Beam Dynamics Driven Design of PERLE
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PERLE (Powerful ERL for Experiments) is a novel Energy Recovery Linac (ERL) test facility [1],
designed to validate choices for a 50 GeV ERL foreseen in the design of the Large Hadron Electron
Collider (LHeC) and the Future Circular Collider (FCC-eh), and to host dedicated nuclear and
particle physics experiments. Its main goal is to demonstrate high current, continuous wave (CW),
multi-pass operation with superconducting cavities at 802 MHz. With very high beam power (10
MW), PERLE offers an opportunity for controllable study of every beam dynamic effect of interest
in the next generation of ERLs and becomes a ‘stepping stone’ between present state-of-art 1 MW

ERLs and future 100 MW scale applications.

I. INTRODUCTION

Next generation colliders [2, 3], or light sources would
greatly benefit from recirculated and energy recovered
linacs. They offer CW, or other high duty factor op-
eration, high average beam current, low delivered beam
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energy spread, and low delivered beam emittance. CW
beam acceleration with high accelerating gradient (20 -
30 MV /m) generally requires a multi-pass Recirculating
Linear Accelerator (RLA) consisting of superconducting
accelerator structures. GeV-scale RLAs at 100 mA aver-
age current would ordinarily require at least 100 MW of
installed RF power merely to accelerate the beam load.
Energy recovery allows the RF beam loading of the cav-
ities to be substantially lowered, thereby providing linac
quality /brightness beam at storage ring beam powers.
This production of high beam power with reduced RF
drive represents improved electrical efficiency, represent-
ing a step change in the sustainability of electron accel-
erator based facilities. Particularly, the PERLE facility,
to be hosted at Irene Joliot Curie Laboratory, targets the
LHeC configuration and beam currents of up to 20 mA
(corresponding to a 120 mA cavity load). This unique
quality beam will be exploited to perform a number of



experiments in different fields; ranging from uncharted
tests of accelerator components via elastic ep scattering
to laser-Compton back-scattering for photon physics [4].
Following an experiment at full 3-pass energy, the CW
beam will be decelerated in three consecutive passes back
to the injection energy, transferring virtually stored en-
ergy back to the RF.

TABLE I: PERLE Beam Parameters

Parameter Unit Value
Injection beam energy MeV 7
Number of passes 3
Energy per linac MeV 82.2

Norm. emittance yeg,, |mm-mrad| 6

Average beam current mA 20
Cavity load current mA 120
Bunch charge pC 500
Bunch length mm 1.5
Bunch spacing ns 24.95
RF frequency MHz |801.58
Duty factor CW

II. LATTICE ARCHITECTURE AND OPTICS

The PERLE accelerator complex is arranged in a race-
track configuration hosting two cryomodules containing
four, 5-cell, cavities operating at 802 MHz each located
in one of two parallel straights. The three recirculating
arcs on each side are separated vertically with 45 cm be-
tween them. Additional space is taken by 4-6 meter long
spreaders/recombiners including matching sections, and
two experimental areas as illustrated in Fig. 1. A Flex-
ible Momentum Compaction (FMC) lattice architecture
[5] is utilised for the six arcs. Starting with a high current
(in excess of 20 mA) 7 MeV photo-injector, a final energy
of 500 MeV can be reached in three re-circulation passes
assuming two 4-cavity cryomodules. Each cryomodule
provides an 82.2 MeV energy boost per turn. Initially,
CERN SPL cryomodules were considered however a de-
cision has been made to use the Lund ESS cryomodule
design as it provides greater space for HOM couplers. A
summary of design parameters is presented in Table I,
these have been chosen to match those of the LHeC [6],
so that it will serve as a test bed for its ERL design and
SRF technology development. The bunch spacing will be
25 ns, however empty bunches might be required in the
LHeC ERL for ion clearing gaps.

A. Multi-pass Linac Optics with Energy Recovery

Injection at 7 MeV into the first linac is achieved by
a fixed field injection chicane, with its last magnet being
placed at the beginning of the linac. This closes the orbit
‘bump’ at injection, but the magnet will deflect the beam
on all subsequent passes. In order to close the resulting

higher pass bumps, a 're-injection’ chicane is arranged by
placing two additional opposing bends in front of the last
chicane magnet. The injection pass optics is illustrated in
Fig. 2, with the top insert depicting the SPL cryo-module
layout. The second linac in the racetrack is configured
exactly as a mirror image of the first with a replica of the
re-injection chicane at its end which performs a fixed-field
extraction of the energy recovered beam to the dump at
7 MeV.

Multi-pass energy recovery in a racetrack topology
with identical energies at each pass for accelerating and
decelerating beam requires that they share individual re-
turn arcs. This imposes specific requirements for the op-
tics at the linac ends: the Twiss functions have to be
identical for both the accelerating and decelerating linac
passes converging to the same energy and therefore enter-
ing the same arc. To represent beta functions for multi-
ple accelerating and decelerating passes through a given
linac it is convenient to reverse the linac direction for
all decelerating passes and string them together with the
interleaved accelerating passes, as illustrated in Fig. 3.
This way the corresponding accelerating and decelerat-
ing passes are joined together at the arcs entrance/exit,
automatically satisfying the matching conditions into the
arcs.

B. Recirculating Arcs

The spreaders are placed directly after each linac to
separate beams of different energies and to route them
to the corresponding arcs. The recombiners facilitate the
opposite: merging the beams of different energies into
the same trajectory before entering the next linac. Each
spreader starts with a vertical bending magnet that ini-
tiates the separation. The highest energy, at the bottom,
is brought back to the initial linac level with a chicane.
The lower energies are captured with a two-step vertical
beam line. The vertical dispersion introduced by the first
step bends is suppressed by the three quadrupoles located
appropriately between the two steps. The lowest energy
spreader is configured with three curved bends follow-
ing the common magnet, necessary because of the large
bending angle (30°). This minimizes the adverse effects
of strong edge focusing on the dispersion suppression.
Following the spreader there are four matching quads to
bridge the optics between the spreader and the follow-
ing arc. All six arcs are configured with a FMC style
optics to ease individual adjustment of the momentum
compaction factor in each arc. This is required to allow
a self-consistent longitudinal match for the entire system,
described in Section IV. The arcs are now composed of 6
dipoles instead of a previous design iteration [1]. This
increased number of dipoles allows reduction of emit-
tance increase due to Coherent Synchrotron Radiation
(CSR) [7]. The low energy implies that the energy spread
and emittance growth due to incoherent synchrotron ra-
diation is negligible.
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FIG. 1: Top and side views of PERLE, featuring two parallel linacs each hosting a 82.2 MeV cryomodule, achieving
500 MeV in three passes.
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FIG. 2: Linac configured with the SPL cryomodule.
The injection optics are tune-able by an initial
quadrupole doublet (red).

The lower energy arcs (1, 2, 3) are composed of six 33
cm long curved 30° bends and of a series of quadrupoles
(two triplets and one singlet), whilst the higher arcs (4,
5, 6) use double length 66 cm long curved bends. If rect-
angular bends were used their edge focusing would have
caused a significant vertical focusing imbalance, which in
turn would have adverse effect on the overall arc optics.
Additionally the use of curved bends eliminates the prob-
lem of magnet sagitta, which would be especially signifi-
cant for the longer 66 cm bends. Each arc is followed by
a matching section and a mirror symmetric recombiner.
As required in case of mirror symmetric linacs match-
ing conditions described in the previous section impose
mirror symmetric arc optics. Complete lattices for the
lowest and highest energy arcs (arc 1 at 89 MeV and arc
6 at 500 MeV) comprising a spreader, 180 deg. horizontal
arc and recombiner, are illustrated in Fig. 4. Presented

arc optics architecture features high degree of modular
functionality to facilitate momentum compaction man-
agement, as well as orthogonal tune-ability for both the
beta functions and dispersion. The path length of each
arc is chosen to be an integer number of RF wavelengths,
except for the highest energy pass whose length is longer
by half of the RF wavelength to shift the RF phase from
accelerating to decelerating. The optimal bunch recom-
bination pattern gives some constraints on the length of
the arcs, as described in Section V.

PERLE serving as a user facility is envisioned to host a
number of experiments ranging from elastic ep scatter-
ing to laser-Compton back-scattering. For that purpose,
the facility will accommodate a pair of 2.7 meter long
experimental areas (IP) configured at top energy of 500
MeV. As illustrated in Fig. 4, the IPs are located sym-
metrically on both sides of arc 6. Their optics based on
low-beta squeeze (8 = 30 ¢m) is configured with a triplet
doublet pair. A second doublet completes the match to
the horizontal 180 deg. arc.

C. Staging the ERL construction

With minimal additional costs in hardware, it is fea-
sible to split the construction of this machine into two
phases: “250 MeV” version with one cryomodule and
three straight sections at the opposite side [8] as shown
in Fig. 5, and “500 MeV” version. The 250 MeV version
of PERLE has a simpler structure with fewer elements,
resulting in lower initial costs and faster construction and
shorter commissioning time.

The fundamental difference of 250 MeV version is that
the injection line and the dump are on the same side, that
leads to a slightly longer common section (where bunches
of different energies share the same beam pipe). However
this version can host two low beta (8 < 30 cm) IRs at the
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FIG. 3: Multi-pass linac optics. Red/Green curves illustrate symmetrically optimized horizontal /vertical beta
functions across different passes through the linac; Red/Blue arrows indicate the accelerating/decelerating passes.
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FIG. 4: The lowest and highest energy arcs (arc 1 and arc 6). Optics architecture based on the FMC cell.
Horizontal (red curve) and vertical (green curve) beta-function amplitudes (3) are illustrated. Blue and black curves
represent the horizontal and vertical dispersion (7)) respectively. The arc as configured above is tuned to the
isochronous condition.

highest energy straight section (see Fig. 6). This allows
to keep the low footprint of the machine (under 30 me-
ter long) and to have more space for the experiments.
In the 500 MeV version, the highest energy arc section
is extended in order to accommodate two experimental
areas. The energy ratio at the arc sections of 250 MeV
version is close to the one after the second cryomodule,
thus, the corresponding switch-yard layouts are similar
between the two versions.

In the 500 MeV version, the turning section uti-
lizes the spreader-arc-recombiner to perform a 180-degree
turn, guiding the beam towards the other linac. The
250 MeV version instead features a ’return loop’ com-
prising spreader-arc-straight-arc-recombiner, executing a

complete 360° turn and directing the beam back to the
same linac. The tune-ability of the arcs allows to keep the
same arc in both versions with the same magnets clos-
ing the horizontal dispersion and momentum compaction
bumps at the beginning of straight and common sections
(Fig. 6).

III. INJECTOR AND MERGER, SPACE
CHARGE STUDIES

The PERLE injector will consist of a 350 kV high
voltage DC photo-emission gun, a solenoid, a normal
conducting 801.58 MHz buncher, a second solenoid, a
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FIG. 5: Top and side views of 250 MeV version of PERLE, featuring one cryomodule on one side and three straight
section on the opposite side, achieving about 250 MeV at the IPs.
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FIG. 6: The highest energy turn optics of the 250 MeV version of PERLE. Beta-function amplitude (5) and
dispersion (7) are illustrated on the top and middle plots, respectively, in horizontal (red curves) and vertical (green
curves) planes. Momentum compaction factor (Msg) is presented on the bottom plot. Dipole and quadrupole
magnets are the blue and orange areas.

four cavity superconducting 801.58 MHz main harmonic
booster and a three dipole merger, as shown in Fig. 7.
The injector must provide 500 pC bunches at a repeti-
tion rate of 40.1 MHz, accelerate them to the injection
energy of 7 MeV, perform the initial longitudinal com-
pression and optics matching the ERL loop while mini-
mizing emittance growth.

A. Photo-cathode gun design and optimisation

The bunches are produced and initially accelerated in
a 350 kV DC photo-emission gun. It will use an alkali an-
timonide photo-cathode illuminated with a 532 nm wave-
length laser pulses. An alkali antimonide photo-cathode

has been chosen over other options such as gallium ar-
senide due to its less demanding vacuum requirements
and ability to deliver beams with 20 mA average current
using commercially available lasers. Design of the elec-
trode system of the gun and temporal and spatial param-
eters of the laser pulse are optimised to deliver bunches
with minimal transverse emittance.

B. Transverse dynamics and emittance
preservation

The transverse focusing needs to be optimized such
that the beam is small enough to fit through all apertures,
so that it is matched to the ERL loop, and to preserve
the transverse emittance. The evolution of this optimized
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FIG. 8: The evolution of the RMS beam sizes along the
injector. The location of elements is marked below the
plot. The electron gun is marked in cyan, solenoids in
yellow, normal conducting RF cavities in orange, SRF
cavities in grey, quadrupoles in red and dipoles in blue.

transverse beam size can be seen in Fig. 8. The lower
bound on the achievable emittance is set by the initial
emittance produced at the cathode. This depends on
the transverse laser spot size, the cathode material and
the photo-injector laser wavelength. A smaller laser spot
produces a lower emittance, however the space charge
field sets a limit on the amount of charge that can be
extracted at a particular spot size.

The evolution of the transverse emittance through the
injector following the cathode can be seen in Fig. 9. Lin-
ear space charge can cause emittance mismatch to the de-
sign lattice, this can be mitigated by a technique known
as emittance compensation [9]. As the 500 pC, 7 MeV
beam still experiences significant space charge forces the
emittance can still grow within the merger. The break-
ing of axial symmetry by the dipoles and quadrupoles of
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FIG. 9: The evolution of the RMS transverse emittance
along the injector. The location of elements is marked
below the below the plot. The electron gun is marked in
cyan, solenoids in yellow, normal conducting RF
cavities in orange, SRF cavities in grey, quadrupoles in
red and dipoles in blue.

the merger complicates this emittance compensation. In
the case of the PERLE injector, simultaneous emittance
compensation in both planes cannot be achieved.

Non-linear space charge can also cause growth in the
emittance. This affects the slice emittance in addition to
the projected emittance. Geometric and chromatic aber-
rations also contribute to the total emittance growth.
In the merger horizontal bending plane there is an ad-
ditional space charge related emittance growth mecha-
nism. The longitudinal space charge forces of the bunch
cause the particles at the front and back to change en-
ergy as they move through the merger. Therefore they
are bent different by the dipoles, forming induced resid-
ual dispersion at the exit of the merger and hence emit-
tance growth [10]. The final achieved normalised emit-
tances are 5.0 mm-mrad in the horizontal plane and
2.7 mm-mrad in the vertical plane. These are both within
the specification of less than 6 mm-mrad.

C. Acceleration, bunch compression and
longitudinal phase space linearity

The booster linac accelerates the beam from 350 keV,
the energy that it leaves the electron gun, up to the in-
jection energy of 7 MeV. It consists of four single cell
SRF cavities with individually controllable amplitudes
and phases. In addition to accelerating it is also used
for longitudinal phase space manipulations during the
bunching process as discussed below.

The initial longitudinal bunch compression in PERLE
is performed in the injector and can be seen in Fig. 8.
Initially a long bunch is created at the cathode to mini-
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FIG. 10: The longitudinal phase space after the merger
and before the main linac with projected particle
position (horizontal) and energy (vertical) distributions.

mize the space charge forces and the resulting emittance
growth. This bunch then elongates after the gun due
to its space charge forces and is then compressed mainly
by using the normal conducting buncher cavity, but addi-
tionally there is some velocity bunching in the first cavity
of the booster linac. The merger has a non-zero Mb6 and
could be used to perform further bunch compression but
that approach is not used in this configuration. Instead
the last cell of the booster is used to dechirp the beam,
minimising the energy spread through the merger.
Maintaining a linear longitudinal phase space with
small longitudinal emittance at the exit of the injector
is also important so that minimum energy spread can be
obtained at the IP. The longitudinal phase space just be-
fore entering the main linac can be seen in Fig. 10. There
is some non-linearity in this phase space, resembling an
"M” shape. This shape emerges from the interplay of
the non-linearity of the ballistic bunching process, space
charge and the booster linac RF curvature. The ballistic
bunching in the drift between the buncher and booster
is non-linear causing the longitudinal charge distribution
to become asymmetric with more charge at the front and
a lower charge tail. Additionally, during this the space
charge is accelerating the front of the bunch and decel-
erating the back, causing the bunch to dechirp. As the
charge distribution is asymmetric, the space charge forces
at the front of the bunch are stronger so the front gains
energy faster than the back. This leads to the formation
of a “V” shaped longitudinal phase space just prior to the
entrance to the booster. The RF curvature of the booster
then imposes a second-order distortion to the longitudi-
nal phase space producing the outer wings of the “M”
shape. The asymmetry in the height of the “M” dis-
tribution then forms in the merger due to the stronger
space charge at the front of the bunch. The addition of
higher harmonic cavities to the injector (either a normal
conducting cavity before the buncher cavity or an SRF

cavity in the booster) could help with symmetrizing the
charge distribution and linearizing the longitudinal phase
space [11].

D. Status of the electron injector design and
possible improvements

The PERLE injector meets the specification achieving
transverse normalized emittance of less then 6 mm-mrad
and compressing the bunch to the required length. Fur-
ther improvements could potentially be obtained by
transverse shaping of the laser pulse on the cathode to
reduce the non-linear space charge forces. For exam-
ple a one sigma cut of the initial Gaussian distribution
could be used to produce bunches with more linear space
charge [12]. Reducing the horizontal emittance growth
in the merger would also be of benefit. This could be
achieved by matching the optics into the merger so that
the transverse phase space has the correct orientation to
minimize the transverse emittance growth due to the lon-
gitudinal space charge induced residual dispersion [10].
Our initial goal was to ’split’ values of the horizontal
and vertical betas (make them vastly different as favored
by the upstream injection chicane optics. Certainly, an-
other doublet could be added to facilitate full tunability
of both betas and alphas. This is presently being consid-
ered to provide flexibility to match into the merger and
then to match the parameters required at the entrance
of the main linac.

IV. LONGITUDINAL MATCH
A. On crest match

To first order the desired longitudinal match can be ob-
tained by keeping all arcs isochronous with path-lengths
of a multiple of RF wavelengths and initial linac phases
on crest. This configuration results in a longitudinal
phase space at the interaction regions where the final
energy spread is dominated by the effect of the RF cur-
vature imprinted on the bunch.

In order to minimize energy spread at the interac-
tion region, for this configuration, one would need to
assure sufficient longitudinal phase space available for
the injected bunch. This would mitigate the effect a
pronounced longitudinal curvature, resulting in a large
energy spread. Additionally, as the bunch reaches the
dump, this energy spread is replicated with the added
distortion from the arc longitudinal dispersion. We there-
fore move off-crest within the ERL loop from pass-to-pass
and utilise every arcs FMC lattice to tailor the first and
second order momentum compaction at each pass, result-
ing in a minimized energy spread at the IP, injection and
dump simultaneously.



B. Energy spread minimization

We denote for linacs 1 and 2 the first accelerating RF
phases of ¢1,; and ¢ respectively, and we denote for
arc 1 through 6 path length deviations from an integer
number of RF wavelengths A¢; with ¢ indicating the cor-
responding arc. Successive RF phases correspond to the
previous phase plus the offset obtained by the following
two arcs. In this way for example ¢1 2 = ¢1,1 + Ap1 A
and ¢22 = P21 + ApaAgs.

Following the semi-analytic method of [13] with respect
to energy spread minimizing matches in a common trans-
port ERL, we choose the RF phase configuration shown
in Fig. 11 which can be obtained by modifying the path
lengths of arcs 1, 4 and 6 by —30, +30 and —30 degrees
respectively .

Im. beam load (arb. units)
Im. beam load (arb. units)

Re. beam load (arb. units) Re. beam load (arb. units)

FIG. 11: rf beam load diagram of linacs 1 and 2 with
phase choices during acceleration (black), deceleration
(red), and resultant RF load (blue).

With this set of phases, during acceleration the beam
traversing through arc 1 has a chirp of opposite sign to
when it reaches arc 4. During deceleration, these signs
change. In this manner, the lengthening and shortening
of the bunch tails as the bunch is linearized will compen-
sate, resulting in a bunch with a controlled bunch length.

Due to the symmetry of the system, a set of Tsgg val-
ues for the arcs that linearizes the bunch at the top en-
ergy also returns the bunch to its initial curvature as it
reaches the dump. Therefore, the objective of linearizing
the bunch towards the IP tuning two arcs is an under-
constrained problem. A study of the possible configu-
rations is shown in Fig. 12, where by setting one of the
arcs Trgs values and solving for the other, the longitu-
dinal phase spaces at the IP and dump are compared
for the effectiveness of the bunch length control scheme.
Additionally, the change between the initial and final
Tse6 value of the arcs must also be taken into account
as greater changes will require stronger corrections with
correspondingly stronger sextupole fields.
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FIG. 12: Longitudinal phase spaces at (a) the
interaction region and (b) dump for (c) different
combinations of linearizing Tsg¢ in arcs 1 and 4, with
line indicating a continuous set of solutions available.

C. Partial compression

A modest compression of the bunch in the first arc by
deviating from the isochronous condition, would reduce
the degrees of RF that the bunch sees for the rest of the
accelerating passes and hence reduce the curvature to be
corrected tuning the arc Tsgg values. In order to com-
pensate the change in the bunch chirp during the com-
pression, the linac phases must shift accordingly. This
can be treated as a perturbation from our previous so-
lution for small compression where the magnitude of the
off-crest angle of the first accelerating pass is decreased.
The corresponding change in path lengths also affects the
phase of the last decelerating pass going equally further
off-trough. This strategy is eventually limited by the
range of Rsg values available from the arc FMC lattice.
An example set of phases is shown in Fig. 13. Again, the



symmetry of the system is such that during deceleration,
the compressed bunch reaches arc 1 with the opposite
sign of chirp and is decompressed such that during the
last deceleration towards the dump the beam chirp is
cancelled, as shown in Fig. 14. Here, the modified arc
parameters are for arc 1: Rsg = 0.05m, Ts66 = 6.49m
and arc 4 T566 = —10m.

TABLE II: Allowed filling patterns of PERLE.

[135246] [135264] [135426] [135462]
135624 [135642 [153246] [153264]
[153426] ([153462 [153624 [153642]

Im. beam load (arb. units)
Im. beam load (arb. units)

Re. beam load (arb. units) Re. beam load (arb. units)

FIG. 13: RF beam load plots for linacs 1 and 2 for a
longitudinal match with a non-isochronous arc 1
showing phase choices during acceleration (black),
deceleration (red), and 10 times the resultant (blue)
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FIG. 14: Longitudinal phase space towards the dump.
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V. CONSIDERATIONS OF FILLING PATTERN
AND BUNCH TIMING OPTIONS

PERLE is proposed to consist of 6 circulations, 3 up-
pass and 3 down-passes. There are a total of (N — 1) =
120 unique filling patterns, where IV is the total number
of circulations. If there were no restrictions on how the
filling pattern on one turn evolves on subsequent turns,
there would be a grand total of 1728 possible combina-
tions of filling pattern and recirculation scheme to con-
sider. However, due to considerations relating to col-
lective effects and simplicity of the injection timing, we
choose to impose the following constraints on the filling
patterns and recirculation scheme:

e The filling pattern each turn must be the same
e The bunch spacings must be as uniform as possible

The first constraint implies adoption of a sequence pre-
serving (SP) recirculation scheme [14, 15]. An SP scheme

is one whereby the bunch on its first turn moves to the
bucket previously occupied by the bunch on its second
turn, 2 moves to 3 and so on. In this scheme, the bucket
previously occupied by the bunch on its first turn is al-
ways available to inject the new bunch into and the RF
transients in the RF cavities is the same every turn. This
has the benefit of simplifying the injection timing, which
can only be regular for SP schemes. The other point
to note is that all filling patterns have an associated SP
scheme.

The second constraint implies that the bunches must
alternate between accelerating and decelerating, to keep
the bunch spacing as regular as possible.

We define the filling pattern as an N-dimensional row
vector, where the index is the turn number and the value
is the bucket number. We can then define a transition set,
which is another N-dimensional row vector enumerating
how many buckets each bunch shifts on a single turn.
While this convention is less intuitive than defining the
vector index as the bucket number, it has the benefit
that we can define the filling pattern on the next turn by
simply adding the current filling pattern to the transition
set. However, we must remember that after each turn,
the bunch previously on its first turn is now on its second,
second is now on its third and so forth. To write this
formally:

F 4 1) = o_, (F(r+D)

where F( and T represent the filling pattern
and transition set respectively on turn n, and C,
is a cyclic permutation to the left by n places, so
C1([123456]) = [2345 6 1] and are represented
as vectors. Based on our two constraints there are a to-
tal of 12 possible filling patterns, and from the earlier
discussion, each will have a unique SP transition set as-
sociated to it. Table IT shows the allowed filling patterns
for PERLE.

While the number of possible machine configurations
to consider is greatly reduced, there are other factors
to consider, which adds further complexity to the fill-
ing pattern analysis for PERLE. The key issue being
that PERLE is designed to have a harmonic number of
20, which means that each bunch train comprising of 6
bunches, each on a different turn number, must occupy a
total of 20 RF cycles. However, 20 is not divisible by 3,
and therefore five of the bunch spacings must be 3.5 RF
cycles and the other must be 2.5 RF cycles, the choice
between which of the bunches the 2.5 RF cycle spacing
goes is an additional degree of freedom.



The choice of filling pattern, bunch spacing pattern
and recirculation scheme, which we shall refer to more
generally as the bunch train structure, directly affects
the transients experienced in the RF cavities, in turn af-
fecting the stability and performance of the RF system,
the beam stability and the RF power requirements. How-
ever, as discussed in [14], an SP scheme with alternating
accelerating and decelerating bunches is the global opti-
mum for RF and beam stability as subsequent bunches
cancel the transients induced by the previous bunch. All
the allowed filling patterns in PERLE are of this form,
therefore the beam and RF stability is inherently opti-
mised regarding the fundamental operating mode of the
cavity.

The bunch train structure also directly affects the
beam break-up instability (BBU) experienced by the ma-
chine, and can have a considerable impact on the beam
threshold current. Reference [15] explores the impact on
threshold current from different bunch train structures.
This is a consideration which will be explored in future
detail in future. BBU is an inherently nonlinear effect,
sensitive to factors such as HOM frequency and bunch
spacing and filling pattern. The effect of bunch train
structure on the threshold current is difficult to explore
analytically and requires comprehensive simulation stud-
ies to explore the effect of varying different parameters.
This analysis should be repeated for any changes in beam
line or cavity design.

A third factor which is affected by the choice of bunch
train structure are the lengths of each arc in the ERL
ring. The transition set determines how many RF buck-
ets a bunch moves on a given turn, implying that the
circumference of each turn is different for each filling pat-
tern. It is possible to consider bunch train structures with
a certain difference in arc lengths on one side in order to
provide space for an insertion device. In order to look
at how the length of the machine relates to the filling
pattern, it is convenient to consider filling patterns with
respect to RF cycle rather than RF buckets. To do so, we
simply need to replace the RF bucket number with the
RF cycle number. For example, in the case where the 2.5
cycle spacing is between the first two bunches, the tim-
ings of each bunch, regardless of which turn number they
are on would become [0 2.5 6 9.5 13 16.5], and so filling
pattern [135246] becomes [0 6 13 2.5 9.5 16.5], where the
values correspond to the RF cycle number and the index
remains the turn number.

From Eq. 1, by re-indexing and the fact that a cyclic
permutation is a linear operation, we can write:

Bh-FR=T
Fy—F =T,
(2)
Fg— F5 =15
F, — Fy =T,

We can always define I} = 1 as we are simply defining
which RF cycle we consider the "first” cycle on a given
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turn number; whereby F; and T; are the i*h element of
the filling pattern and transition set vectors respectively
on a given turn. We can also write the transition set
in terms of the length of the straight sections, L, and
the arc lengths traversed on that turn A,. For the time
delay between extraction of the bunch on turn 6 and
the injection of a new bunch, we define this as Ay and
consider it as a fictitious arc length. Now Eq. 2 becomes:

Fy — F; =2L+ A, + Ay
F3—F,=2L+ A3+ Ay
Fy— F3=2L+ As + Ag (3)
Fy—Fy=2L+ A5+ Ay
Fo— Fs = 2L+ As + Ay
Fl—F6:2L+A1+A0

From this equation, the filling pattern elements are
known for a specific bunch train structure, therefore the
arc lengths can be considered as unknowns. There are 7
unknowns (Ag — Ag) and 6 equations, but we can choose
to constrain one of the arc lengths (in this example, Ag),
and solve to obtain:

AQ = (AG —2F4)+F1 + Fy
Ay = (Ag — 2Fy) + Fy + F;
Ay = (Ag — 2Fy) + F3+ F5

=
I

— (2L + (Ag —2Fy)) — F1 — F;
Ay = — (2L + (Ag — 2Fy)) — Fy — Fs
A5 = — (2L—|— (AG — 2F4)) —F3—F,

The odd numbered arcs are on the right side as viewed
on the diagram shown in Fig. 1, and the even numbered
arcs are on the left. From Eq. 4, we can see that the
lengths of the even arcs are directly proportional to the
length of Arc 6. By increasing the length of Arc 6, the
odd arcs decrease in length and the even arcs increase.
In order to change the difference in arc lengths on one
side, we would need to change the bunch train structure.

VI. START-TO-END PLACET SIMULATION
WITH CSR AND WAKES

A. Coherent Synchrotron Radiation in the ERL

There is a negligible effect of the incoherent syn-
chrotron radiation in terms of geometric emittance
growth and energy loss due to the low energy of the beam.
However, due to the large bunch intensity, the Coherent
Synchrotron Radiation (CSR) distorts the beam longitu-
dinally, which through dispersion affects the transverse
plane leading to potential losses. Longer bunches are
less affected by CSR, but do experience the non linearity
of the RF field [16]. Thus, an intermediate bunch length
has been studied in order to observe the effect of the
CSR, including an increase of the beam current, without



having a combination with the strong curvature due to
the RF electric field. The impact of CSR is shown in
Fig. 15. A beam current of 10mA only slightly modi-
fies the longitudinal phase space distribution, whereas a
micro-bunching phenomenon appears for 30 mA although

it does so without causing particle losses. The injec-
60261107 0214 mm 11 = 10mA o nm26010° o1 4 mm 1, =20mA_ 50261107 | 0214 mm 11 = 30mA
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FIG. 15: Longitudinal phase space at the dump
including CSR for different beam current and a
longitudinal emittance of 25 keV mm. The histogram in
red represents the longitudinal distribution. Left:
Results with 10mA. Center: Results with 20 mA
Right: Results with 30 mA.

tion longitudinal emittance has been modified in order
to observe the influence of the CSR on the longitudinal
distribution at the dump. As the energy deviation in-
creases, the effects of the CSR tends to be hidden within
a wider energy distribution as shown in Fig. 16. From
what we have observed, the main effect of CSR should
occur at lowest energies (merger and dump at 7 MeV
and a bit less in arcs at 89 MeV). A back-of-an-envelope
calculation suggests a wavelength of around 0.25 mm for
the synchrotron radiation emitted in dipoles at 7 MeV,
which would explain why the effect is so ”coherent” and
why it is pronounced for bunch lengths of 0.5 mm. The
wavelength of synchrotron radiation at higher energies is
even lower, so it should be less coherent.’

6w=2.6x10" || ;=14 mm || l._ =20 mA 6,,=10.0x1073 || 0;=1.4 mm || £, =98 keV.mm

5,,=19.9x103 || 0,=1.4 mm || =195 keV.mm
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{
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FIG. 16: Longitudinal phase space at the dump
including CSR for 20mA beam current and different
injection longitudinal emittance. The histogram in red
represents the longitudinal distribution. Left: Results
with 25keV mm. Center: Results with 98 keV mm.
Right: Results with 195 keV mm.

The PLACET tracking results give full transmission
for a bunch length of 1.4mm. However, a transmission
of 99.5% is obtained with a 3.0 mm bunch length due to
the large distortion created by the curvature of the RF
electric field as the beam is accelerated on-crest. Fur-
thermore, the CSR shows an increasing impact on the
longitudinal phase space as the bunch charge increases.
The micro-bunching that appears at a beam current close
to 30mA does not lead to losses for a bunch length of
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1.4mm. Finally, the coherent synchrotron radiation fea-
tures a wavelength in the order of the bunch length that
is the same order of magnitude as the beam pipe. A
beam pipe of 40 mm x 90 mm (H/V) is foreseen in
the dipoles and is expected to be effective at mitigat-
ing part of the CSR. Further shielding studies with CSR
impedance should follow.

Therefore, an appropriate choice of the beam pipe di-
mensions and coating should be sufficient to mitigate
CSR in the PERLE accelerator.

These longitudinal phase space distortions, obtained
with PLACET2[17], have been reproduced in the same
conditions with BMAD[18] and show a great consistency
between the two codes. Fig. 17, obtained with BMAD,
shows the effect of the bunch length on the longitudinal
phase space of the beam, where shorter bunches are dom-
inated by CSR and longer bunches are dominated by the
RF non-linearity.

6 =7.2x10" || 0, = 0.5mm || [, = 20mA

5

6= 3.6x107 || 0. = 1.0mm || I, = 20mA

= o s

Longitudinal position (mm)

61 =1.8x103 || 0, = 2.0mm || I, = 20mA
¥i

ko («‘\W‘W}w/ I

il
IHI
WA

8 6,=2.6x10 || 0, = 1.4mm [| I, = 20mA

~

y

Particle energy (MeV)
v e
Particle energy (MeV)
v o
w

Particle energy (MeV)
o

=S o 5 0 ¢
Longitudinal position (mm)

8

IS

0 45 o 5 10
Longitudinal position (mm)

6y=12x10"2 || 0 = 3.0mm || o = 20mA

~

w

Particle energy (MeV)
o

Particle energy (MeV)
w o

(I —
&7

IS

0o 4

=5 0 5 1o
Longitudinal position (mm)

FIG. 17: BMAD simulations showing longitudinal
phase space at the dump including CSR for 20 mA
beam current and different bunch length. The
histograms in red represents the longitudinal and
energy distributions. Top left: Results with 0.5 mm.
Top center: Results with 1.0mm. Top right: Results
with 1.4mm. Bottom left: Results with 2.0 mm.
Bottom right: Results with 3.0 mm.

Bunching effects were investigated in the arcs. How-
ever, the cumulative effect was presented at the dump to
compare the RF and CSR contributions. Simulation re-
sults illustrated in Fig. 15 and Fig. 17 can be interpreted
as density modulations.

B. Multi-bunch tracking of the ERL

After successful lossless single bunch tracking includ-
ing CSR, multi-bunch tracking was studied with the ad-
dition of the long range wake-field interaction between
bunches. The HOM are those of the SPL cavity scaled
to 801.58 MHz and with a single quality factor of 10° for
all the modes, that is the highest quality factor among
the modes of the SPL cavity, following the assumptions
as in [5]. We observe the amplitude of the 52 horizontal
and vertical modes over time with each bunch passage



in the RF cavities. 5000 macro-particles are sent every
25ns in order to reproduce the operation of the ERL at
nominal beam current and beyond. The objective is to
observe if at least one of the high order mode is excited
and sees its amplitude increasing, which is symptomatic
of potential beam instabilities during a long term opera-
tion.

1. Beam current threshold

The multi-bunch tracking results show that there is no
increase of any mode amplitudes with a bunch charge
of 500 pC or 20mA beam current over the time period
studied as shown in Fig. 18 (left). However, a thresh-
old is attained for a beam current of 200 mA for which
the amplitude of one mode builds up. Eventually, this
mode may excite other modes and lead to instabilities in
long term operation. This threshold is far from the de-
sign beam current, however particle tracking studies are
based on a 250 ms time period and may overestimate the
threshold. Nonetheless, a convincing amplitude increase
of one of the modes needs to be observed to conclude in
a threshold being attained. Even if the threshold may

3.1 x 10° electrons per bunch 3.1x 10%° electrons per bunch
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FIG. 18: Study of the HOM amplitudes as a function
of the time. A new electron bunch is injected every
25ns. Left: A beam current of 20mA. Right: A beam
current of 200 mA.

be overestimated, a factor 10 with respect to the design
beam current is a substantial margin. Some solutions
are presented in the next sections to increase further the
threshold and provide further margin.

2. Recombination pattern influence

The bunch recombination pattern in the linacs has
an influence on the beam current threshold. The best
bunch recombination patterns ensure both the alterna-
tion of accelerating and decelerating bunches as well
as the maximal distance between the newly injected
bunches and the bunches heading to the dump. The cur-
rent ERL design does not provide this last condition as
shown in Fig. 19. The extension of the return arc 6 by
12AgF brings the bunch recombination pattern from a
7—T7—10.5AgF turn-by-turn path-length adjustment that
only alternates accelerating and decelerating bunches to
a 7 — 17— 2.5\gp turn-by-turn path-length adjustment

(a) @

(b) @
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FIG. 19: Bunch recombination pattern optimising the
distance between the newly injected bunch 1 and the
bunch 6 going to the dump (a) and the pattern
obtained from the unoptimised arc turn-by-turn
path-length (b). The cavity voltage is presented as a
function of the time. The bunch 1 represents the
injection of a new bunch every 25ns. The bunches
2,3,4,5,6 represent the position of the bunch after
1,2,3,4,5 turns respectively. There is an alternation of
accelerating and decelerating bunches.

that verifies both conditions. The two bunch recombina-
tion patterns shown in Fig. 19 have their simulation re-
sults compared and presented in Fig. 20. The slope with

5.0 x 10%° electrons per bunch 5.0 1019 electrons per bunch
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FIG. 20: Study of the HOM amplitudes as a function
of the time. A new electron bunch is injected every
25ns. Left: The arc lattice without the optimised

bunch recombination pattern. Right: Optimised bunch
recombination pattern.

which the mode amplitude increases is reduced with the
optimised bunch recombination pattern. It proves the
beneficial influence of the optimised pattern and confirms
that the bunch recombination pattern can decrease the
strength of the long range wake-fields interaction in the
RF cavities. Therefore, the ERL lattice needs to be care-
fully fine tuned in order to achieve one of the best bunch
recombination pattern and ensure margin with the design
beam current and a long term stability of the machine.

VII. BEAM BREAKUP STUDIES

Bunches passing through the cavity inherently have
finite offsets, these may excite Higher Order Modes
(HOMs). Mono-pole modes add/subtract energy from
the beam, causing energy and timing jitters, which can
lead to longitudinal beam breakup (BBU). However in
ERLs, transverse BBU is dominant, here the transverse
offset of a bunch creates dipole HOMs, which kick subse-



quent bunches. Due to recirculation, this forms a positive
feedback loop that causes the beam offset and HOM volt-
age to grow. This is known as regenerative beam breakup
instability and it sets the beam threshold current for sta-
ble beam operation in an ERL [19, 20].

Recent studies have shown that the choice of filling
pattern and recirculation scheme for a multi-pass ERL
can drastically affect the interactions between the beam
with the RF system and BBU instabilities [14, 15]. A
factor of 6 difference between the best and worst pattern
in threshold current was observed in simulations. In this
work, we investigated BBU instability of PERLE with
simulation by building an 8-cavity BBU tracking model
with filling pattern dependence and compared it to an
analytical model.

A. 8-cavity BBU tracking model

As the concept of filling patterns for ERLs is rela-
tively new, none of the existing BBU simulation codes
incorporated it in their calculations. Therefore, we have
adapted the ERLBBU algorithm [20-22] and developed a
new simulation tool to simulate BBU with filling pattern
dependence. The previous version of the code had only
a single cavity [15]. As the PERLE design has 8 cavities,
we developed a new 8-cavity BBU tracking model.

In this model, the HOM voltages of the 8 cavities are
tracked as shown in Fig. 21 (a) as particles pass through
the cavities. The different colors represent HOM voltages
at different loaded Q-factors, Q. The injection current
of PERLE is 20 mA. In a 6-pass ERL like PERLE, each
bunch passes through the cavity 6 times, hence the actual
current seen by the cavities is 6 times the injection, i.e.
operation current I,, =120 mA. The HOM here is TE111
47 /5 mode with 1.0365 GHz frequency, which is one of
the dominant modes. We can see the Qp has to be <
1.7 x 10° to prevent the HOM voltage growing. This
indicates the Q7 = 1.7 x 10° is the critical Qy, for this
mode. To operate PERLE at 20 mA injection current,
the Qr, of TE111 47/5 mode must be damped below this
critical Q.

The bunches are tracked through transfer matrices of
PERLE, which were extracted from the OptiMX model.
The code tracks macro particles rather than single parti-
cles. Each macro particle represents a single bunch, car-
ries the charge of one bunch and its position represents
the bunch centroid. Injected initial bunches are trans-
ported to the 1%¢ cavity by the transfer matrix between
injection point and 1%¢, then the excited HOM voltage
0V is calculated by

2
V=520 () o)
H

where wy = 27 fi with fg being the HOM frequency, ¢,

is the bunch charge, (%) . is geometric shunt impedance
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of the HOM, and z is the bunch offset. To speed up the
simulation time, the initial HOM voltage is set to be 1 or
10 kV. Then 6V is added to the existing HOM voltage
Vg = Vg 4+ 6Vy. The voltage when the next bunch
arrives dt is

wgdt

Vi (dt) = Ve 2Qu giwndt (6)

where @1, is loaded HOM Q-factor. The next bunch will
receive a kick Az’ from the HOM given as

Vi, 1
Aaf = L 7
z ‘/beam ( )

where Vy, 1 is the imaginary part of the HOM voltage
(as the kick is from the magnetic field) and Vieqrm is the
beam voltage, pc/e. Then bunches are transported to
the next cavity by transfer matrix between the current
cavity and the next cavity and the process is repeated.
After 8 cavities and 6 turns, the bunches are dumped
and replaced by newly injected bunches. The standard
deviation of the bunch centroid o, at cavities are shown
in Fig. 21 (b). The blue, red, and green lines correspond
to when the Qp, is below, at, and above the critical Qp,
value. The black line is the RMS beam size estimated
in the OptiMX (of course, without BBU instability). We
can see when the HOM voltage is higher, the o, is larger,
which indicates bunches received more kicks.

B. Simulation results

We estimated critical Qrs for the first 15 dominant
HOM modes and the results are shown in Fig. 22. The
injection current is 20 mA. The results are compared to
the analytical model in Ref. [23, 24], which estimates
threshold current of a single mode as

2F
e(R/Q)AQxkx X275, (B/Ej) My sin (wat!)’

(8)
where E is the energy of the beam in the recirculation
arc, F; is the beam energy at checkpoint j, M7} is a ma-
trix element of M*, which is the transfer matrix from the
ith checkpoint to the j* checkpoint, and ¢ is the cor-
responding transit time. Here N, is the number of con-
sidered checkpoints, which are located at exits of linacs.
Here threshold current is calculated for the horizontal
modes and for vertical modes the M;? is replaced by Ms}.
A denotes the dipole mode number, k) is wave number,
(R/Q)x is shunt impedance, @, is quality factor, e is
electron charge. In this context, the threshold current
is calculated for the horizontal modes, while for vertical
modes, M7} is substituted with Ms}. Here, ) represents
the dipole mode number, k) is the wave number, (R/Q)2

Iy =
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FIG. 21: PERLE BBU tracking model with 8 cavities. (a) HOM voltages when Qp, is below (blue), at (red), and
above (green) the critical Qr, value and (b) corresponding RMS of beam centroid.

is the shunt impedance per unit charge, @) is the quality
factor, and e is the charge of an electron.

It can be seen that the analytical model and simula-
tion broadly agree and follow similar trends. The lowest
critical Q7 = 1.75 x 10° is by TE111 47/5 mode. The
other low critical critical Qs are 3.6 x 10°, 3.7 x 10° and
5.1 x 105, which are by TE111 37 /5, TM110 47/5, and
TM111 37/5 modes, respectively. These results provide
the design criteria for cavity HOM dampers.

VIII. OUTLOOK, ERL ROADMAP

PERLE - a ‘stepping stone’ to the LHeC - is designed
to validate choices for a high energy ERL foreseen in the

design of the Large Hadron electron Collider (50 GeV)
and the Future Circular Collider (FCC-eh, 60 GeV) [3].
PERLE is a compact ERL, resembling the LHeC con-
figuration, based on superconducting RF technology, ex-
pands the operational regime for ERLs to 10 MW of beam
power. The facility was described and recognized in 2021
as a key part of the European Roadmap towards novel
accelerators [25] for its unique characteristics paving the
way not only for sustainable, multi-turn ERL technology,
but also for pioneering industrial and low energy physics
applications. PERLE also provides the ideal test bed
for the necessary SRF technology developments toward
greater efficiency: fast reactive tuners to enable savings
from the RF power, and Nb3Sn on copper SRF cavities
to enable savings from cryogenics through 4.5 K running.
Funding has been sought as part of the iSAS (Innovate for
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FIG. 22: Critical Qs for first 15 dominant HOM
modes estimated in simulation and analytical model for
Iop =120 mA.

Sustainable Accelerating Systems) proposal to develop
this technology and implement it on PERLE [26].

The Large Hadron electron Collider has been de-
signed [27] as a novel part of the LHC facility with a far
reaching physics program - both for energy frontier deep
inelastic electron-hadron scattering and for empowering
the exploration of proton-proton and heavy ion physics
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at the LHC. It builds on the complex, existing, expensive
infrastructure of the LHC and represents the most eco-
nomic way towards a higher precision Higgs physics pro-
gram, which specifically relies on energy recovery tech-
nology at high currents. ERL is a principal means for
reducing the power consumption for the next generation
of lepton colliders. Operating without energy recovery,
the LHeC would use GW of power. Thanks to employing
the energy recovery, the net power is reduced to 100 MW
or possibly below. It thus is a first large scale exam-
ple of an energy efficient particle physics accelerator, for
which PERLE primarily provides and tests the required
technology.
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