Measured (quad.)
T
S
> 7]
o
5 6]
&
ot
o 5

4,

3

100 110 120 130 140 150 160 170

Landau cavity voltage (kV)

Figure 1: Measured Robinson mode detuning in the 1.5 GeV
ring in comparison to the theoretical prediction shown by
the solid lines.

3 GeV ring, where the measured energy spread is also shown
to show the stability of the beam.

In both rings, it can be seen that at a certain point, which
is just before the total RF voltage is fully flattened (zero
first derivative at the synchronous phase), the frequencies
of the two modes meet. In the 3 GeV ring, a fast-growing
coupled Robinson mode instability is observed and so a
mode-0 phase feedback [4] was installed for active damping.
In the 1.5 GeV ring, on the other hand, no such coupling
instability is observed. The most probable reason for this
is the excess Robinson damping of the dipole mode in the
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Figure 2: Measured Robinson mode detuning in the 3 GeV
ring in comparison to the theoretical prediction shown by
the solid lines with the energy spread also shown.

1.5 GeV ring, which is around 100 times faster than in the
3 GeV ring due to the different optimum detuning of the main
cavities. This is also thought to be one reason why it was
difficult to measure the dipole mode frequency during the
experiment in the 1.5 GeV ring. In both rings, the agreement
with theory [5] is good, although the horizontal axes for the
experimental data had to be rescaled in both cases, most
likely due to an error in the calibration of the Landau-cavity
fields.

Coupled-bunch Modes

Coupled-bunch modes other than the Robinson mode are
typically driven by higher-order modes in the cavities. In
the absence of HOM dampers, it is important to try to tune
the higher-order modes away from the revolution harmonics.
At MAX 1V, this has been done using temperature tuning,
and again, a large difference was seen between the two rings
in terms of the extent to which temperature tuning was nec-
essary, as mentioned in Table 2. One useful tool in the
temperature tuning process is transient measurements using
the bunch-by-bunch (BBB) feedback system: grow/damp
measurements or drive/damp measurements [6]. These are
performed above and below the instability threshold respec-
tively and are both ways to directly measure the growth rate
of coupled-bunch modes. In the latter case, one coupled-
bunch mode is driven by the actuator in the BBB system,
which simultaneously damps all other coupled-bunch modes.
Then, both the drive and the damping are turned off for a
short period (typically ~100 ms) during which time the ex-
cited coupled-bunch mode is left to decay at its characteristic
rate. In the case of a grow/damp measurement, the spon-
taneous growth of the least-stable coupled-bunch modes
are simply measured above threshold when the longitudinal
BBB feedback is switched off for a similarly short period.

Figures 3 and 4 each show the results of drive/damp mea-
surements on a pair of coupled-bunch modes (since the HOM
that drives one coupled-bunch mode will damp that mode’s
complement) in each storage ring. Coupled-bunch mode 167
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Figure 3: Results of drive/damp measurements of coupled-
bunch mode 30 and its complement mode 2 in the 1.5 GeV
ring for different temperatures of one of the main cavities.
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Figure 4: Results of drive/damp measurements of coupled-
bunch mode 167 and its complement mode 9 in the 3 GeV
ring for different temperatures of one of the main cavities.
Data is not shown for coupled-bunch mode 167 at tempera-
tures where it was above threshold and for mode 9, where
the BBB feedback was unable to keep the beam stable when

in the 3 GeV ring and coupled-bunch mode 30 in the 1.5 GeV
ring are both driven by the same HOM which exists in all of
the main cavities. Furthermore, these coupled-bunch modes
can have very fast growth-rates in both rings when the HOM
is tuned close to its nearest revolution harmonic.

As shown in the figures, the drive/damp measurements
were performed for different temperatures of a single cavity
in each ring. A clear dependence can be seen and the temper-
atures at which the HOM is resonant, identified. The cavity
in question should be run at a temperature that is sufficiently
far from this temperature. However, care must also be taken
to ensure that the temperature chosen does not bring another
mode closer to resonance. Drive/damp measurements are
just one way in which the best temperature for a given cavity
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can be chosen. However, they are limited to modes whose
decay differs sufficiently from the radiation damping rate to
be measured above the noise and they must be performed
at low current, where all coupled-bunch modes are below
threshold.

Landau-cavity Tuning

If the harmful HOMs are sufficiently tuned away from
the revolution harmonics and there is no risk of a Robinson
(mode-coupling) instability, it is possible to stabilise the
beam by increasing the fields in the Landau cavities. It is
possible to achieve partial stabilisation, where the saturation
amplitude of coupled-bunch modes is kept low enough so
that the effect on the energy spread is small, or full stabilisa-
tion, where the lowest instability threshold is raised to above
the stored current. These two situations, though conceptu-
ally distinct, can be indistinguishable from the point of view
of experimental users.

Experiments have been performed to demonstrate Landau-
cavity stabilisation in both rings at MAX IV and here, the
results of one such experiment in the 3 GeV ring are pre-
sented. The machine was set up with a main RF voltage of
1.045 MV so that full flat potential [7] could be obtained at
149 mA with three passively-driven Landau cavities. Start-
ing from an unstable beam and a uniform machine fill (as
opposed to the nonuniform fill used during delivery) at this
current, the fields in the Landau cavities were increased
gradually, pausing at different steps to measure the energy
spread. The results are shown in Fig. 5.
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Figure 5: Measured energy spread in uniform fill at 149 mA
in the 3 GeV ring as the total Landau-cavity voltage is in-
creased.

As the Landau-cavity field is increased, the coupled-bunch
modes that are present begin to saturate at lower amplitudes
because of the increased nonlinearity of the RF potential
containing the bunches. This continues until the energy
spread roughly reaches the level of the natural energy spread.
In the 3 GeV ring at lower currents and in the 1.5 GeV ring
up to 500 mA, the beam eventually becomes stable with no
coupled-bunch modes detected. However, in the 3 GeV ring
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at this current and above, a slow-oscillating coupled-bunch
mode is observed that persists until the Landau cavities are
too close to resonance and the growth rate of the Robinson
dipole mode exceeds the damping provided by the mode-
0 phase feedback. These slow-oscillating coupled bunch
modes have very large amplitudes in phase but, because
their oscillation period is longer than the radiation damping
time, there is no increased energy spread between bunches,
which is why there is no increase in energy spread where
they appear in Fig. 5. Nevertheless, it has been observed that
these slow-oscillating coupled-bunch modes still degrade the
quality of light delivered to the beamlines, perhaps indirectly
through the phase sensitivity of BPMs disrupting the slow-
orbit feedback. For this reason, a nonuniform fill pattern
is used in the 3 GeV ring during delivery of light to users.
A nonuniform fill improves the stability at high Landau-
cavity fields and prevents the appearance of slow-oscillating
coupled-bunch modes. The disadvantage of a nonuniform
fill is that the bunch-lengthening of the Landau cavities is
less effective and this is worse for the beam lifetime and
intrabeam scattering. The effect of a nonuniform fill on
coupled-bunch instabilities has been well documented in
the past [8—11] and the subject continues to be studied at
MAX 1V, both in terms the static effects of transient beam
loading [12] and coupled-bunch modes [13].

DISCUSSION AND CONCLUSION

To explain the difference in behaviour between the two
storage rings at MAX 1V, it is sufficient to mention the fol-
lowing four points. Firstly, the Robinson damping in the
1.5 GeV ring is faster then in the 3 GeV ring because of the
tuning of the main cavities, which as mentioned, is cho-
sen to match the beam-loaded cavity to the RF transmitter.
Secondly, the radiation damping is also faster. Thirdly, the
1.5 GeV ring has a lower narrowband impedance because
it has fewer cavities and finally, it has a larger revolution
frequency. This last point means that it is easier to tune all
of the harmful higher-order modes away from the revolution
harmonics because they are further apart in frequency.

The comparison is very different when carried out in terms
of total charge stored, which is five and a half times larger
in the 3 GeV ring for the same beam current. However, it
would then make more sense to compare the impedances
per unit length in the two rings, of which the lower is in the
3 GeV ring. The comparison of the radiation damping time
should then be done in turns instead of absolute time and
this is also lower in the 3 GeV ring. The Robinson damping
time still corresponds to fewer turns in the 1.5 GeV ring but
is a larger factor of the Robinson damping time in the 3 GeV
ring. Beyond convention, one good reason for comparing
the two rings in terms of beam current up until this point is
because it is a parameter for which the design value is the
same in both rings.

In any case, Landau cavities play a crucial role in the
delivery of light to users in both storage rings at MAX IV.
A longitudinally-stable beam has been achieved in the the
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1.5GeV ring for a larger range of currents that includes
the design current of 500 mA. With its two storage rings
with similar RF systems, the MAX IV laboratory presents a
rare opportunity to compare the behaviour of HOM-driven
coupled-bunch modes in different-size storage rings and
such a comparison has now been carried out.

ACKNOWLEDGEMENTS

The authors would like to thank Robert Bosch for his help
with the Robinson mode-coupling measurements, theory
and related discussion.

REFERENCES

[1] P. F. Tavares, S. C. Leemann, M. Sjostrom, and A. Ander-
sson, “The MAXIV storage ring project,” Journal of Syn-
chrotron Radiation, vol. 21, no. 5, pp. 862-877, Sep. 2014.
por: 10.1107/S1600577514011503. https://doi.org/
10.1107/S16600577514011503

A. Salom et al., “Digital LLRF for MAX 1V,” in 8th Interna-
tional Particle Accelerator Conference, 2017, THPAB135.
por: 10.18429/JACoW-IPAC2017-THPAB135.

F. J. Cullinan, R. Nagaoka, G. Skripka, and P. F. Tavares,
“Transverse coupled-bunch instability thresholds in the pres-
ence of a harmonic-cavity-flattened RF potential,” Phys. Rev.
Accel. Beams, vol. 19, p. 124 401, Dec. 2016. por: 10.1103/

[2

—

3

—

PhysRevAccelBeams. 19.124401. https://link.aps.

org/doi/10.1103/PhysRevAccelBeams.19.124401

D. P. McGinnis, “Beam Stabilization and Instrumentation
Systems based on Internet of Things Technology,” in Low-
Level Radio Frequency Workshop, Oct. 2019. arXiv: 1910.
07822.

R. A. Bosch, K. J. Kleman, and J. J. Bisognano, “Robinson
instabilities with a higher-harmonic cavity,” Phys. Rev. ST
Accel. Beams, vol. 4, p. 074401, Jul. 2001. por: 10.1103/
PhysRevSTAB. 4. 074401. https://link.aps.org/
doi/10.1103/PhysRevSTAB.4.074401

D. Teytelman, “Architectures and algorithms for control and

(4]

(3]

[6

—_

diagnostics of coupled bunch instabilities in circular acceler- :

ators,” Other thesis, Jun. 2003.

P. F. Tavares, A. Andersson, A. Hansson, and J. Breunlin,
“Equilibrium bunch density distribution with passive har-
monic cavities in a storage ring,” Phys. Rev. ST Accel. Beams,
vol. 17, p. 064401, Jun. 2014. por: 10.1103/PhysRevSTAB.
17 .064401. https://link.aps.org/doi/10.1103/
PhysRevSTAB.17.064401

G. Bassi, A. Blednykh, and V. Smaluk, “Self-consistent
simulations and analysis of the coupled-bunch instability
for arbitrary multibunch configurations,” Phys. Rev. Accel.
Beams, vol. 19, p. 024401, Feb. 2016. por: 10 . 1103 /
PhysRevAccelBeams. 19.024401. https://1link.aps.
org/doi/10.1103/PhysRevAccelBeams.19.024401

K. A. Thompson and R. D. Ruth, “Transverse and longitu-
dinal coupled bunch instabilities in trains of closely spaced
bunches,” in Proceedings of the 1989 IEEE Particle Acceler-
ator Conference: Accelerator Science and Technology, Mar.
1989, 792-794 vol.2. por: 10.1109/PAC. 1989.73251.

O. Naumann and J. Jacob, “Fractional filling induced Lan-
dau damping of longitudinal instabilities at the ESRF,” in
Proceedings of the 1987 Particle Accelerator Conference,
1987, pp. 1551-1553.

(7]

(8]

(9]

(10]

WEVIR05
47

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2020). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



11th Int. Particle Acc. Conf.
ISBN: 978-3-95450-213-4

[11]

[12]

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2020). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

K. A. Wang, P. J. Chou, and A. W. Chao, “Study of nonuni-
form fills to cure the coupled-bunch instability in SRRC,”
in Proceedings of the 2001 Particle Accelerator Conference,
2001, pp. 1981-1983.

T. Olsson, F. J. Cullinan, and A. Andersson, “Self-consistent
calculation of transient beam loading in electron storage
rings with passive harmonic cavities,” Phys. Rev. Accel.

WEVIRO05

[0)

@ 48

IPAC2020, Caen, France
ISSN: 2673-5490

(13]

JACoW Publishing
doi:10.18429/JACoW-IPAC2020-WEVIRO5

Beams, vol. 21, p. 120701, Dec. 2018. por: 10 . 1103 /
PhysRevAccelBeams.21.120701. https://link.aps.
org/doi/10.1103/PhysRevAccelBeams.21.120701

F. J. Cullinan, A. Andersson, and P. F. Tavares, “Harmonic-
cavity stabilisation of longitudinal coupled-bunch instabili-
ties with a nonuniform fill,” Submitted to Phys. Rev. Accel.
Beams, 2020.

MCS: Beam Dynamics and EM Fields

D05 Coherent and Incoherent Instabilities - Theory, Simulations, Code Developments



11th Int. Particle Acc. Conf.

ISBN: 978-3-95450-213-4 ISSN: 2673-5490

IPAC2020, Caen, France

JACoW Publishing
doi:10.18429/JACoW-IPAC2020-WEVIRO6

HOLLOW ELECTRON BEAMS IN A PHOTOINJECTOR

A. Halavanau', C. Mayes!, Y. Ding', S. Baturin?, P. Piot>>
ISLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA
2Northern Illinois University, DeKalb, IL 60115, USA
3Alrgonne National Laboratory, Lemont, IL 60439, USA

Abstract

Photoinjectors have demonstrated the capability of elec-
tron beam transverse tailoring, enabled by microlens array
(MLA) setups. For instance, electron beams, transversely
segmented into periodic beamlet formations, were success-
fully produced in several experiments at Argonne Wakefield
Accelerator (AWA). In this proceeding, we discuss the nec-
essary steps to demonstrate the hollow electron beam gener-
ation, with an arbitrary diameter and width with MLAs. We
also present beam dynamics simulations and highlight key
features of the hollow beam transport in LCLS copper linac.

INTRODUCTION

Hollow electron beams have been well known since 1960s,
but due to multiple instabilities pointed out by early re-
searchers [1-12] they have been largely forgotten. Nowa-
days, the most promising application of the hollow electron
beams is proton beam collimation. This novel technique is
soon to be implemented at Fermilab Accelerator Science
and Technology (FAST) facility and later on at the Large
Hadron Collider (LHC) [13—17]. The required hollow elec-
tron beams are generated in a special low energy source,
mostly incompatible with a conventional accelerator. In this
proceeding, we are exploring a different approach. We con-
sider a nominal photoinjector configuration, e.g., the LCLS
copper linac photoinjector, and modify the UV laser trans-
verse profile employing spatial shaping techniques [18, 19].
Typically, transverse shaping is performed at some point
upstream of the photocathode, which is then imaged onto
the photocathode surface with a transport lens system. With
the MLA shaping, for instance, one can apply a circular in-
tensity mask at the homogenization point of the MLA, thus
controlling parameters of the hollow beam. Other possibili-
ties include the use of digital micromirror devices, axicon
lenses, and more exotic Laguerre-Gaussian (LGy;) modes
of the laser.
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Figure 1: LCLS copper linac hard X-ray beamline.
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LCLS PHOTOINJECTOR AND COPPER
LINAC SIMULATION

In this section we provide the results of numerical beam
dynamics simulations of the entire LCLS copper linac hard
X-ray (HXR) beamline, starting at the photocathode, and
up to the HXR undulator entrance. LCLS copper linac pho-
toinjector is a 135 MeV machine that comprises of 1.6 cell
S-band RF gun with copper cathode and is operating at
120 Hz repetition rate. It is followed by multiple normal con-
ducting travelling wave S-band accelerating structures. For a
detailed description of the machine see Ref. [20]. Currently
the primary purpose of the LCLS copper linac photoinjector
is to produce electron beams for LCLS XFEL operations.
The 135 MeV electron beam is then further accelerated in
1 km long linac with the total maximum energy of 14 GeV.
We performed our hollow beam numerical study in the LCLS
copper linac at a 7.5 GeV beam energy. We note that in the
photoinjector the beam is matched into the copper linac via
a quadrupole lattice, yielding several betatron oscillations
in both vertical and horizontal planes. According to previ-
ous studies, such oscillations, in combination with space-
charge forces, often lead to a hollow beam break up. An
overall layout of the beamline is reported in Fig. 1 and a
typical beam envelope evolution in the LCLS photoinjec-
tor is presented in Fig. 2. We point out that the nature of
instability, destroying the hollow shape, is similar to the one
observed in recent coherent electron cooling studies (CeC)
at Brookhaven National Laboratory [21]. For our studies we
utilized conventional iMPACT-T beam physics code [22]. A de-
tailed description of impacT-t 3D space-charge algorithm and
it’s comparison to other codes is available in Refs. [23-25].
As a guidance for initial simulation, the bunch charge was
defined as
E, A
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Figure 2: A typical electron beam size evolution in LCLS
copper linac photoinjector.
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Figure 3: Transverse and longitudinal phase-space of the
hollow UV laser beam at LCLS photocathode.
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Figure 4: Hollow beam shown in Fig. 3, propagated to the
injector exit with the fixed lattice parameters as a function
of charge and comparison to a uniform beam of the same
charge.

where E, is the accelerating gradient in the gun, A is the
illuminated area on the photocathode, and 7 is the efficiency
parameter [26]. An example of a simulated hollow beam
profile is displayed in Fig. 3. The outer radius of the hollow
is 0.6 mm, and the thickness is 0.1 mm. We specified the
Twiss parameters required for matched beam orbit in the
LCLS copper linac and propagated hollow beams of various
charges. We established, via numerical simulations, the
value of a hollow beam charge, where it becomes free of
space-charge instabilities to be about 3 pC. The results are
summarized in Fig. 4. Interestingly, the final transverse
distribution is almost identical to the one on the cathode.

It is important to point out that throughout the injector,
the hollow beam transverse shape changes from round to
elliptical and back to round, according to the lattice beta
functions; see Figs. 2-5. During this process, the transverse
charge density fluctuates along the hollow beam, until it
becomes uniform again at the copper linac injection point.

z=14m

z=12m

Figure 5: Evolution of the Q = 3 pC charge as a function of
distance in the LCLS copper linac injector.
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per linac propagated up to HXR undulator entrance. The
simulation was done in ELEGANT [27] and Bmad [28] and
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Finally, we sent the injector-made hollow beam into a nom-
inal LCLS copper linac lattice. To gain confidence in the
simulation, we used two codes: ELEGANT [27] and Bmad [28]
with identical lattices, including Coherent Synchrotron Radi-
ation (CSR) and wakefield effects, yeilding almost identical
results. The resulting beam envelope and transverse charge
density distribution at HXR undulator entrance are presented
in Fig. 6. The hollow beam size is effectively demagnified
by a factor of 10 compared to the initial laser profile at the
cathode. The latter finding is quite remarkable but expected,
because the space-charge forces are significantly suppressed
at high beam energies.

LUME-IMPACT BEAM DYNAMICS
PACKAGE

In order to rapidly prototype and optimize hollow beam
simulations for LCLS copper linac photoinjector, we have
utilized Lume-MpAcCT package [29]. This software includes
a collection of helper functions to the conventional PIC code
IMPACT-T, that allows easy modification of initial particle dis-
tribution, gun and linac phase optimization, and fast beam
trajectory matching. In combination with the precision and
accuracy of impacT-T, we quickly established the range of
accelerator parameters, allowing for a hollow beam to be
propagated downstream of the injector distortion-free. We
have also used initial particle distribution generator pIST-
GEN package [30] to probe different distributions, and the
OPENPMD-BEAMPHYSICS package [31] for handling and plot-
ting simulation results.
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SUMMARY

We have presented the results of numerical beam dynam-
ics simulation of a hollow electron beam in LCLS copper
linac beamline, generated with a transverse UV laser mask.
The simulation shows that the beam is only stable at the
very low charge values, where the beam becomes emittance-
dominated. This however makes hollow electron beams a
perfect candidate for beam-based studies. We will report the
results of the practical hollow beam applications elsewhere
in the near future.
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ADAPTIVE FEEDBACK AND MACHINE LEARNING FOR PARTICLE
ACCELERATORS *

Alexander Scheinker’, Los Alamos National Laboratory, Los Alamos, NM, USA

Abstract

The precise control of charged particle beams, such as
an electron beam’s longitudinal phase space as well as the
maximization of the output power of a free electron laser
(FEL), or the minimization of beam loss in accelerators,
are challenging tasks. For example, even when all FEL
parameter set points are held constant both the beam phase
space and the output power have high variance because of
the uncertainty and time-variation of thousands of coupled
parameters and of the electron distribution coming off of
the photo cathode. Similarly, all large accelerators face
challenges due to time variation, leading to beam losses and
changing behavior even when all accelerator parameters are
held fixed. We present recent efforts towards developing
machine learning methods along with automatic, model-
independent feedback for automatic tuning of charge particle
beams in particle accelerators. We present experimental
results from the LANSCE linear accelerator at LANL, the
EuXFEL, AWAKE at CERN, FACET-II and the LCLS.

INTRODUCTION

Particle accelerators are complex systems with many cou-
pled components including hundreds of radio frequency
(RF) accelerating cavities and their RF amplifiers as well
as thousands of magnets for steering and focusing charged
particle beams and their power sources. Accelerator designs
are initially optimized by utilizing analytical beam physics
knowledge and simulation studies. Once accelerators are
built their performance does not exactly match the theory
and models on which their design is based.

The differences between actual and designed systems are
due to factors including idealized analytical studies that make
simplifying assumptions and misalignment of accelerator
components. Beyond not matching their designs, accelerator
components and their beams drift unpredictably with time:
1). RF and magnet system amplifiers, power sources, and
reference signals drift with temperature and suffer random
perturbations from the noise within the electrical grid; 2).
The initial 6D (x, y, z, px, Py, Pz) Phase space distribution
of the beams entering accelerators from ion sources or photo
cathodes drift and change unpredictably with time.

Most existing diagnostics are either destructive in nature
or only provide beam-averaged measurements. Transverse
deflecting cavities (TCAV), which can measure the longi-
tudinal phase space (LPS) of relativistic electron bunches,
destroy those bunches in the measurement process [1]. Beam
position monitors (BPM) are non-invasive but only provide

* This research was supported by a LANL Laboratory-Directed Research
and Development (LDRD) Director’s Initiative project 20200410DI.
T ascheink @lanl.gov
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based measurements of energy spread spectra (A). Once
the modeled (red) and measured (blue) spectra converge the
LPS of the measured beam is predicted almost exactly (B).

bunch-averaged position measurements and beam loss mon-
itors provide no beam data beyond specifying a rough esti-
mate of beam loss within a large region of an accelerator.

Because accelerators are uncertain and time-varying sys-
tems tuning and optimization require many hours of manual
tuning. Tuning is especially challenging at older facilities
with limited diagnostics such as the LANSCE linear acceler-
ator at LANL [2], at facilities that must generate extremely
short and intense beams such as FACET-II [3], and at facil-
ities which require complex and precisely aligned interac-
tions between multiple beams such as AWAKE [4]. Even
the latest and most advanced facilities, especially when mak-
ing large configuration changes to accommodate various
experiment setups such as what must routinely take place at
advanced FEL facilities such as the LCLS [5], LCLS-II [6],
EuXFEL [7], PALFEL [8], and the SwissFEL [9].

Adaptive feedback and machine learning (ML) ap-
proaches are growing in popularity for particle accelerator
for magnet tuning [10], non-invasive TCAV LPS diagnostics
based on adaptive models at FACET [11], LPS diagnos-
tics based on neural networks (NN) at SLAC [12], FEL
light output power maximization at the LCLS and at the Eu-
XFEL [13], surrogate modeling [14], detecting faulty BPMs
and for optics corrections at the LHC at CERN by utilizing
isolation forest techniques and NN [15, 16], beam tuning at
the SPEAR3 light source via Gaussian processes [17], and
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Figure 2: The 3D CNN’s output is used as the initial condition for ES tuning.

multiobjective optimization for simultaneous orbit control
and emittance minimization at AWAKE [18], .

NON-INVASIVE DIAGNOSTICS

The FACET-II electron bunches are going to be extremely
intense with nC charges and few fs bunch lengths. It is chal-
lenging to measure the detailed current profiles of intense
bunches which damage or destroy intercepting diagnostics
and because their few fs bunch lengths are shorter than the
resolution of existing TCAV measurements which are lim-
ited to ~3fs for highly relativistic bunches. Non-invasive
LPS diagnostics for intense, short beams would be useful
for most FELs and in particular for particle driven plasma
wakefield accelerators (PWA) such as FACET-II in order
to enable more precise control of bunch profiles. A first of
its kind demonstration of an adaptive non-invasive TCAV
LPS diagnostic was developed and tested at FACET to ac-
curately track and predict time varying LPS measurements
based only on passive energy spread spectrum measure-
ments [11]. Recently, we have begun developing such adap-
tive model tuning-based non-invasive diagnostics for the
FACET-II beam [19]. Preliminary simulation results are
shown in Figure 1 where matching the beam’s energy spread
spectrum resulted in an exact prediction of the LPS. Once
such a diagnostic is up and running, it can enable automated
feedback-based control and tuning of the LPS distribution
of the FACET-II electron bunch, as shown in Figure 2.

ACCELERATOR TUNING AND CONTROL

Pulse Energy Maximization at LCLS and EuXFEL

At the LCLS and the EuXFEL we have applied an adaptive
model-independent feedback control algorithm for automatic
maximization of FEL output power [13]. The main strengths
of this approach are its ability to handle multiple coupled
components simultaneously and tune them based only on
noisy measurements of analytically unknown functions.

Beam Loss Minimization at LANSCE

LANSCE simultaneously accelerates intense space charge
dominated beams of H* and H™ ions and is especially chal-
lenging to tune because of very limited diagnostics (few
BPMs, mostly beam loss monitors). We applied adaptive
feedback to minimize multiple beam loss monitors in various
sections of LANSCE simultaneously by tuning 6 parameters
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Figure 3: Beam losses and RF module settings.

simultaneously; the amplitude and phase set points of the
first three digitally controlled RF modules M, — M4. The
strength of this algorithm was demonstrated when following
a facility wide power glitch the beam came back on with high
losses throughout the machine and the adaptive feedback
was able to minimize them within ~5 minutes as shown in
Figure 3, a task that could have taken up 1 hour of time if
an operator had to iteratively tune all 6 knobs one at a time.

Multi-objective Optimization at AWAKE

At the AWAKE PWA facility at CERN the electron beam
line provides a tightly focused beam lined up with the 400
GeV proton beam for proton-driven PWA of electrons. Due
to coupling, when an effort was made to minimize emittance
growth by adjusting two solenoid and three quadrupole mag-
nets directly following the injector, unwanted changes were
seen in the beam’s trajectory. Therefore we ran two adap-
tive feedbacks simultaneously, the first slowly adjusted 2
solenoids and 3 quads to minimize emittance growth, while
the second adjusted 10 steering magnets at a 3x higher rate
to maintain a desired trajectory, resulting in simultaneous
emittance minimization and trajectory control via 15 param-
eter multiobjective optimization, as shown in Figure 4.
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ADAPTIVE MACHINE LEARNING FOR
TIME VARYING SYSTEMS

Longitudinal Phase Space Control at the LCLS

One limitation of standard ML-based approaches which
use machine or simulation data in order to learn a represen-
tation of an accelerator is the fact that their performance
drifts as accelerator beams and components change with
time. Recently, an adaptive ML approach has been devel-
oped for time varying systems, as shown in Figure 5, and
has been applied at the LCLS to automatically control the
longitudinal phase space of the electron beam [20].

Transfer Learning and Domain Transfer

Additional ways to enable the use of ML for changing
systems are transfer learning and domain transfer. A NN can
be trained on simulation data and then made more accurate
for application to an actual accelerator by utilizing a much
smaller set of machine data. This can also update a model for
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a changing accelerator over time. A recent demonstration of
transfer learning and domain transfer trained a convolutional
neural network (CNN) to map electron backscatter diffrac-
tion (EBSD) measurements to crystal orientations [21]. The
CNN was first trained using >200,000 simulations, the last
few layers were then retrained using only 1000 experimental
measurements. However CNN accuracy was still limited due
to noise and significant differences between experimental
and simulated measurements. As an additional step domain
transfer was applied in the form of training a U-net using
1000 experimental measurements, which pre-filtered experi-
mental data and fed it to the CNN. Transfer learning together
with domain transfer created a CNN for mapping EBSD
measurements to crystal orientations >1000x faster than
existing state of the art EBSD reconstruction methods.

CONCLUSIONS

ML and adaptive feedback control methods are being
developed by accelerator facilities around the world and new
adaptive machine learning methods are enabling the control
and optimization of complex time varying systems.
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SAFETY SYSTEM FOR THE RESPECT OF NUCLEAR REQUIREMENTS
OF SPIRAL2 FACILITY

P. Anger', V. Cingal, J.C. Pacary, S. Perret-Gatel, A. Savalle
GANIL Laboratory, Caen, France

Abstract

The SPIRAL2 Facility at GANIL is based on the
construction of a superconducting, CW, ion LINAC (up to
5mA -40 MeV deuteron beams and up to 1 mA -
14.5 MeV/u heavy ion beams) with two experimental areas
called S3 and NFS.

For safety system, SPIRAL2 project system engineering
sets up a specific reinforced process, based on V-Model, to
validate, at each step, all the requirements (technical,
nuclear safety, quality, reliability, interfaces...) from the
functional specifications to the final validation.

Since 2016, safety devices have been under construction
and in test phase. These tests which are pre-requisites to
deliver the first beam demonstrated that both functional
and safety requirements are fulfilled. Currently, all of them
are in operation for the LINAC and NFS commissioning
phases.

This contribution will describe the requirements, the
methodology, the quality processes, the technical studies
for two system examples, the failure mode and effects
analysis, the tests, the status and will propose you a
feedback.

INTRODUCTION

GANIL is a nuclear physic laboratory based in France
since 1980 and SPIRAL?2 is a new facility to extend the
capability of GANIL.

Officially approved in May 2005, the SPIRAL2
radioactive ion beam facility (Fig. 1) is based on two
phases: A first one including the accelerator, the Neutron-
based research area (NFS) and the Super Separator
Spectrometer (S3) dedicated to heavy nuclei studies, and a
second one including the RIB production process and
building, and the low energy RIB experimental hall called
DESIR [1, 2].

In 2013, due to budget restrictions, the RIB production
part was postponed, and DESIR was planned as a
continuation of the first phase.

The first phase SPIRAL?2 facility is now built and Desir
is under study. The accelerator is installed [3]. The French
safety authority agreement is now validated since 2019
according the validation of all safety system and the
accelerator is under testing. A first p-beam was accelerated
in the LINAC at 33 MeV and injected to experimental hall
(NFS) at the end of 2019 [4]. Actually, the accelerator is
under commissioning with nominal current at high duty
cycle.

T pascal.anger@ganil. fr
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Phase1 objective:
Increase the stable beam power by a factor 10 to 1 energy studies

Phase2 objectives:
- Increasing the RIB production by a factor 10 to 1000
- Extend the range of beams nuclei Z>40 A>80

Figure 1: SPIRAL?2 project layout, with experimental
areas and connexion to the historical GANIL facility.

PROBLEMATIC

The GANIL/SPIRAL2 facility is considered as an
“INSTALLATION NUCLEAIRE DE BASE” (INB),
administrative denomination for nuclear facilities
according to the French law. The GANIL is under the
control of the French Nuclear Safety Authority. The
classification of the SPIRAL2/GANIL facility in the INB
field is due to the characteristics of the beams at the last
acceleration state and the use of actinide target.

The goals are to protect workers, public and environment
against all identified risks (in normal running, the
maximum individual dose is fixed to 1 mSv per year for a
worker, and for the most exposed public in the external
environment, the impact of the installation is fixed to a
maximum value of 10 uSv per year).

Concrete building (14.000 m’) and an 8 meters
underground beam axis, without beam power control is not
sufficient for protection against external exposure to
ionizing radiation. Active safety systems are then required
to control beam losses as well as the operating range.

METHODOLOGY

The objective was to provide all safety system according
to the safety requirements (functionalities, independence,
dependability, and quality insurance) and according to the
beam operation constraints (in particular the safety systems
availability).

Since 2010, we have established a system engineering
management. It is a very structuring approach for a
complex project. The Systems engineering focuses on the
needs definition for the customer and for the functional
requirements, from the beginning of the cycle (V Model
Fig. 2), by documenting the requirements, then with the
synthesis of the conception (design), the realization and the
validation of the system.
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For the safety systems, SPIRAL2 Project uses a specific
Quality Management Plan for the Safety (QMPS). This
plan is naturally based on the Deming cycle but relies, on
the establishment of a particular task force managed to
reach the set of the requirements. This task force
contributes to validate the conformity (Fig. 3) at each
breakpoint or reviews of the V cycle. This checking chain
is composed of an independent technical validation, a
nuclear safety control, an independent dependability
checking, a validation of the integration in the building and
the interface conformity with the other processes, a quality
and documentation checking. All of those links are
required to obtain the safety level for SPIRAL2.

1. Technical designing
2. Technical checking
3. Nuclear safety

6. Quality
Figure 3: Chain for Safety Quality Management Plan.

Concerning the dependability checking, a Failure Mode
and Effects Analysis (FMEA) was realized to eliminate
dangerous failures. Criticality is not taken into account.
The single failure criterion was selected as dependability
criterion. Redundancy, hard-wired systems and dissimilar
redundancy are using for the design principle.

FIRST EXAMPLE: SAFETY MACHINE
PROTECTION SYSTEM

Controlling the accelerator device activation due to
beam losses (beam losses limited to 1 W/m for D+ beams),
along with the target and Beam dump activation as well as
the operating range is then required with a Safety Enlarged
Machine Protection System (EMPS) [5]. This safety EMPS
is a part of the entire MPS.

Beam Intensity Monitoring Subsystem

In order to control continuously the intensities and the
losses, non-destructive beam intensity measurements are
set up along the accelerator. The use of two kinds of non-
destructive measurement chains DCCT (Bergoz NPCT-
175-C030-HR) and homemade ACCT is justified by the
difference of detection principles and by their
complementarities (Fig. 4) [6].
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Figure 4: ACCT/DCCT bloc section and operating range.

The DCCTs measure the intensity of continuous and
chopped beams with a slow response time. The minimum
intensity that can be measured is a few 10 pA due to the
offset level. The homemade ACCTs are very efficient,
they are faster with rise times about 1 pus and with minimum
levels less than 5 pA.

The ACCT or DCCT signal is converted into a pulse
frequency entering counters. The threshold values must
take into account the qualified uncertainty measurement. A
beam cut alarm signal is generated if the counter sets off.

Beam Cuts Treatment Subsystem

This safety-classified subsystem is the core part of the
SPIRAL2 MPS; it is a simple and secured one, based on
two hard-wired system with a PLC for the operation
control (Fig. 5). This system relies in particular on the
following beam monitor subsystems:

ACCT/ DCCT monitors

Scintillation monitors (BLM) [7]

Time of Flight monitor

Beam dump activation control subsystem [8]
Beam dump Cooling subsystem

It receives alarms from each subsystem. Therefore, it
activates the beam cut through commands sent to safe and
slow beam stops in the low energy beam line (response
time: 1.5 s) in association with a temporary RF stop on the
RFQ (response time < 1 ms).

ENLARGED MACHINE PROTECTION SYSTEM (E-MPS)

v v
e v MPS-E PLC \ ‘
[rehiwa— \
. v
- S— Intertace £ups
MPS PLC

Figure 5: Redundant hard-wired system.
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The overall response time was determined by the thermal
and activation calculations with safety margin. The
expected response times are for the fastest 15 ms (10 ms
for the detection, 4 ms for the treatment and 1 ms for the
beam cut) to a few seconds for slower ones.
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SECOND EXAMPLE: LIMITATION OF
DISSEMINATION SYSTEM

The need is to minimize the risk of a volatile
contamination transfer through the beam lines. This
transfer would be caused by a shockwave due to an air
inrush in the vacuum chamber [9]. The main characteristics
are:

¢ A contamination velocity considered of 900m/s (this
speed was measured at CERN [10]).

e The use of discharge gauges and fast isolation valves
with time closing from 10 to 25 ms (Fig. 6).

e An installation of few valve control systems (the
closing of these valves depends of the beam path
configuration in the high-energy beamlines [11]).

e This System is coupled to a fast Beam cuts treatment
and actuator subsystems (RF of RFQ cavity).

Figure 6: Fast valve of VAT Company.

Taking into account the wave front speed and the fast
isolation valve response time, the fast valves are located
over 17m (Fig 7) to the target and the sensor for all beam
paths and with redundancy (17m / 900m.s' > valve time
closing).

W o2 NFs

@
el /)

NFS

LINAC ==1
==

Figure 7: Synoptic of high-energy beam lines.

Concerning the scenario and the timing (Fig. 8):

e In first, if we have a fast vacuum increase, the
discharge gauge detected it in 1ms,

¢ 2 ms later, the valve control box activate the fast valve
and the safety command subsystem.

¢ 1 ms after, the safety command subsystem activates in
parallel a temporary fast beam cut with the
radiofrequency of the RFQ cavity

e 1 ms later, the 200kW beam are cut-off and the fast
isolation valve begin to move

e 1,5 s after a slow beam cut is down (beam stopper in
the beam line)
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Figure 8: Scenario and timing.

Last September, we realized the overall validation with
the beam. So with the excellent subsystem time
characteristics, we have a margin of 2,65 ms over an
effective time of 0,35 ms to protect the valve from the
beam! This safety system was validated with requirement
compliance (Fig. 9).

Test3.7.2 / SCR-11

Sortie test de la carte jauge Potentiométre associé & la perte d'état ouvert de la vanne.

Intnsité faisceau sur s LMECF21 Sortie RF du RFQ

RTM3004 201812011
SN0 Q@ w & o IR Norm 2ms/ Terminé =0
ek Sppiver  Joom  H1 Awetaion . 18V 625 MSa/s 0s Echantillons L
T T2:Startofthe T3:End of the
TD': Wavefront yalve movement valve movement
‘ (valve opened) (valve closed)
|

1 v

== Margin of 2,65 ms /0,35 ms |

T1=TO+350 ps :
LME Beam cut
T1=TO+350 ps :

* RFQrf cut
A
PN

1/6¢ 480769 H:

ey

.;|;60|n 122011;1 At:;;m
B v w0
Figure 9: Validation tests in 2019.

i

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2020). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

500ny

TESTS AND SAFETY VALIDATIONS

For each subsystem, the second phase of the V-cycle has
been respected [12, 13]. It concerns the followings: unit
tests, subsystems tests and global tests, functional tests and
tests in a degraded situation according to the FMEA during
the design phase (Fig. 10).

V-Cycle :

Initial Safety Tests
Periodic Tests
Operating procedure:

Safety
Requirements

Functional and
dependability
specifications

Functional tests
Testsina
degraded situation

Detailed Design

FMEA Subassembly and overall tests

Unit tests, interfaces
Factory Receiving

Implementation

Figure 10: SPIRAL2 Safety V cycle.

Each deviation from the validated design reference
requires analysis, processing and validation by the six links
of the chain for PMQS. After iteration and complete
agreement of the six links, the modifications are carried out
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with an updating of the different documents (diagrams,
technical design files, FMEA ...). A safety-specific quality
summary file is completed to prepare the operation phase
and to be potentially audited during inspections of the
nuclear safety authority.

CONCLUSION

Since 2019, the 22 safety systems for Accelerator and
NFS are now installed, tested, validated and in operation
in compliance with the Safety requirements and with the
quality management.

This status allowed the first Linac beam in 2019 and the
first beam test in NFS.

The last French Safety Authority inspection in 2020
revealed no significant deviation: The SPIRAL2 facility is
safe!

For the safety systems in order to respect the nuclear
requirements of SPIRAL2 facility, our main feedback
concerns the followings:

e The required very low beam level for the detection
(for example few pA with beam current monitors)
integrating the definition of global uncertainties is
brilliantly achieved through a specific development
for SPIRAL2.

o All safety systems architecture, have progressed to be
very reliable and have been hardened by Failure Mode
and Effects Analysis (FMEA) through the use of

principle like redundancy, dissimilarity,
simplification, auto-testing and degraded mode
studies

e The performances for every fast system are achieved
with margins

e The V-cycle time is long for some system between the
start of the design in 2011 and the overall validation
in 2019 because time is the main adjustment variable.
There has been no change in the safety, the technical
performances and the cost requirements.

The goal is reached: Providing complex instrumentation,
with multidisciplinary teams, meeting the SPIRAL2 safety
and quality requirements, is a technical and human
challenge that the SPIRAL2 team has raised.

The new and important work, that has been done on the
SPIRAL2 project, to make a high intensity accelerator a
safe installation, should allow our accelerators to progress
and be safer.

Such as needs = Such as designed = Such as installed and
tested = Such as in operation
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Abstract

Recently, various efforts have presented Machine Learn-
ing (ML) as a powerful tool for solving accelerator problems.
In the LHC a decision tree-based algorithm has been applied
to detect erroneous beam position monitors demonstrating
successful results in operation. Supervised regression mod-
els trained on simulations of LHC optics with quadrupole
errors promise to significantly speed-up optics corrections
by finding local errors in the interaction regions. The imple-
mentation details, results and future plans for these studies
will be discussed following a brief introduction to ML con-
cepts and its suitability to different problems in the domain
of accelerator physics.

INTRODUCTION

Accelerator physics problems build a wide range of com-
plex numerical and analytical tasks, e.g. modeling of dif-
ferent aspects of beam behavior, machine performance opti-
mization, measurements data acquisition, and analysis. The
growing complexity of modern and future accelerators pro-
vides the motivation to explore alternative techniques, which
can complement traditional methods or even surpass their
performance and offer opportunities to build more efficient
and powerful tools. Machine Learning (ML) techniques
have been introduced into numerous scientific and industrial
areas demonstrating human-surpassing performance in pat-
tern recognition, forecasting, and optimization tasks. These
ML concepts can find analogies in the domain of accelerator
physics as it will be shown in the following.

Considering the particular case of optics measurements
and corrections, traditional techniques meet their limitation,
e.g. dealing with erroneous signal artefacts that cannot be
related to known patterns in the measurements data. Unsu-
pervised ML techniques cover these limitations by learning
the thresholds for anomalies detection directly from the given
data as it will be shown on the example of identification of
beam position monitors (BPM) faults. Another example is
the optics perturbations caused by magnetic gradient field
errors, which have to be corrected in order to control the
beam optics. Supervised ML models built on simulations
of the optics perturbed with thousands of realisations of
quadrupolar magnet errors can predict the actual magnetic
errors present in the machine, providing additional infor-
mation for the computation of correction settings. Due to
hardware and electronics issues, the signal measured at the
BPMs suffers from noise that produces uncertainties in the

* elena.fol @cern.ch
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optics functions reconstructed from the harmonic analysis
of BPM turn-by-turn readings. For this problem a special
kind of Neural Networks named Autoencoder has been ap-
plied as a denoising technique improving the precision of
phase measurements, thus potentially leading to more pre-
cise computed corrections based on the measured optics.
The following section presents a short overview on latest
achievements of applying ML to different types of particle
accelerators.

MACHINE LEARNING CONCEPTS IN
ACCELERATOR PHYSICS

The concept of ML is known since the middle of the last
century. The definition of ML is referred to computer pro-
grams and algorithms that automatically improve with expe-
rience by learning from examples with respect to some class
of task and performance measures without being explicitly
programmed [1]. Based on this definition we can determine
a domain of accelerator tasks that can be potentially solved
using ML techniques. Such tasks can be concerned by build-
ing models where analytical solutions do not exist, but the
models can be “learned” from given examples instead of
building them from sets of explicit rules. When building
ML solutions, we should define a performance measure, e.g.
accelerator performance parameter such as beam size or
pulse energy. It is also important to differentiate a specific
“class of task”, such that ML tools are designed for particu-
lar accelerator components which can be easily tested and
controlled. Currently existing ML-based methods for accel-
erators can be divided into virtual diagnostics, control and
optimization, anomaly detection and predictive modeling. A
more detailed overview for beam diagnostics can be found
in [2, 3], recent advances for the field of ML for accelerators
control are described in [4-7].

Most of the ML efforts in accelerator physics are being
developed for automatic machine optimization, since ML
methods demonstrate notable advantages compared to nu-
merical techniques in solving control tasks for non-linear,
time-varying systems with large parameter spaces. Two
techniques have found an especially wide application in
this domain - Bayesian optimization [8] and Reinforcement
Learning [9, 10]. Control tasks can be approached in both
model-based and model-independent ways, e.g. using adap-
tive learning techniques to implement feedback algorithms
for optimizing and tuning complex noisy systems [11-13].
Predictive modeling techniques also include Gaussian Pro-
cesses, which can be used to build models relating a set of
parameters (e.g. quadrupole settings) to an optimization
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Figure 1: Comparison between S-beating measured from
SVD-cleaned data and additional cleaning with IF. The data
is obtained during ion commissioning in 2018.

function (e.g. pulse energy) offering the advantage to be
able not only to give predictions, but also estimate uncer-
tainty bounds [14]. ML concepts provide techniques to build
virtual diagnostics tools that can assist in case a direct mea-
surement would have negative impact on operation or in the
locations where no physical instrumentation can be placed.
The diagnostics of various beam properties using surrogate
models has been applied at various facilities [15-19].

ML.-based tools are being developed to tune and control
machine and beam behaviour [20-23]. Recently, a fully-
automated collimators alignment based on beam loss spikes
classification using supervised learning has become a stan-
dard tool in the LHC operation. This approach significantly
reduced time and human effort needed for the the setup of the
collimators system [24]. Further ML-techniques for beam
dynamics studies at the LHC are presented in [25] demon-
strating applications for optimisation of beam lifetime and
losses, detection of collective beam instabilities and beam
heating effects, as well as outlier detection in dynamic aper-
ture simulations. Anomaly detection techniques are suitable
for the detection of unusual events that do not conform to
expected patterns. It can be performed using classification
on labeled data (supervised learning), unsupervised learning
techniques including clustering or semi-supervised learn-
ing methods such as autoencoder. One of the examples of
anomaly detection at the LHC, the detection of faulty BPMs
is presented in detail in the next section.

UNSUPERVISED DETECTION OF
FAULTY BEAM POSITION MONITORS

In presence of faulty BPM signal, the optics functions
computed from harmonic analysis of BPM readings [26,27]
are contaminated by outliers, which have to be manually
removed followed by repeated optics analysis. Most of the
noise and faulty signals can be removed using predefined
thresholds, as well as through applying advanced signal-
improvement techniques based on SVD [28]. However few
nonphysical values are usually observed in the optics com-
puted from the data cleaned with these techniques. In order
to reduce the manual effort and save operational time, an
anomaly detection technique called Isolation Forest (IF) [29]
has been incorporated into optics measurements software
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infrastructure. IF is a decision-tree-based algorithm, which
requires only the expected contamination rate (fraction of
outliers in the data) as input parameter. This method re-
cently became a standard part of optics measurements at
LHC and has been successfully used during beam commis-
sioning and machine developments under different optics
configurations in 2018. Operational results, statistics on
simulations, and comparison to clustering techniques can be
found in [3,30]. Application of IF algorithm significantly
improved the reliability of the obtained optics functions and
reduced the human efforts in cleaning of measurement data.
We were able to identify faulty BPMs independently of the
settings of previously-available cleaning tools. Determining
the optimal values of the SVD settings has been shown to be
crucial for the performance of the SVD-based cleaning tech-
nique [31]. However, when applying the SVD-based method
with optimal settings obtained from extensive simulations
studies, we could not match the results achieved using IF
algorithm.

Reconstructing the optics from the harmonic-analysis data
excluding the bad BPMs identified by IF prevents the appear-
ance of outliers in the computed optical functions. Figure 1
shows an example of improving the optics computation us-
ing IF-cleaned data. It has been shown that IF is capable
to identify the BPMs failing in most of the measurements,
whose fault reasons could not be observed previously in the
properties of the signal. Generally, we demonstrated the abil-
ity of IF technique to complement efficiently the traditional
cleaning tools by removing the remaining faulty BPMs.

SUPERVISED REGRESSION MODELS
FOR OPTICS CORRECTIONS

Currently, LHC optics corrections are performed in two
steps, i.e. local corrections based on Segment-by-Segment
technique [32] and global corrections using Response Matrix
approach. Local corrections are applied around Interaction
Points (IPs) where the quadrupoles are individually powered,
while global corrections are performed by trimming also the
circuits - quadrupoles powered in series [33,34]. These meth-
ods allow achieving unprecedentedly low S-beating [26],
however the currently applied methods do not offer the pos-
sibility to estimate the entire set of actual individual magnet
errors around the ring. Supervised regression models trained
on a large number of LHC simulations demonstrate the po-
tential to predict the individual quadrupole errors from the
measured optics perturbations caused by these errors.

Building a Supervised Model

The general idea of applying supervised learning to op-
tics corrections is to build regression models that use the
difference between measured and design optics as input fea-
tures and produce the magnet errors as output. The first
preliminary approach is presented in [35] and is based on
the optics perturbations introduced by quadrupoles powered
in series excluding the errors in the triplet magnets around
the IPs. Here we present a more realistic approach, where
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the simulated optics perturbations are introduced by single
quadrupole errors around the entire ring including the IP
triplets. In order to build the training set, we randomly as-
sign errors to all quadrupoles available in the LHC according
to the expected error distribution [36] and apply these errors
using the settings for 2018 optics with 8* = 40 cm. We use
simulated phase advance, 8*, and normalized dispersion de-
viations from the ideal optics as model input (3346 features
in total). The output variables are the quadrupole errors
used to introduce the simulated deviations from the design
optics (1256 target variables). Gaussian noise generated as
a random distribution with the factor 1073 x 27 and scaled
by /B, B-function value at the BPM location, are added to
the simulated phase advance measurements used as input
features. The normalized dispersion is given Gaussian noise
of 4 x 1073 v/m estimated from the measurements in 2018.
As it was shown in [37], applying complex models such as
Orthogonal matching pursuit or convolutional neural net-
work does not result in significantly better corrections, so
we use a least-squares linear regression with weights regular-
ization [38,39] as baseline model for the following studies.

Table 1: The effect of noise on the predictive power of a
regression model. Regression models are trained on 60 000
samples, using only the noisy phase advances as input fea-
tures, simulated for 2016 optics with 5* = 40 cm. Mean
absolute error (MAE) of prediction is given in the units
of absolute quadrupole errors [107m™2]. R? defines the
coeflicient of determination.

Noise [27r] Total MAE Triplets MAE R’

5%x107* 1.71 1.44 0.67
1x1073 2.19 1.48 0.43
2% 1073 2.5 1.52 0.25
4%1073 2.69 1.57 0.13
6x1073 275 1.59 0.09
8 x 1073 2.79 1.61 0.07
1 %1072 2.82 1.61 0.05

Evaluating Regression Models

To be noted that, due to degeneracy, there are infinite pos-
sible error distributions that reproduce the same behaviour
and hence, a solution to determine a unique set of quadrupole
errors from the optics perturbations does not exist. However,
we can validate the regression models from the ML point of
view since the simulated errors used as true output values in
training data are available. The typical figures of merit for
regression tasks are the mean absolute error (MAE) to com-
pare the difference between true target values and the output
of the model and the coefficient of explained variance (R>
score). In order to conclude on the learning performance,
the dataset is separated into training (80%) and test (20%)
sets. A big increase in the number of training samples does
not necessarily result in a large increase of predictive power
of the model. Considering the amount of time and storage
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Figure 2: Model cross validation based on the loss (MAE)
and R? coefficient depending on the number of available
samples. The loss is constantly decreasing with the grow-
ing number of samples, while R? is increasing. This trend
indicates a reasonable learning behaviour, however using
datasets larger than ca. 70 000 samples does not improve

the scores significantly.
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Figure 3: Results of triplet error prediction using LR model
trained on 3304 input features, 100 000 samples demonstrat-
ing the relative error prediction in single quadrupoles in the
triplets. The computed slope is the correlation between true
values and residuals, indicating the generalization error of
the model.

needed to handle the training simulation data, especially
for the future online application, we need to determine the
optimal training set size. The change of the model scores
with respect to the number of samples (learning curve) also
indicates the ability of the model to learn from the given
data and indicates the dataset size required to achieve the
optimal model performance as shown in Figure 2. In the
next section we present the results from the regression model
using 75 000 samples in total for training and test.

Results

The final evaluation of the model is performed on 100
independently-generated simulations. We define the cor-
relation between the size of the simulated magnet errors
and the size of residuals (difference between true and pre-
dicted values) as generalization error and compare the rms
values of simulated and predicted error distributions. Fig-
ure 3 demonstrates the results of the errors prediction of the
triplets quadrupoles located close to IPs and producing the
largest optics perturbations.
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The previously described results are obtained from simu-
lations. We also investigate the ability of regression models
to compute magnet errors to correct the S-beating in the
virgin machine, using LHC data from 2016 commissioning,
measured for 8* = 40 cm before any corrections. Since
normalized dispersion and 8* are not available in this mea-
surement set, we need to train the model using only the
phase advance deviations from ideal optics as input features.
In this case, the model achieves significantly smaller train-
ing and test scores than regression model trained on larger
amount of features (R> = 0.45 compared to 0.78), demon-
strating the importance of normalized dispersion and 8* for
the magnet errors reconstruction. Since the actual magnet
errors generating the measured optics perturbations in the
uncorrected machine are unknown, we cannot evaluate the
model prediction as in the case of simulations. Instead, we
reconstruct the S-beating from the predicted quadrupole er-
rors and compare it to the measurement. The difference is
then the expected remaining optics errors after applying the
predicted strengths as corrections. According to the residual
[-beating obtained by comparing the measured and the re-
constructed optics using the predicted magnetic errors, the
absolute -beating in Beam 1 can be potentially reduced
from rms values of 12% and 54% to 2% and 7% in hori-
zontal and vertical planes, respectively. For Beam 2, the
rms S-beating decreases from 49% to 9% in the horizontal
and from 12% to 3% in the vertical plane. The obtained
regression-based corrections can be potentially improved
by training a more powerful model including the sextupoles
misalignments and non-linear effects. In case non-linearities
are added, a Neural Network (NN) regression model will be
potentially needed in order to resolve non-linear correlations
using the hidden layers. The application of NN can be also
advantageous for the training procedure. After training a
NN-model for a specific optics setting, we can avoid fully
re-training a new model for a different optics. Instead, only
the last layer will have to be re-trained on additional data for
the new optics. This can reduce the amount of training data
and time needed to create predictive regression models.

We also investigated the effect of the noise on predictive
power of the model. The comparison of prediction errors
between models trained on the input data given different
noise factors is shown in Table 1. Loss values indicate that
the accuracy of the triplet errors prediction is less concerned
by the noise than the rest of the magnets. The study shows
how important is to keep the measurements noise level as
low as possible. Next section focuses specifically on this
problem and its possible ML-based solution.

RECONSTRUCTION AND DENOISING OF
PHASE MEASUREMENTS

As shown in Table 1, reducing the noise in the phase-
advance measurement used as input for quadrupole errors
prediction models can potentially improve the accuracy of
the prediction. Moreover, the presence of the noise enforces
acquisition of several turn-by-turn measurements for each
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beam in order to obtain statistically significant error bars
in the optics functions caused by the uncertainties due to
the noise in BPM signal. A possible ML-based solution
to reduce the noise in the phase measurements is the ap-
plication of autoencoder [40]. We trained an autoencoder
network on a set of noisy phase measurements simulated as
described in the previous section as well as the originally
simulated phase measurements. During the training, the
autoencoder aims to minimize the difference between true
output, i.e simulated phase advances without noise, and the
output produced by the network from the noisy input data.
To perform the denoising and produce the original phase
as output, the model needs to extract features that capture
relevant information in the data. Applying an autoecoder
trained on 10 000 simulated phase advance measurement
sets demonstrates the reduction of the simulated phase noise
by a factor of 2.

Another potential application of autoencoder is the recon-
struction of missing BPM signal. We trained an autoencoder
using simulated phase advance measurements set where
10% data points have been replaced by 0 indicating a miss-
ing value, e.g. if a BPM has been identified as faulty and
removed in previous analysis stages. As training output we
provide the original set of phase advances without missing
values, such that autoencoder output can be compared to
this original output. The training target is to minimize the
difference between original phase advances and autoencoder
output. The MAE computed for 100 validation samples
is 0.93 x 1073[27]. This method can be applied in order
to reconstruct the missing values to provide the input to
quadrupole errors prediction regression models trained on
simulations.

SUMMARY

Although ML techniques have found their first applica-
tions in accelerator physics just a few years ago, they already
have been proven as powerful tools for various control, opti-
mization and automation tasks. We presented several appli-
cations developed for optics measurements and corrections
at the LHC. Operational results of the application of deci-
sion tree based technique for faulty BPMs detection show
its effectiveness and advantages compared to the cleaning
using the traditional techniques only.

The application of regression models allows to gain knowl-
edge about quadrupole errors in the LHC obtaining the entire
set of errors around the ring in one step as demonstrated
by simulating the LHC optics. It was possible since the the
trained model was able to relate the optics deviations from
ideal model to magnets errors that caused these perturba-
tions. This has been shown on simulations of 2018 optics as
well as on LHC measurements from 2016 commissioning.
The quality of phase measurements which is the fundamental
part of optics and corrections computation can be potentially
improved by applying autoencoder network in order to per-
form denoising of the measured data and reconstruct the
missing BPM signal.
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A NOVEL NONDESTRUCTIVE DIAGNOSTIC METHOD FOR MeV
ULTRAFAST ELECTRON DIFFRACTION

X. Yang', J. Li, M. Fedurin, V. Smaluk, L. Yu, L. Wu, Y. Zhu, T. Shaftan,
Brookhaven National Laboratory, Upton, NY 11973, USA
W. Wan, ShanghaiTech University, Shanghai, China

Abstract

A real-time non-destructive technique to monitor Bragg-
diffracted electron beam energy, energy-spread, and spa-
tial-pointing jitter by analysis of the mega-electron-volt ul-
trafast electron diffraction pattern, is experimentally veri-
fied. The shot-to-shot fluctuation of the diffraction pattern
is decomposed into two basic modes, i.e., the distance be-
tween the Bragg peaks as well as its variation (radial mode)
and the overall lateral shift of the whole pattern (drift
mode). Since these two modes are completely decoupled,
the Bragg-diffraction method can simultaneously measure
the shot-to-shot energy fluctuation with 2 - 10™* precision
and spatial-pointing jitter in the wide range from 10™* to
1071, The key advantage of this method is the possibility
to extract the electron beam energy spread concurrently
with the ongoing experiment. This enables the online opti-
mization of the electron beam, especially for future high-
charge single-shot ultrafast electron diffraction (UED) and
ultrafast electron microscopy (UEM) experiments. Fur-
thermore, the real-time energy measurement enables filter-
ing out off-energy shots, improving the resolution of time-
resolved UED. As a result, this method can be applied to
the entire UED user community, beyond the traditional
electron beam diagnostics used by accelerator physicists.

INTRODUCTION

In recent years, there has been a growing interest in de-
veloping single-shot mega-electron-volt (MeV) ultra-fast
electron diffraction (UED) systems [1-12]. Comparing to
the commonly used electron diffraction in the 100 keV en-
ergy range, the main advantages of relativistic electron dif-
fraction are reduced space charge effects and the higher
penetration depth. The UED can also resolve much finer
structural details compared to X-rays due to the hundreds-
fold shorter wavelength of electrons in the required sub-
picosecond timescale. However, single-shot imaging with
high spatial resolution and small beam size on the sample
is a significant challenge and it requires much brighter
electron sources. For instance, the RF gun needs to be three
orders of magnitude brighter than the present state-of-the-
art guns to outrun beam-induced damage of the sample in
biomolecular single-particle imaging, achieving “diffrac-
tion-before-destruction” [13]. On the other hand, the multi-
shot operation requires significantly reduced beam bright-
ness, but with much lower tolerances to the shot-to-shot
energy and spatial-pointing fluctuation. To meet these re-
quirements, we need a real-time non-destructive monitor
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of the electron beam energy and spatial-pointing jitter to
characterize the shot-to-shot energy fluctuation and energy
spread of the electron beam.

Here we report our proof-of-principle experiment of
characterizing the shot-to-shot energy jitter, spatial-point-
ing jitter, and energy spread of the electron beam for UED
and UEM using a novel Bragg-diffraction method (BDM).
The experiment was carried out on the existing high-charge
high-brightness low-energy electron source developed at
Brookhaven National Laboratory (BNL) with the capabil-
ity of generating 3.3 MeV electron bunches with 10 pC
charge (0.62-108 electrons) and 0.1 to 1 ps bunch length
[10,11]. We were able to measure simultaneously the shot-
to-shot energy fluctuation and spatial-pointing jitter of the
electron beam in real-time via eigen-decomposing the var-
iation of the diffraction pattern to two decoupled modes
(radial and transverse) and obtain the dispersion of the
beamline optics at the detector. Beyond tracking changes
of the intensity, position, and width of diffraction patterns
[14], we applied the dispersion and Bragg-diffraction (BD)
peak width to extract the beam energy spread. The meas-
ured beam energy spread agrees reasonably well with Im-
pact-T simulations [15] and with the direct beam-size
measurement without crystal diffraction. The non-destruc-
tive measurement of the electron beam parameters and
beamline optics opens a possibility of online minimization
of the shot-to-shot energy jitter, spatial-pointing jitter, and
energy spread, which is impossible with the conventional
dipole-based diagnostic tools. We have experimentally
demonstrated the BDM can provide a nearly complete set
of beam-based diagnostic information for online optimiza-
tion of the RF system stability and minimization of the dis-
persion at the detector. This is crucial for the future devel-
opment of single-shot UED and UEM facilities with high-
charge electron beam.

EXPERIMENTAL RESULTS

The schematic layout of the UED setup is shown in
Figure la. The peaks of a BD image shown in Fig. 1b are
formed by the summation of the intensity distribution of all
diffracted electrons. The diffraction pattern of a single elec-
tron is determined by the constructive interference gov-
erned by Bragg’s law 2d sin 8 = nA, where 0 is the inci-
dent angle, d is the crystal interplanar distance, A is the de
Broglie wavelength, n is the order of Bragg reflections. For
the data analysis, we choose two BD peaks (i and j in
Fig. 1b) with the largest separation, highest peak intensi-
ties, the same reflection order (ni,j = n) and crystal inter-
planar distance (di,j = d). Before, we compared the result
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from one BD-peak pair (i and j) to the result from two pairs

(i and j, k and 1) and found them similar. The separation

between this highest-intensity peak pair (Dij) is determined

by the interplane distance d, the distance between the sam-

ple and the detector LS2D and the electron beam energy E:
Dij(E' d) =Lszp -

{tan[26;(E, d)] — tan[26;(E, d)|} = Lszp - 2 -

tan [251n‘1 (%;E))] ~ Lgyp -%(E) )

Figure 1: (a) Schematic layout of the UED beamline with
marked positions of the UED sample chamber, the YAG
screens, and the detector. All the quadrupoles were turned
off. (b) Single-shot Bragg diffraction image on the detec-
tor. Miller indexes of the Bragg peaks used in data analysis
are labelled by yellow colour.

This separation between two BD peaks i and j can be
used to measure the electron beam energy and shot-to-shot
energy jitter: Alfi;j = % =— A?E. The center position of a BD
peak can be fitted with precision about 0.05 pixel, which
determines the ultimate precision of the energy and energy
jitter measurement as 10-4. There is no need for the de-
tailed information of the crystal interplanar distance and
the sample-to-detector distance unless one wants to cali-
brate the absolute beam energy.

There are two basic components associated with the
shot-to-shot fluctuation of the BD image. We call the ex-
pansion and contraction of the BD image in the radial di-
rection with respect to the image center as the radial mode,
and the transverse motion of the whole BD image as the
transverse mode. The shot-to-shot energy jitter contributes
to the radial mode only, as shown in Figure 2.
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Figure 2: The shot-to-shot energy fluctuation AE/E meas-
ured at two different beam energies: 0.216% rms at EQ
(green) and 0.239% rms at 1.06EQ. They are similar.

The transverse mode includes both the spatial-pointing
jitter and the dispersive jitter resulted from the combina-
tory effect of the non-zero dispersion at the detector and
the shot-to-shot beam energy fluctuation. The horizontal 7,
and vertical 7, dispersion at the detector is caused by the
steering from the Earth's magnetic field [10, 11], orbit cor-
rectors and the beam off-center at the solenoid. When the
beam energy fluctuates shot-to-shot, the non-zero disper-
sion at the detector results in the transverse motion 4R of
the BD image:
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Figure 3: The shot-to-shot pointing jitter measured at two
different beam energies: EO (black) and 1.06E0 (red), the
energy jitter is comparably small. The results are similar,
about 10 prad spatial-pointing jitter in both horizontal (top)
and vertical (bottom) direction.

If the shot-to-shot energy jitter is small (<0.3% without
a slow drift or periodic oscillation), the transverse mode is
mainly determined by the spatial-pointing jitter of the UED
system (e.g. shot-to-shot laser pointing jitter at the
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cathode), as shown in Figure 3. However, the spatial-point-
ing jitter still can be extrapolated from the uncorrelated part
of the shot-to-shot ‘pointing jitter vs energy jitter’ depend-
ency, even if the shot-to-shot energy jitter is large. Both
cases give similar results, about 10 prad in both horizontal
and vertical directions.

The correlation between the transverse motion of the BD
image and the energy jitter can be applied to measure the
dispersion. Several sets of data with a large (about 2%
peak-to-peak) shot-to-shot energy jitters being were col-
lected and analysed. The overall error of the dispersion
measurement is about 6% estimated as \/e? + eZ. Here the
error e; = 0.02 is caused by the use of different data analy-
sis methods, and e> = 0.06 is the statistical error. By fitting
the pointing jitter vs energy jitter (Fig. 4), we obtain the
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Figure 4: Top: energy jitter (blue, left y-axis) and pointing
jitter in y (orange, right y-axis) vs shot number. Bottom:
correlation of the pointing jitter and energy jitter.

Different widths o, and o, of BD peaks are caused by
the different dispersions #, and 7, and the non-zero beam
energy spread 0E/E. With the reasonable assumption €, =

&y, and B, = B, based on the previous experimental result
. SE oy -0%

[10], we can obtain the beam energy spread T |
vy~ lx

using the dispersion measured by the BDM. We compared
the energy spread obtained from the measured BD peak
widths to the direct beam size measurement without crystal
diffraction. The results are consistent and agree reasonably
well with Impact-T simulations, as shown in Figure 5. The
horizontal error bars come mainly from the laser power
fluctuation.
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Thus, the BDM can be used to measure the shot-to-shot
energy fluctuations, the dispersion, the spatial-pointing jit-
ter, and the beam energy spread. Furthermore, the BDM
can be applied to calibrate the electron beam energy in real-
time with different RF settings. We measured the beam en-
ergy while the RF high-voltage amplitude was varied, the
results are shown as Fig. 6a. We also modulated the low-
level RF (LLRF) input of the high-voltage amplifier with a
sine wave and measured the beam energy variation by the
BD method, the result is shown in Fig. 6b. The reason why
we chose to vary the beam energy via modulating the am-
plitude of the LLRF drive signal is that this modulation
varies only the RF amplitude not the phase seen by the
beam. This feature allows the measurement to be
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automated because there is no need for the phase correction
during the measurement.

CONCLUSION

It is important to monitor the stability of the electron
beam non-destructively during the UED experiments. The
novel BDM provides an in-situ measurement of the elec-
tron beam parameters and beamline optics. Compared to
the conventional destructive method based on the beam de-
flection by a dipole magnet, the unique combination of
non-destructiveness and capability of simultaneous meas-
uring the electron beam energy, position and width enables
the online optimization of the beam parameters. This is es-
pecially important for the future high-charge single-shot
UED and UEM development. The dispersion can be meas-
ured precisely with a large shot-to-shot energy oscillation.
However, if the energy fluctuation is small, we can delib-
erately introduce an RF modulation with the desired am-
plitude. The BDM can also be a powerful tool for the RF
system diagnostics and troubleshooting. As a further devel-
opment, we plan to install a quadrupole quadruplet down-
stream of the mirror reflecting the diffraction pattern to the
detector. This mirror has a hole in the center allowing the
core of the non-interacted electron beam to pass through
and reach the dump. The standard quadrupole scan can pro-
vide missing information of the beam emittance to make
the online non-destructive diagnostic package complete
[16].
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FLASH RADIATION THERAPY: ACCELERATOR ASPECTS

Patriarca’, L. De Marzi, S. Meyroneinc, V. Favaudon, Institut Curie, Orsay, France

Abstract

One of the new paradigms in radiation therapy (RT) is
the FLASH dose delivery irradiation technique. The
FLASH methodology consists in delivering millisecond
pulses of radiation (total beam-on time < 100-500 ms)
delivered at a high mean dose-rate (> 40-100 Gy/s) and
pulse amplitude (> 106 Gy/s), over 2000 times faster than
in conventional RT. New accelerator ideas are under de-
velopment or are being tested to deliver this type of beam.
In this paper we will report the accelerator technology
used for the pre-clinical studies and the necessary devel-
opments to deliver this novel dose RT technique.

INTRODUCTION

Radiation therapy (RT) is one of the most effective
cancer treatment and control, and is used in the treatment
of 50 to 60% of cancers. Over 95% of the cancer treat-
ment using RT techniques are realised with linear acceler-
ators delivering MV photons or electron of less than 25
MeV. These machines are combined with multi-leaf col-
limators to adapt the beam to the tumour shape and imag-
ing devices for positioning the patient. One of the main
limitations of RT is that the dose delivered to the tumour
is constrained by the dose that can be tolerated by the
surrounding normal tissues. Recently, a strategy to over-
come this limitation, based on the optimisation of the
dose delivery method by using non-conventional temporal
microstructures of the beam was proposed [1]. The so-
called FLASH-RT has emerged. In the following, a short
review of the main pre-clinical radiobiology studies is
presented with a special focus on the accelerators used to
deliver a FLASH irradiation. Subsequently the up-to-date
machine designs for clinical applications are discussed.

THE FLASH EFFECT

The "FLASH effect” was proposed by Favaudon et al.
at Institut Curie (France) [1] as the result of very high
dose-rate irradiation (pulse amplitude > 10° Gy/s, or mean
dose rate > 40 Gy/s), short beam-on duration (< 500 ms)
and large doses per fraction (> 10 Gy) on in-vivo samples
[2]. The lung fibrogenesis in C57BL/6J mice receiving
15-17 Gy in bilateral thorax irradiation with 4.5 MeV
pulsed electron beams was investigated. Animals were
exposed to single doses in short pulses so that the total
irradiation time was less than 500 ms. Mice were also
exposed to “conventional” (CONV) dose-rate irradiations
(< 0.03 Gy/s). No complications were developed on the
healthy tissues after a FLASH irradiation (up to 23 Gy),
while the CONV treatment generates lung fibrosis in the
totality of the irradiated animals. In contrast, FLASH was
as efficient as CONV when irradiating tumours (Fig. 1).
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These results were also reproduced and thoroughly ex-
tended by several teams in the last five years. In particu-
lar, the group headed by Dr. Vozenin in Lausanne (Swit-
zerland) reported excellent results on mice, cats, pigs
(summarised in a review article [3]), and a promising
outcome in the treatment of a first human patient has also
been reported [4]. Very recently, the biological mecha-
nisms that underlie the FLASH effect in lung have also
been identified [5].

Control
P s
N

e L
4 L

50 ym

15 Gy FLASH

24 weeks pi

Figure 1: FLASH irradiation spares lung at doses known
to induce fibrosis in mice following conventional dose-
rate irradiation (CONV) (modified from [1]).

ACCELERATORS USED IN THE PRE-
CLINICAL FLASH STUDIES

In the next section, an overview of the machines used
to study the FLASH effect is presented.

Prototypes Low-Energy Electron LINACs

Kinetron, the ‘“reference” accelerator used by Dr.
Fauvaudon at Institut Curie is a S-band linear electron
accelerator designed by a French company (CGR-MeV)
in 1987 to investigate free radical reactions in macromol-
ecules at the submicrosecond time-scale and the electron
transfer kinetics [6] (Fig. 2). It is a compact electron linac
with nominal energy of 4.5 MeV, and a set of parameter
easily adjustable as the pulse repetition frequency (0.1 —
200 Hz), the pulse length (0.05 — 2 ps) and with a mean
dose rate up to 7000 Gy/s. The Kinetron is powered by a
magnetron and is fitted with a thermionic triode electron
gun. Precise adjustment of the grid potential of the triode
allows the total control of the emitted current and pulse
width in the FLASH operating mode. A more complete
description of the machine parameters can be found in [6,

71.
Oriatron eRT6, the general design of the machine by
PMB-Alcen was derived by the Kinetron. The 6 MeV
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experimental linac was recently installed at the Lausanne
University Hospital (Switzerland) also for preclinical
studies. The specificity of the eRT6 accelerator design is
the possibility to work at high-dose rates using a much
higher beam current (maximum peak current ~ 300 mA
and mean value of 30 pA) than conventional electron
clinical machines (peak current ~ ImA and mean value of
0.1 pA). More details can be found in [8].

Figure 2: Kinetron accelerator.

Modified Clinical Electron LINACs

The following linacs [9, 10] have been successfully
employed to deliver electron beams with dose rate ex-
ceeding 200 Gy/s. The bremsstrahlung target was re-
moved and the irradiation position of the samples was
chosen to be an intermediate position inside the treatment
head allowing a good compromise between dose rate,
field size and flatness. However, the field sizes obtained
are only suitable for small-animal experiments.

Schiiler et al. [9] succeeded in delivering FLASH dose-
rates (~ 200 Gy/s) using a modified Varian Clinac 21EX
at 9 and 20 MeV. A 13-fold increase in dose rate was
observed for the 9 MeV beam at 400 nA and a 40-fold for
the 20 MeV beam at 110 nA.

Lempart et al. [10] also proposed some methods to
achieve an increased dose rate (up to 300 Gy/s) on an 8
MeV Elekta Precise linac in particular by removing the
scattering foils from the beam path.

Photons Sources: Synchrotron Light Sources

To date, FLASH effect using photons beams has been
demonstrated using ultrahigh dose rate x-ray beams gen-
erated at a synchrotron light source (the European Syn-
chrotron Research Facilities - ESRF, France) [11]. A qua-
si-continuous 100 keV x-rays beam was delivered with an
in-slice dose rate of 12,000 Gy/s (200 mA peak current,
mean dose rate 37 Gy/s). Despite a major interest as a
research tool, synchrotron beams are now limited as they
can only cover small field sizes, and in addition kV x-rays
are usually not well suited for the treatment of deep-
seated tumours.
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Protons Sources: Cyclotrons

Several research groups are investigating the feasibility
of FLASH-RT with proton beams. In particular, the capa-
bilities of proton accelerators to achieve high instantane-
ous pulsed dose rate and high mean dose rate as required
for the FLASH effect [12, 13, 14] are investigated. A
group from Institut Curie (France) published an example
of irradiation setup that can be found in Fig. 3 [12]. Very
recently, Diffenderfer el al. [15] has demonstrated a sig-
nificant FLASH effect while irradiating mice intestine
(loss of proliferating cells in intestinal crypts) with a 230
MeV scattered proton beam at high dose-rate (around 90
Gy/s) with an isochronous cyclotron. This promising
result is however mitigated by the maximum field size
that can be used to ensure such a dose rate, limited to a
few cm diameter targets.

Monitor
chamber

(a)

perimental area

&

Tonization dhamber
Range modulator

Beam direction

catterer

£
=
r
@
o
=
]
-4

<~ FLASH setup

=
=1
=]

500 400

Distanc @

Irradiation point
40 Gy/s

(b)

Figure 3: (a) Beamline used for the proof of concept of
FLASH proton irradiation at Institut Curie and (b) setup
for small animal experiments.

ACCELERATORS FOR CLINICAL FLASH
IRRADIATIONS

In the attempt to bring FLASH-RT towards clinical op-
erations, the accelerator “magic bullet” is still to be de-
fined. Among the challenges to be solved, from the accel-
erator point of view one should answer the question: how
to produce beam intensities capable of delivering tens of
Gy in less than 500 ms, and preferably not more than 100
ms? There is an evident need to increase by hundreds-fold
the beam output of the machine, which ideally has to fit
existing clinical vaults, should be easy to operate and
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maintain, cost-affordable, and which can be coupled with
imaging devices for the patient positioning (all the more
so since the irradiation will be very short and hypofrac-
tionated). To date, the only proposed solution is a MV
photon source — the PHASER (Pluridirectional High-
energy Agile Scanning Electronic Radiotherapy) [16]
(Fig. 4). The favorable depth-dose characteristics and
reduced entrance doses of MV photons remain interesting
for future 3D volume optimization. But according to the
authors the use of Very High Energy Electrons (VHEE) is
also a possible alternative as VHEE may be advantageous
in terms of depth-dose profile, reduced lateral scattering
(low penumbrae) and enabling pencil beam scanning,
favoring better dose conformity and integral dose inter-
mediate between photons and protons.

PHASER

To answer the question: how to produce hundreds-fold
beam output (with respect to conventional accelerators)?
Maxim et al. [16] proposed the use of a new accelerator
science to invent an innovative RF power distribution:
DRAGON Distributed RF-coupling Architecture with
Genetically Optimized cell desigN. The idea is to distrib-
ute the RF power independently to each cell without cou-
pling between the cells: in this way the system achieves
higher efficiency (80% vs 20% for standard clinical lin-
acs), higher shunt impedance (2.5-4-fold: 200 MQ/m at
X-band) and a higher repetition rate.

In order to fit the existing treatment vaults, the authors
propose the use of compact RF phased-Array Power Dis-
tribution of waveguides (RAPiD) : 16 (at least) power
input combine the power of modular small klystrons
(klystrinos) in order to feed the 16 output port, that are
coupled with 16 stationary beamlines capable to deliver
intensity modulated beams without any mechanical de-
vice/motions by using a dedicated electron beam scanning
system (Scanning Pencil-beam High-speed INtensity-
modulated X-ray source (SPHINX). Thanks to a station-
ary bremsstrahlung target and a fixed collimator it is pos-
sible to perform intensity modulated treatment without
collimators. To perform positioning for the treatment a
solution is also provided.

To conclude, the various solutions proposed by the
SLAC/Stanford team show that R&D on accelerator and
RF power designs can make RT more affordable, allows a
better exploitation of the potential of FLASH irradiations,
a reduction in costs, and space requirements can be en-
sured by multiplexing the RF sources (the peak power
from each source can be reduced). High clinical efficien-
cy can be obtained by combining multiple linacs with CT
scanners for motion management.

The authors also proposed a system to deliver VHEE
FLASH RT. Technically they suggest the production of a
spatially patterned electron source by projecting an opti-
cal image into a photocathode. The electron “image” is
then accelerated intact through a high-gradient DRAGON
linac, steered and augmented to the treatment volume,
producing an intensity-modulated treatment field.
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This solution is motivated by the much lower beam cur-
rent needed when treating directly with VHEE (no brems-
strahlung target), and by the potential advantages of using
VHEE in RT, like a flatter depth-dose profile than pho-
tons or a less sensitivity to heterogeneities [17]. In addi-
tion, thanks to recent high-gradient linac technology de-
velopments, (CLIC >100 MV/m, W-band >200MV/m)
VHEE (100-250 MeV) could be a cost-effective option in
RT. In this regard, several groups have realized dosimetry
studies at multiple facilities with VHEE at high dose rates
[18, 19, 20, 21].

RF Multiplexer

N klystrons

Figure 4: PHASER design (modified from [14]).

CONCLUSION

FLASH-RT pre-clinical studies, with different particle
sources and types, has demonstrated an increased thera-
peutic index enabling higher doses well tolerated by nor-
mal tissues, and represents a promising irradiation tech-
nique aiming at reducing RT potential side effects. Multi-
disciplinary teams are working together to provide further
studies that enable to understand the impact of the total
dose per fraction, temporal patterning and fractionation
scheme, total exposure rate, protocols for the beam cali-
bration and absolute dosimetry [22], radiation quality
impact on the tissue response, as well as the fundamental
biological mechanisms. The accelerator community could
play an important role in the development of alternative
solutions to provide FLASH irradiators, in order to devel-
op future clinical trials, and help to find some strategies to
irradiate large volumes in less than a few hundreds of ms
with important doses.
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Abstract

CERN-MEDICIS (MEDical Isotopes Collected from
ISolde) is a facility at CERN (Switzerland) dedicated to the
production of non-conventional radionuclides for research
and development in imaging, diagnostics and radiation
therapy done at partner institutes. It exploits, in a controlled
radiation area suited for the handling of unsealed radioac-
tive sources, a target irradiation station positioned between
the High Resolution Separator (HRS) ISOLDE target sta-
tion and its beam dump, a target remote handling system
and a dedicated isotope separator beam line. It irradiates
targets with the 1.4 GeV Proton Synchroton Booster (PSB),
and also receives activated target materials from external
institutes, notably during CERN’s Long Shut-Downs. The
irradiated target is heated to high temperatures (up to
2300°C) to allow for the release of the isotopes of interest
out of the target which are subsequently ionized. The ions
are accelerated and the beam is steered through an offline
mass separator. The radionuclide batches are, this way, ex-
tracted through mass separation and implanted into a thin
metallic collection foil up to an energy of 60 keV. After
collection, the isotope source is prepared to be dispatched
to biomedical research centers (Figure 1).

Since its commissioning in December 2017, the CERN-
MEDICIS facility has provided non-conventional medical
radionuclides such as Tb-149, Tb-152, Tb-155, Tm-165,
Er-169 and Yb-175 with high specific activity, some for the
first time, to research institutes and hospitals, being part of
the MEDICIS collaboration, for R&D in imaging or treat-
ment [1].

* Current affiliation: SCK CEN, Mol, Belgium
+ Corresponding author: thierry.stora@cern.ch
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Figure 1: CERN-MEDICIS’ steps from target preparation
to radioisotopes shipping.

THE CERN-MEDICIS COLLABORATION

The research program at CERN-MEDICIS is driven by
a collaboration agreement between CERN and several part-
ners which includes research institutes, hospitals and uni-
versities [1]. The installation has been built as an extension
of the ISOLDE facility [2] for research purposes on medi-
cal isotopes in view of providing the collaborating insti-
tutes with radioisotopes of high specific activity for their
research programs [3]. The CERN-MEDICIS scientific
program is shaped from the biomedical projects submitted
by the members to the Collaboration Board which evalu-
ates the needs of the community and the technical feasibil-
ity. The first collection of radionuclides took place in De-
cember 2017 at the end of the commissioning period. Since
then, the collaboration board approved already 25 pro-
posals. The list of radionuclides of interest once defined is
thus re-evaluated at each board, mostly for applications in
theranostics, combining diagnosis and therapy. Among
them we can find scandium isotopes such as Sc-44 and Sc-
47 [4-6]. Sc-44 is of interest for Positron Emission Tomog-
raphy (PET) and Sc-47 for use in both, therapy and Single
Photon Emission Computed Tomography (SPECT). As for
Sc-47, Cu-67 is a radionuclide of interest for theranostic
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applications [7]. CERN-MEDICIS has already demon-
strated the possibility of producing three out of the four ter-
bium isotopes of high interest for nuclear medicine [8],
which include the alpha emitter Tb-149 [9], the positron
emitter Tb-152 [10], the gamma and Auger emitter Tb-155
[11]. Completing this so-called “swiss army knife” of nu-
clear medicine [12], is Tb-161 which is available from nu-
clear reactors. CERN-MEDICIS is also focusing on the
collection of Sm-153, Tm-167, Er-169, Yb-175 and the al-
pha emitter Ac-225 [1]. These radionuclides are produced
either by using the PSB beam [13], or using target materials
irradiated at external partner institutes, such as the high
flux reactor at Institut Laue Langevin (ILL) in Grenoble
(France) [14] and at the high power cyclotron at AR-
RONAX (Accélerateur pour la Recherche en Radiochimie
et en Oncologie a Nantes Atlantique) in Nantes
(France) [15].

IRRADIATION AT ISOLDE WITH THE
CERN PROTON BEAM

Before each irradiation a dedicated target unit is built,
which is compatible with both ISOLDE and MEDICIS fa-
cilities. It is composed of a water-cooled aluminium vac-
uum vessel which encloses a tubular tantalum oven inside
of which a target material is placed. As can be seen in Fig-
ure 2, the MEDICIS target is larger (50 mm diameter) than
the ISOLDE one (20 mm diameter). The oven is connected
to an ion source via a transfer line [16]. The target is
brought from the CERN-MEDICIS Ilaboratory to the
ISOLDE target area via an automatic rail conveyor system
(RCS). The MEDICIS target is installed for irradiation be-
tween the HRS target station onto which the proton beam
is directed for the online mass separation performed at
ISOLDE, and the beam dump. The MEDICIS target is ir-
radiated by the fraction of the primary proton beam which
did not interact with the ISOLDE target and by the second-
ary particles generated from the ISOLDE target’s irradia-
tion. FLUKA simulations [17, 18] have been performed in
order to assess the number of primary protons and their en-
ergy spectrum that reach the MEDICIS target with
ISOLDE targets made of different materials. The geometry
[19] includes the full representation of the ISOLDE and
MEDICIS targets (see Figure 2) with the beam dump lo-
cated downstream of the MEDICIS target. Analytically, the
number of hadrons N(x) that reach the end of an ISOLDE
target (x=19.6 cm) without being subject to any inelastic
interaction can be expressed as [20]:

N(x) = Ny .exp(-x/1) (1)
with Nythe initial number of primaries entering the volume,
x the length of the target in cm and A the inelastic interac-
tion length at beam energy in cm, which is characteristic
for each target material.
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Figure 2: Visualisation of the ISOLDE (left) and MEDICIS
target (right) irradiated by the 1.4 GeV proton beam. The
deposited energy is represented in W.cm™>.uAL.
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The first column in Table 1 gives a summary of the
ISOLDE target materials with their apparent density in the
second column. Column 3 gives the fraction F of hadrons
N(x)/Ny using equation (1), while column 4 provides F ob-
tained by FLUKA simulations (star density, a star being de-
fined as a hadronic inelastic interaction occurring at an en-
ergy higher than 50 MeV). It should be noted that ISOLDE
uses UC»-2C targets with an apparent density of 3.5 g.cm™
[3] for about 60% of its physics program. Consequently,
the MEDICIS target can exploit about 2/3 of the PSB’s pri-
mary protons (see Table 1).

Table 1: Fraction F of primary protons leaving the
ISOLDE target unit without inelastic interaction.

ISOLDE target Density F-equa- F—Monte
material (g.cm) tion (1) Carlo
UC2-2C[3] 3.5 64% 69%
Ta [3] 2.0% 80% 83%
UC»2-2C (nano) [21] 1.4 85% 86%
Ti [3] 0.8 88% 89%
CaO [22] 0.4 93% 93%
None® - 97% 97%

Figure 3 shows the proton fluences in lethargy represen-
tation, expressed in cm™.primary’!, at the entrance and at
the exit of an ISOLDE UC,-2C target, and at the entrance
of the MEDICIS target. This figure illustrates that for 60%
of ISOLDE’s beam time, the protons impinging on the
MEDICIS target have an energy spectrum ranging between
1.3 and 1.4 GeV.

Once the target has been irradiated, it is transported back
to MEDICIS with the same rail conveyor system (RCS).
From this point onward, a KUKA® robot handles the target
(see Figure 4) and is used to connect it to the target station
to start the isotope collection [23]. It should be noted that,
when no MEDICIS target is placed downstream of the

1 Ta target densities can vary between 0.8 and 4 g/cm?
§ The beam is passing through the target vessel only
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Figure 3: Lethargy representation of the proton fluence

spectra at the entrance and the exit of an ISOLDE
UC,-2C target and at the entrance of a MEDICIS target.

Figure 4: KUKA® robot manipulating a MEDICIS target
placed on the rail conveyor system (RCS).

ISOLDE target, the beam is directly stopped in the beam
dump. The MEDICIS target takes advantage of these un-
used protons without impacting the physics program at
ISOLDE and acts as a parasitic facility.

Due to an efficient remote handling system, the
MEDICIS facility can collect and provide its partner insti-
tutes with short-lived medical radionuclides of only a few
hours half-lives. After the irradiation it takes on average:
(1) 12 min for the RCS to bring the target back from the
irradiation point, (ii) 15 min to measure the target’s dose
rate and install it with the KUKA® robot on the MEDICIS
frontend, and finally, (iii) 3 hours to condition the target
unit for extraction (vacuum, high voltage and heating).
Thus, the MEDICIS facility can start extracting radioiso-
topes after about 3.5 hours after irradiation of the target.
Additionally, in synergy with ISOLDE, targets can also be
parasitically irradiated at the MEDICIS irradiation point to
produce long-lived radioisotopes and used afterwards on
the ISOLDE frontends, thus extending the program with
so-called winter physics into CERN’s shutdown period, as
demonstrated in the recent study of RaF molecules [24].

USE OF EXTERNAL SOURCES

At the end of 2018 CERN started its Long Shutdown 2
(LS2) for a duration of 2.5 years, during which the CERN
accelerators are closed for maintenance. As a consequence,
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no proton beams are accelerated for the diverse experi-
mental program until 2021 and, in particular, no targets can
be irradiated. CERN-MEDICIS is one of the very few fa-
cilities at CERN still operating during LS2, performing of-
fline mass separation of radionuclides from materials irra-
diated by external partner institutes such as ARRONAX
and ILL.

Feasibility tests with '®Er,O5 targets irradiated at ILL
for the separation of Er-169 [25] were performed in 2018,
during which a first high specific activity batch of 18 MBq
was collected. ARRONAX possesses a high-power cyclo-
tron capable of delivering proton, deuteron and alpha par-
ticle beams. To provide CERN-MEDICIS with externally
irradiated sources, thin Gd foils are irradiated by 30 MeV
protons offering the maximum production cross-section for
the generation of Tb-155 through Gd-nat(p,xn) reac-
tions [26]. However, other radioisotopes such as Tb-154
and Tb-156 are co-produced. These radionuclides can only
be purified by mass separation in order to supply the re-
search institutes with pure and high specific activity col-
lections of Tb-155. Before being shipped to CERN-
MEDICIS the irradiated Gd foils are dissolved and the so-
lution is evaporated on a dedicated sample holder, devel-
oped to be rapidly and securely transferred into the target
tantalum oven, from which the isotopes are evaporated in
order to be ionized and mass separated. In 2019 irradiated
target materials were also received from the high flux reac-
tor of the Institut Laue Langevin (ILL) in Grenoble. Prior
to the irradiation quartz vials were filled with enriched tar-
get materials such as Er-168, Yb-174 and Pt-194. The vials
were sealed and irradiated at the ILL high-flux nuclear re-
actor for the production of radioisotopes via neutron acti-
vation. The stable isotopes of the same chemical element
present in the enriched material and co-produced impuri-
ties, justify the need to perform mass separation to collect
the radionuclide of medical interest with the highest purity
and specific activity. The decontamination, opening and
transfer into the tantalum oven was performed at CERN-
MEDICIS, with a dedicated automatic transfer system de-
veloped in 2019 to reduce the dose received by the operator
and avoid any risk of contamination.

OPERATION IN 2018 AND 2019

Prior to a collection the target unit is coupled to the
MEDICIS target station. The target is heated to very high
temperatures, typically above 2000 °C, to allow for the dif-
fusion and effusion of the radionuclides of interest out of
the target to an ion source for subsequent ionization. The
ions are then accelerated and sent through a mass separator.
The MEDICIS target station includes a coupling flange
held at a potential usually ranging from 30 kV to 60 kV and
a grounded extraction electrode, placed after an accelera-
tion gap ranging from 50 to 100 mm from the ion source
exit. An Einzel lens is used to shape the ion beam down-
stream of the extraction electrode. More information re-
garding the MEDICIS beam line can be found in Ref. [23].
In addition, the MELISSA (MEDICIS Laser Ion Source for
Separator Assembly) laser laboratory [27, 28], in service
since April 2019, helps to increase the separation efficiency
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and the selectivity. The radioisotopes are extracted in the
form of Radioactive Ion Beams (RIB) and implanted into
one-sided zinc-coated gold foils (0.5 mm thick). Once the
implantation is completed the samples are retrieved from
the collection chamber using a shielded trolley. This trolley
can be directly connected to a shielded fume hood, under
which the samples are retrieved and conditioned to be
measured by y-spectrometry, for subsequent transport to
the partner institutes or for further radiochemistry manipu-
lation.

Operation with CERN Proton Beam in 2018

In 2018, the first year of operation after the facility’s com-
missioning, the targets consisted mostly of 20 mm diameter
tantalum rolls as used at ISOLDE, while the nominal 50
mm targets were under development. In total the MEDICIS
program exploited 1.8E19 of the delivered protons, which
represents 33% of the protons sent to the HRS target sta-
tion. An additional 6.0E18 protons were sent to MEDICIS
by deflecting the proton beam below the ISOLDE target
while the latter was setting up for physics runs. This so-
called direct irradiation mode increased the production rate
considerably in the 20 mm diameter MEDICIS targets.
Five radionuclides of medical interest were collected in
2018: Er-169 as feasibility tests, Tb-149, Tb-152, Tb-155
and Tm-165 as a generator of the Er-165 Auger emitter,
with activities from 1 to 137 MBq and separation effi-
ciency € up to 1.6% (see Table 2). Four radioisotope
batches were shipped: two were delivered to the University
Hospital in Lausanne (CHUV, CH) and two others to the
National Physical Laboratory (NPL, UK) [11]. MEDICIS
has successfully collected and shipped Tb-149 within less
than 7 hours after the end of irradiation. That year the fa-
cility provided 235 MBq (End of Collection) suitable for
medical applications out of a total of 1.7 GBq, including
tests and isobaric molecular activities. The facility was op-
erated with a total of 12 target units, including prototypes,
some being reused up to four times, thereby reducing op-
erational costs and generated radioactive waste. Including
machine development runs, the total radioisotope collec-
tion time amounted to about 220 hours.

Operation with External Sources in 2019

In 2019 during LS2, ILL and ARRONAX provided
CERN-MEDICIS with external sources. Three radionu-
clides of medical interest were collected after mass separa-
tion: Tb-155, Er-169 and Yb-175 (see Table 2). Four re-
search institutes received activity, including NPL (UK),
KU Leuven/SCK CEN (BE), Hopitaux Universitaires de
Genéve (HUG) and the Paul Scherrer Institute (PSI) in
Switzerland. The latter could perform first preclinical tests
with high specific activity Yb-175. Fifteen collections were
performed for a total of 870 MBq and with separation effi-
ciency of up to 6%, exploiting the Resonance Ionization
Laser Ion Source (RILIS) laser ionization from MELISSA.
It should be noted that using external irradiated material
and in contrast to the mode of operation that involves irra-
diation with PS Booster protons, there is no activation of
the target unit itself. Operation in 2019 was achieved with
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eight new target units, some of them re-used up to three
times.

The selection of the target and the ion source, both criti-
cal elements for the optimisation of isotope separation, is
under constant development. It is based on the combined
expertise available from the ISOLDE facility and the ISOL
community, as well as the specific experience gained from
the batch mode offline separation performed at MEDICIS.
To this end, radiochemistry is also included in the radioi-
sotope delivery chain and will soon be available at CERN-
MEDICIS.

Table 2: Overview of the collected radioisotopes (&: sepa-
ration efficiencies)

Radio- Target Ion Collec- €
nuclide Source tion (%)
(MBq)

Tb-149 natTy W/Re 8 -

Tb-152 natTy Re 1 -

Tb-155  ™Gd/*Ta W/Re/ 71 1.2
MELISSA

Tm-165 natTy Re 137 1.6

Er-169 168E 1,03 W/Re/ 369 0.5
MELISSA

Yb-175  74Yb,0; W/Re/ 519 6.0
MELISSA

CONCLUSION AND OUTLOOK

After a successful first commissioning phase in 2017,
CERN-MEDICIS has shown its capability of delivering ra-
dionuclides with high specific activity to partner institutes
of the MEDICIS collaboration. Radioisotopes of medical
interest were collected using both, production with the pro-
ton beam delivered by the CERN PS Booster and using ex-
ternal sources. The latter mode of operation allows CERN-
MEDICIS to be one of the few facilities operating during
CERN’s Long Shutdown 2. After a period of maintenance
and upgrades at the end of 2019, the facility resumed oper-
ation in March 2020. CERN-MEDICIS will restart its pro-
gram throughout LS2 to deliver mass-separated medical ra-
dionuclides using external irradiated material. Besides AR-
RONAX with gadolinium target irradiation for the collec-
tion of Tb-155, PSI will provide its first external sources to
CERN-MEDICIS this summer to proceed with the mass-
separation of the Auger emitter Tm-167. Sm-153 will be
mass separated from enriched Sm-152 irradiated at the
SCK CEN BR2 reactor. The Pakistan Atomic Research Re-
actor, which has recently joined the collaboration, will also
provide external irradiated materials notably from neutron
activation of enriched Pt-194 for the production of Pt-
195m. In addition, studies will be performed for assessing
the feasibility of separating Ac-227 from Ac-225, an alpha
emitter of high interest for targeted alpha therapy. Extract-
ing radionuclides with long half-lives from targets previ-
ously operated at ISOLDE before LS2 will finally be ex-
plored further. This already allowed ISOLDE to extend its
physics program in 2018, and will continue providing par-
asitically-irradiated targets for offline studies at ISOLDE.

MCS8: Applications of Accelerators, Technology Transfer, Industrial Relations and Outreach

U01 Medical Applications



11th Int. Particle Acc. Conf.
ISBN: 978-3-95450-213-4

Based on the experience and lessons learnt during its 1%
year, MEDICIS will resume operation with protons in 2021
and continue providing its partner institutes with high spe-
cific activity radionuclides, some of them for the first time.
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Abstract

The paper outlines the overall results of the ARIES
Proof-of-Concept (PoC) project,' which seeks to tackle the
shipping industry’s most pressing problem, its large-scale
emissions of nitrogen oxides (NOy), sulphur oxides (SOx)
and particulate matter (PM), by developing a hybrid ex-
haust gas-cleaning technology that combines an EB accel-
erator with improved wet-scrubbing technology. It is
unique — in a single technological system — and addresses
all three types of emissions simultaneously. It promises to
be cheaper and more efficient than existing solutions.
There are two main stages involved: 1) SO, and NOy oxi-
dation during the irradiation of wet gases by the EB from
the accelerator and 2) the absorption of pollution products
into an aqueous solution. For the very first time, test trials
in a real maritime environment were conducted and at-
tracted the interest of the maritime industry, policy makers
and the accelerator community. The PoC has clearly con-
firmed the potential of this technology and forms a solid
basis for the full-scale application of the hybrid system on
sea-going ships. The results of this project are of the high-
est relevance to the accelerator community, as well as the
maritime industry and policy makers.

MOTIVATION AND CONTEXT

Heavy fuel oil (HFO) is the main energy source used by
the maritime industry. Almost all medium and low-speed
marine diesel engines run on HFO with a high sulphur con-
tent, leading to the formation of three main pollutants:
NOy, SOx and PM. These emissions have been gradually
restricted worldwide. When entering Emission Control Ar-
eas (ECA) or ports, ships switch to 0.1% sulphur content
fuel, marine gasoil (MGO). Since 2020, maritime transport
has had to comply with the worldwide 0.5% emission sul-
phur cap, under MARPOL Annex VI Regulation 14.

In the North America ECA, not only SOx, but also NOy
and PM have been regulated and the North/Baltic Sea Sul-
phur ECA will be in place from 2021. A similar policy ini-
tiative is currently undertaken in the Mediterranean
Sea [1]. These are so-called Tier III requirements, limiting
NOy emissions to between 3.4 and 2 g/lkWh. It is expected
that further requirements for significant PM reductions will
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be imposed [2]. The maritime community faces a serious
challenge to fulfil these limitations [3].

Existing Technologies and Prior Attempts

Cutting SOx. To comply with sulphur emission limita-
tions [4], the shipping industry currently has two workable
options [5]: a) to opt for universal usage of expensive
MGO, or b) to install exhaust gas cleaning systems (scrub-
bers [6]), which reduce SOx and PM emissions from ship
engines, generators and boilers, allowing ships to continue
using HFO.

However, there may be pertinent operational issues in-
volved in running marine engines designed for HFO con-
tinuously on MGO and the price difference between the
two could considerably increase shipping costs. Today
scrubbers are the preferred solution to comply with SOx
limitations, hence there is a growing incentive for ship
owners to invest in scrubbers. However, implementation
costs are very high: 1M to SM EUR for the equipment [7]
alone. Therefore, in the absence of a more cost-effective
technological solution, it will be very challenging in the
near future to equip the global fleet of about 60,000 ves-
sels.

Dealing with NOx. NOy production is not directly re-
lated to the type of fuel, but to the combustion process it-
self. Switching to MGO therefore doesn’t solve this issue.
In order to achieve NOy emission compliance, some form
of additional technology has to be installed on-board. Usu-
ally this is a costly and complicated, selective catalytic re-
duction (SCR) system. Naturally, marine scrubbing and de-
nitration systems are expected to be compatible, although
this is not the case. As such, ships are being equipped with
two separate purifying systems: one for SOx and another
for NOx.

PM trapping. The most common methods for removing
PM from exhaust fumes are the Continuously Regenerat-
ing Trap, Diesel Particulate Filter and Diesel Oxidation
Catalyst. However, they can only be used for emissions
from low-sulphur fuels. Also the nanoparticles, the most
harmful form of PM (e.g. PMjpand PM;s) are not suffi-
ciently prevented from entering the ambient air.

Prior attempts. The ship-emission challenge is not new
per se; there have been various efforts to find feasible al-
ternatives, such as the Humid Air Motor, Exhaust Gas Re-
circulation, Plasma-Catalysis, Nano-Membrane Filters,
etc. Several of these projects [8-12] were EU financed and
presented to the stakeholders. Yet to this day, they cannot
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be cost-effectively installed on ships. These alternative
methods typically target SOx, and neglect NOy, PM, vola-
tile organic compounds (VOC) and hazardous polycyclic
aromatic hydrocarbons (PAH). To date, only a few studies
have been conducted on the simultaneous removal of NOy
and SO; in a single process [13-16]. They mostly rely on
the use of electrolysis and electromagnetic techniques, but
have not resulted in uptake by the maritime industry.

Novel Hybrid Accelerator Technology

The proposed technology is fundamentally different and
could help to address the global challenge of air pollution
and emission cuts. It is based on pollutant removal by com-
bining two correlated technological stages (see Fig. 1),
electron beam irradiation (EB) of flue gas with subsequent
wet-chemical scrubbing [17, 18]:

EB irradiation: electrons are accelerated by a high volt-
age in a vacuum, before being injected through thin foil
windows into the exhaust gases in the atmospheric pressure
processing chamber. The energetic electrons collide with
exhaust gas molecules and produce reactive free radicals,
atoms, ions and secondary electrons that decompose the
pollutant molecules in the irradiated exhaust gases. These
excited species and radicals react with NO and SO; to form
their higher oxidation compounds: NO mainly forms NO»,
then by increasing the applied dose becomes NO3 and SO,
forms SOs. Due to the high water-vapour concentration in
the exhaust gas, HNO; and H,SO, are formed and are eas-
ily soluble in the scrubbing liquid. Additionally, PM and
organic pollutants like VOC and PAH are effectively elim-
inated by EB-formed plasma [19, 20].

Wet scrubber: subsequently the pollution products
from the exhaust gases are absorbed into an aqueous solu-
tion - in a closed-loop wet scrubber. The seawater is used
as the scrubbing solution, with the limited addition of lig-
uid oxidant (e.g. NaClO,) to scrub soluble products from
the oxidation reactions [21]. Wash water after cleaning is
recirculated. If the SO, inlet concentration is high, the re-
moval efficiency of NO increases noticeably, especially at
a higher irradiation dose range. The effect of the presence
of SO» in enhancing NOy removal efficiency can be ex-
plained by the chain of reactions - HO, radicals, which are
produced during reactions with SO,, react with NO and ox-
idize them into NO,. This in turn is later converted to
HNO:s. Therefore, when the NO inlet concentration is high,
as in the case of HFO, this synergistic effect is more ad-
vantageous at high SO, concentrations.

From Science to Society: Transfer of Technology

Relevance to the Accelerator Community initiatives.
This endeavour was possible due to a genuine commitment
among the Accelerator Community to develop societal ac-
celerator applications. EB environmental applications have

Electron Beam
Oxidation of the NO to
NO,, NO, to higher oxides
and HNO, and SO, to
higher oxides and H,SO,

Inlet of the installation
Exhaust gases with high

concentration of NOx, SOx
and VOC (PAH).
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been addressed in the “Applications of Particle Accelera-
tors in Europe” [22]. Equally the role of particle accelera-
tors to meet the needs of society at large is emphasised in
“Accelerators for America's” [23]. This idea has been elab-
orated further in the ARIES project under “Industrial and
Societal Applications” [24].

Matching Maritime Policy and Industry needs. The
maritime industry is looking for suitable, economically ef-
fective and fast solutions for green shipping. Despite vari-
ous policy actions [25-28], so far they have met with lim-
ited success. Therefore, considering that inter alia the Eu-
ropean shipping industry welcomes the European Green
Deal [29], this hybrid technology is offering a tangible so-
lution for the maritime industry and its stakeholders’
needs.

Economic feasibility. In order to make this hybrid tech-
nology attractive to the maritime industry and prove its fea-
sibility to policy makers, unbiased cost effectiveness anal-
ysis is needed. It is not enough to show operationally that
this technology works; its clear business case must be es-
tablished. This is a decisive factor, along with safety con-
siderations, for the acceptance and further uptake of the
technology. This innovative technology could be prolifer-
ated only if it is less costly than the combined cost of ex-
isting marine SO, and NOy abatement solutions and fulfils
all the relevant maritime safety requirements.

PROOF OF CONCEPT

The magnitude of this societal challenge goes far beyond
the capacity of any individual research institution or com-
pany and requires a wide collaborative effort. Therefore, a
multidisciplinary Collaboration was summoned: partners
with world-class expertise in accelerator and maritime
technologies, shipping and economic analysis have teamed
up to offer an alternative for green shipping.

The Virtue of this project is its connection of two dis-
tinct communities: maritime and accelerator specialists.
This is not merely a scientific or technological undertaking,
bringing particle accelerators onboard ships. It is also an
opportunity for the accelerator community to understand
the compliance requirements of the shipping industry and
marine engineering, as well as for the maritime community
to build trust with the established research institutions and
scientific community.

Commitment. Through its multidisciplinary and multi-
sectoral composition, the actual collaboration demonstra-
tes the potential of the hybrid system’s application onboard
ships. Importantly, the partners have greatly contributed
their own resources—this clearly demonstrates aspira-
tion—especially from the maritime community. The total
budget of the PoC project was 0.5M EUR, of which about
90% were direct contributions from partners and only 10%
was EC contribution. This resulted in a great collaborative

Wet scrubbing
Absorbtion of NO, and
higher ntrogen oxides, SO,
and higher sulphur oxides,
HNO, and H,SO,

Outlet of the installation
Clean exhaust gases
matching the imposed
regulations

Figure 1: Principle of the hybrid electron accelerator technology for the treatment of marine diesel exhaust gases.

MCS8: Applications of Accelerators, Technology Transfer, Industrial Relations and Outreach

U08 Environment

THVIR14
81

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2020). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



11th Int. Particle Acc. Conf.
ISBN: 978-3-95450-213-4

spirit within this partnership, building multilateral trust and
commitment to continue development of the hybrid tech-
nology until its full implementation onboard ships.

Engaging stakeholders. To ensure that contact with re-
ality was maintained, from the outset this project was ex-
posed to the rigorous scrutiny of stakeholders. Naturally,
development of the hybrid off-gas cleaning system has
pushed back existing technological and acceptance bound-
aries. Therefore, the partners are engaging with the EC,
IMO, TACS, EGCSA, TTIARA consortium and others. The
Italian Coast Guard and ABS are also directly participating
in an advisory capacity.

Objectives. The collaboration is aiming to expand par-
ticle accelerator technologies into the maritime domain by
developing the said technology. This requires demonstra-
tion and validation, to provide the maritime industry with
a much-needed innovative, cost-effective solution that
would substantially improve the environmental perfor-
mance of fleets, by significantly reducing ship emissions.
In order to achieve this green shipping goal, the PoC pro-
ject was tasked with the following pivotal objectives:

1. To conceptually prove the electron-beam accelerator
application for the effective treatment of marine diesel
exhaust gases.

2. To prove its technical feasibility within the real ship
environment—advance the technology to TRL3.

3. To demonstrate that the technology in question is ca-
pable of removing sufficient levels of SOy and NOx.

4. To provide a sound financial evaluation of the cost-
effectiveness of this technology.

5. To engage with and inform all relevant stakeholders
during the project.

CONCEPT AND EXPERIMENTAL SET-UP

Methodology. The demonstration was performed using
a mobile platform of the linear type of accelerator, directly
connected to the ship exhaust duct. Crucial flue gas param-
eters were measured: flue gas velocity, flue gas tempera-
ture and flue gas composition (see Fig. 2).
Seawater

Inlet t
Water A
Treatment

EB Treatment &
Reaction Unit

Flue Gas

Outlet

Seawater
Scrubber

Spraying
System

o~

Ship exhaust
gases

Figure 2: Hybrid electron accelerator system.
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Of all the generally accepted methods for considering
the mass exchange process, in this case the most appropri-
ate is to quantify the mass exchange process, including ab-
sorption efficiency (see Eq. (1)). This value offers a simple
and transparent way to assess the impact of the main pro-
cess parameters on the effectiveness of gas treatment. It has
been assumed that the absorption efficiency is a function
of the following variables:

n = f(Ue, L/G,H,Co,Cr). ()

where 5 - absorption efficiency [%], Ue - gas velocity
calculated on the empty column cross-section [m/s], L/G -
spraying density of the absorption solution, litres of solu-
tion per cubic meter of gas [L/m’], H - column packing
height [m], Co - initial concentration of NOy (calculated as
NO,) in the gas, [mg/m?] or [vol%], and Cr - concentration
of the absorption solution, [kg/m*] or [mass%].

Pilot installation. A fully operational tugboat “Orkans”
berthed at the pier of Riga Ship Yard was used as the source
of flue gas. This ship is equipped with double two-stroke
450 kW Diesel engines. The outlet of the exhaust gas duct
was flexibly connected to the accelerator complex by a
320 mm diameter pipeline of almost 20 m in length.

A mobile accelerator unit WESENITZ-II was provided
by Fraunhofer FEP and used as an EB irradiation device.
The facility is usually operated for seed dressing, but was
modified for flue gas treatment. The irradiation chamber
was of rectangular cross section (120 x 1560 mm?) and
1180 mm in height. The exhaust gas flowed vertically from
bottom to top and was irradiated from both sides by means
of two 125 kV EB accelerators. The maximal current for
one accelerator was 100 mA. A single 10 pm Ti foil facil-
itated the electron exit into the irradiation chamber. It was
cooled and protected against condensates and PM by an in-
tense tangential air flow curtain. In order to protect the ac-
celerator unit against potentially excessive gas tempera-
tures, a spray cooler was installed in the connecting pipe-
line between the ship and the accelerator. In the course of
experiments however, it was proven that the air curtain
alone sufficiently protects the thin electron window foil.

A counter-current gas-liquid flow packed closed-loop
scrubber was selected as the absorber for the purposes of
this project. The device of 1.2 m diameter and 5.5 m height
was filled with Bialecki rings. The filling height was 2.6 m.
The circulating water was stored in two tanks filled with 3
m® of seawater. The Baltic Sea water from the tanks was
filtered and pumped to a system of nozzles located at the
top of the scrubber and sprayed into the top of the scrubber,
then flowed to the bottom of the device and back to the tank
by gravity. The gas from the irradiation unit was directed
to the lower part of the scrubber and released into the at-
mosphere by a stack located at the top of the device. In or-
der to maintain the water’s ability to absorb acidic gases,
its pH was kept above 7.5 by the addition of sodium hy-
droxide. To enhance the oxidation potential and improve
NOy removal efficiency, an oxidant (NaClO;) was also
added to the water. The tested oxidant concentration was in
the range of 0 — 3.3 mg/L (see Fig. 3).
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1 — flue gas source - ship; 2 — spray cooler in the connecting pipeline;
3 - mobile accelerator; 4 — scrubber; 5 — seawater tank.

Figure 3. General scheme of pilot installation.

Measurements. All of the flue gas generated by the
ship’s engine was treated in the system. The experiments
were conducted for three engine loads (0% - idling run,
50% and 100%). The flue gas sampling points were located
upstream of the accelerator, at the exit of the scrubber and
at the gas outlet stack. In this way, the gas composition was
measured at the inlet of the installation, after irradiation
and after treatment at the outlet of the system. Moreover,
five temperature measurement points were installed:
downstream from the engine, upstream of the spray cooler,
at the irradiation unit gas inlet, the scrubber inlet and the
scrubber gas outlet, along with a gas velocity measurement
point, before irradiation.

Economic feasibility. A comprehensive economic and
financial analysis was carried out by an independent asses-
sor Biopolinex - from the point of view of the end user and
the manufacturer of the accelerator system. The investment
profitability was assessed on the basis of discounted cash
flows, Net Present Value (NPV), Internal Rate of Return
(IRR) and repayment period. The breakeven point was cal-
culated. The result was validated by a sensitivity analysis
of the volatility of the key financial parameters.

RESULTS AND CONCLUSIONS

Engineering. The most important achievement of the
PoC was the technical integration of the diesel engine, with
the upstream accelerator process chamber, where Ti foil
was protected by an air curtain and a wet scrubber down-
stream. The flow of flue gases was induced by diesel en-
gine over pressure, which induced proper gas flow against
pressure drop for all the process installation components.
The accelerator complex and protection windows with ti-
tanium foils were not damaged by the high temperature off-
gas flow. Earlier lab experiments were successfully vali-
dated, and the analytical methods were tested. This suc-
cessful operation of a ship-port based installation verified
the assumptions that are fundamental to continuing the pro-
ject for the full on-board system development.

Collaboration of Riga Technical University, Institute of
Nuclear Chemistry and Technology, CERN, Fraunhofer In-
stitute for Organic Electronics, Electron Beam and Plasma
Technology FEP, Remontowa Marine Design, Riga Ship
Yard and Biopolinex by its commitment and dedicated ef-
forts of the core team enabled us to achieve all the objec-
tives set for the PoC. Notably, it demonstrated that for the
very first time, the two underlying technologies for the en-
visaged system (accelerators and scrubbers) can be com-
bined in a real maritime environment — reaching TRL 3 —
instrumental for the green shipping policy.
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Conclusions

The economic analysis confirmed the profitability of the
hybrid technology vis-a-vis the HFO option with the con-
ventional scrubber off-gases abatement costs. This is true
for both optimistic and optimal financial risk associated
scenarios, indicating the high market potential of the mar-
itime application of the hybrid technology.

Abatement of NOx and SOx. Although, the environ-
mental and operational restrictions of the port only allowed
for the usage of desulfurized (eventually SOy free) marine
fuel, even with a non-homogeneous and moderate irradia-
tion dose, a significant reduction of up to 45.8% of NOy
was recorded (see selected results in Table 1 and overall in
Figs. 4 and 5). This was matched by the measurement pro-
files of the other exhaust gases family parameters and
matched with the analytical and prior lab trials. A very
good correspondence was observed, which enabled us to
affirmatively predict the significant reduction of SOy in a
full-scale (Fig. 6), on-board system operating with HFO.

Table 1: Removal Efficiencies of the NO and NOy

Parameter Unit ‘ Values
En. load % 0 50 100
Ox.conc. mg/1 0 1 33
Gas flow r. Nm?/h 3316 4751 4915
Gas t. inlet °C 51 136 124
Dose kGy 4,1 5,7 5,5
NO ppm 95 252 298
Inlet conc.
NOx ppm 110 271 317
NO % 81,8 57,4 65,2
Rem. rate
NO« % 38,8 38,0 45,8

The NOy removal was examined for different engine
loads and different concentrations of oxidant.

e [] A

Removal efficiency, %

25 3 35 a a5 s 55 3
haltload Afullload W halfload calculated @ full load calculated

Dose, kGy

Figure 4. Dose dependence of NOx removal efficiency for
50% and100 % engine load.

The increase of oxidant concentration in the process wa-
ter in the scrubber has a strong positive impact on NOy re-
moval efficiency (Fig. 5).
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Figure 5. Dose dependence of NOy removal efficiency for
different concentrations of oxidant.
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Figure 6. Dose dependence of SO, and NOy matched with
previous laboratory tests.

Way forward. Based on the promising results of the
PoC project and with the great support of the stakeholders,
maritime and accelerator partners, the initial Collaboration
has been considerably enlarged. The partners are keen to
pursue further developments of the hybrid technology and
inter alia have prepared the Hybrid Exhaust-gas-cleaning
Retrofit Technology for International Shipping — HERTIS
project [30] proposal. This is an unprecedented, multi-dis-
ciplinary undertaking, linking together the maritime and
particle accelerator communities under the umbrella of sci-
entific research: it is a joint endeavour of 12 partners from
8 European countries. Enhancing Collaboration with the
following: University of Tartu; the major shipping industry
players include Grimaldi Group, the American Bureau of
Shipping and Ecospray; the economical feasibility and
business case are to be impartially evaluated by business
experts KPMG; the environmental impact assessment ex-
pertise and objectiveness was conducted by Western Nor-
way Research Institute.
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ACCELERATORS FOR APPLICATIONS IN ENERGY AND
NUCLEAR WASTE TRANSMUTATION

A. Fabicht, D. Vandeplassche, U. Dorda, H. Ait Abderrahim, SCK CEN, Mol, Belgium

Abstract

SCK CEN is at the forefront of Heavy Liquid Metal
(HLM) nuclear technology worldwide with the develop-
ment of the MYRRHA accelerator driven system
(ADS) [1]. An Accelerator Driven System (ADS) is a con-
cept using high power proton accelerators in energy pro-
duction and nuclear waste transmutation. Amongst typical
beam performance requirements, the operational reliability
of the accelerator is exceptionally demanding. The ad-
vantages and challenges of different driver options, like cy-
clotrons and linacs, are evaluated and worldwide design
studies are summarized. The MYRRHA design is based on
a 600 MeV superconducting proton linac. The first stage
towards its realization was recently approved to be con-
structed by SCK CEN in Belgium. The 100 MeV linac will
serve as technology demonstrator for MYRRHA as well as
driver for two independent target stations, one for radio-
isotope research and production of radio-isotopes for med-
ical purposes, the other one for fusion materials research.
MYRRHA in its final implementation is envisaged as an
international large research infrastructure open for scien-
tific and industrial user-communities.

MOTIVATION FOR ADS

While alternative, renewable energy sources combined
with increased efficiencies are being developed, there re-
mains the clear need for complementary large-scale base-
load power stations and a strategy for handling the already
accumulated nuclear waste. Conventional reactors feature
the following two main issues:

¢ Operation of a critical system: The neutrons emitted dur-
ing the fission of one atom hit other atoms and trigger
their fission. In order to keep the system running, a mul-
tiplication factor of K = 1 must be used. This factor is
defined by the fission material and reactor configuration.
The only control is given by the insertion of additional
absorbing elements that limit the exponential increase of
activity.

o Radiotoxic waste with >10.000 years half life time. The
minor actinides (Np, Am, Cm) are the main concern due
to their high radiotoxicity, heat emission and long half-
life.

The concept of an ADS [2] is to load the reactor with
subcritical mass of fissile material (kesr < 1). Left alone, this
implies that the chain reaction would naturally shut down
exponentially with time (in the order of 10~ to 107 sec). In
order to keep the chain reaction going and hence the power
level constant in the reactor, additional neutrons are pro-
vided from a spallation target inside the reactor that is
driven by a high-power proton particle accelerator. In case

T Adrian.fabich@sckcen.be
THVIR1S

of issues, the accelerator is turned off and the chain reac-
tion automatically slows down. This also removes the need
for highly enriched fission material.

These kinds of reactor will be loaded with the Plutonium
and Minor Actinides “waste” resulting from the repro-
cessed spent fuel of the nuclear power plants. With help of
the subcritical reactor, transmutation can be efficiently
achieved. In contrast to conventional reactors, an ADS can
safely transmute a large amount of these minor actinides.
As shown in Fig. 1, an ADS allows to reduce the time
needed to store the nuclear waste to a level that is compat-
ible with the lifetime of human-made buildings.

o
no
reprocessing

\_ +300,000 year

\ o
Duration Reduction " Volume Reduction
1.000x 100x

Figure 1: While reprocessing of waste and reuse of Pu in
conventional reactors allows to reduce the burden of nu-
clear waste radiotoxicity by a factor 30, an ADS can reduce
the life time by a factor 1000.

AN i

| transmutation

of spent fuel

~300 year

SNF 1000

Natural
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REQUIREMENTS ON THE
ACCELERATOR

While the exact requirements on the particle accelerator
will depend on the design details of the reactor, the follow-
ing beam requirements can be stated:

e Particle type: protons, readily available and accelerated
for neutron production

¢ Energy: >500 MeV to be in the region of usable neutron
production cross-section.

e Beam power: multiple MW, achieving a usable neutron
density.

e Reliability: MTBF > multiple weeks. Any beam trips
must be resolved within a few seconds as otherwise this
would impose severe thermal stress on the reactor mate-
rials and components. Furthermore, any longer beam trip
requires a time-consuming reactor restart lasting a few
days.

e The beam emittances are only important to safely accel-
erate and transport the beam through the accelerator.

From this list the following additional design choices
can be derived:
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e CW operation allows to reduce the space charge and the
stress on the spallation target. Furthermore, it allows cer-
tain technological choices, in view of reliability, e.g.
solid-state amplifiers.

e Need for a fault tolerance scheme: Within a few seconds,
a failure is detected, a new configuration is deployed and
a fast recommissioning to full power beam operation is
performed.

While some groups study also more exotic configura-
tions like an FFAG, the two main options are cyclotrons or
superconducting linacs.

DIFFERENT APPROACHES -
PAST AND PRESENT

When the first ideas of an ADS were developed, the only
available accelerator type that could be envisaged to fulfil
the requirements were normal conducting cyclotrons.
Based on the successful operation of the 600 MeV, MW-
class normal-conducting cyclotron at PSI (with a 72 MeV
injector cyclotron), various concepts were proposed
e.g. [3]. Since then many ideas have been followed study-
ing e.g. stacked cyclotrons [4] mainly focusing on R&D
aspects of super conducting cyclotrons making them more
reliable, more compact or make the need for an injector cy-
clotron obsolete.

Since the advent of superconducting RF-technology, the
option of linacs was also studied. The first example is the
MYRRHA project that has been studied since 1999 [5, 6]
and is explained in more detail in the following section.
This approach was then also chosen by the Chinese ADS-
project C-ADS [7] which was launched in 2011 and oper-
ates a test-injector since 2014. The target of the current ex-
tension phase is 500 MeV at 5 mA, with the final configu-
ration aiming for 1 GeV at 15 mA. The reliability target is
to have less than 25.000 beam trips/year with 1 s <t<10s.
The second example, the MYRRHA project is detailed in
the following chapters.

MYRRHA AND ITS FIRST
IMPLEMENTATION PHASE (MINERVA)

Overview

The concept of an ADS has been studied at SCK CEN in
Mol (Belgium) since a long time [5] which lead to the in-
ception of the MYRRHA project in 1998 [8]. MYRRHA
(Multi-purpose hYbrid Research Reactor for High-tech
Applications) aims to demonstrate the ADS concept at pre-
industrial scale, demonstrate transmutation and being a
multipurpose and flexible irradiation facility. The project
follows a staged implementation plan:

e Phase 1, also referred to as MINERVA: SC linac to
100 MeV, 4 mA CW

e Phase 2: extending linac to 600 MeV

¢ Phase 3: sub-critical reactor connected to the linac

The funding for the initial 100 MeV stage was approved
by the Belgian government in 2018 and implementation
has started at SCK CEN, the Belgium nuclear research cen-
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ter, which currently operates three nuclear reactors for re-
search, education and industry, e.g. production of radio-
pharmaceuticals.

The MINERVA ground breaking is planned for summer
2022, and first accelerator operation in 2026. The project
is setup to only have a relatively small core team at
SCK CEN leveraging many international collaborations
and aims to outsource significant parts to our industrial
partners.

The 2™ and 3" phases of MYRRHA are envisaged to be
implemented until 2035, within an international consor-
tium.

Accelerator Configuration

While in the final configuration the accelerator will fea-
ture two injectors and accelerate a 4 mA CW beam to
600 MeV, the first implementation stage, will be limited to
100 MeV with a single injector (see Fig. 2).

The injector consists of an ECR ion source, a LEBT with
space charge compensation and two solenoids, a 4-rod
RFQ (IAP Frankfurt) [9] and a normal conducting
176.1 MHz CH-cavity section including several rebunch-
ing cavities accelerating to 17 MeV (Fig. 3).

After the injector switchyard, the protons will be accel-
erated in superconducting single 352.2 MHz spoke cavities
to 100 MeV. The design of the Single Spoke cavity has
been developed by IPNO and first prototypes have been
successfully tested [9]. There are 30 cryo-modules each
housing 2 cavities. Each cavity is powered by a dedicated
solid-state amplifier.

In the later extension stage, it is envisaged to switch at
100 MeV to switch to medium beta cavities, where it is not
yet finally decided which type, spoke at 352.2 MHz or el-
liptical at 704.4 MHz, they are going to be. At around
200 MeV it is then foreseen to switch to 704.4 MHz ellip-
tical cavities with a matched beta of 0.7.

As the RF-cavities in the injector must be individually
matched to the beam energy, no serial redundancy is possi-
ble and thus two injectors are envisaged for MYRRHA. On
the other hand, serial redundancy with approx. 30% over-
head is applied in the single spoke section. Local compen-
sation schemes have already been established, where the
loss of one RF-cavity is compensated by the next neigh-
bours. In the future, a global compensation scheme will be
studied to distribute the compensation over the whole ma-
chine. While this will increase the requirements on the con-
trol system to reconfigure many elements, it will allow to
use the cavities more effectively. More detailed studies e.g.
on the orbit correction as part of the fast recommissioning
are under investigation.

Operational Injector Test Stand

Since March 2019 an injector test stand is available and
accelerating protons (Fig. 4). It is used to test critical com-
ponents like the RFQ or the CH cavities along with the
solid-state amplifiers as well as e.g. the space charge com-
pensation in the LEBT.
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Figure 2: The final MYRRHA accelerator layout. In the
first implementation phase, called MINERVA, only a sin-
gle injector and up to 100 MeV (the single spoke section)
will be constructed.
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Figure 3: Sketch of the injector test stand as foreseen to be
installed. The elements up (including) the RFQ are already
available.

Figure 4: Photo of the injector test stand just before the
connection of the RFQ to the LEBT.

Proton Target Facility

While MINERVA will at the start be used to develop and
prove to meet the stringent reliability requirements, it will
in parallel be able to deliver beam to a Proton Target Facil-
ity (PTF). It is envisaged to be able to kick up to 0.5 ms
beam pulses with up 250 Hz to the PTF facility, allowing
up to 0.2 mA on fissile material targets or up to 0.5 mA on
non-fissile material targets [10].

The generated high-purity Radioactive lon Beams (RIB)
will be used for physics experiments and as well as radioi-
sotopes collection for medical research and use purpose
[10].

The layout of this Isotope Separation OnLine (ISOL)
system is strongly inspired by the proton target irradiation
facility ARIEL at TRIUMF. The chosen modular facility
providing required shielding whilst allowing ISOL compo-
nents maintenance and target replacement. The envisaged
conceptual target configuration is shown in Fig. 5.
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Figure 5: Envisaged ISOL target concept where up to
0.5 mA beam current is available in parallel to the other
user stations.
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