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STATUS OF COMPACT ERL 
M. Shimada† on behalf of the cERL team  

High Energy Accelerator Research Organization (KEK), Tsukuba, Japan 

Abstract 
Compact ERL (cERL) at KEK has been dedicated to 

R&D for industrial applications as a test facility since 
FY2017, such as the EUV-FEL project for the future lithog-
raphy light source. Two undulators were installed at the 
cERL to demonstrate the SASE-FEL with the ERL scheme. 
We successfully observed the infrared (IR) light in FY2020 
as a primary result, which was demonstrated with a 5 MeV 
injector energy without energy recovery. As the next step, 
the energy recovery was demonstrated with 3-3.5 MeV in-
jector energy: the high current operation with a low elec-
tron charge, and beam tuning for FEL with a high electron 
charge. We report the results of one-month beam commis-
sioning in FY2023 in the proceedings. 

OPERATION PARAMETERS IN FY2023 
The compact ERL was constructed as a test facility for a 

future light source [1]. The main parameters of the beam 
commissioning in FY2023 are summarized in Table 1. We 
are aiming for 10 mA for the future EUV-FEL project, 
however, the maximum average beam current is limited to 
1 mA due to the radiation safety regulation of the cERL at 
present. It is critical to reduce the beam loss at the full re-
circulation beam energy for high current operation. The 
sensitive loss monitors are used for the beam optics opti-
mization and the collimator tuning in the low current burst 
mode before going to the high current operation. 

For high current operation, we chose the parameter set 
of the small bunch charge to prevent it from being affected 
by the severe space charge effects and to maintain the small 
beam size along the whole beamline. The injector energy 
is set to 3.0 MeV, which is the same as FY2018 operation. 
It is necessary to make the bump height of the recirculation 
beam small and reduce the beam loss in the injector and 
dump chicanes, in which the ratio between injector and re-
circulation energy is 1:6. 

For the IR-FEL demonstration, the bunch charge is set to 
60 pC, which is the same as the EUV-FEL project. In the 
previous demonstration [2-3], the injection energy was set 
to 5 MeV. It was demonstrated by turning off the chicanes 
and without energy recovery because the energy ratio is un-
acceptable in the chicanes. The IR-FEL demonstration in 
FY2023 is performed at the 3.5 MeV injector energy, 
which is acceptable for energy recovery. It is slightly larger 
than 3.0 MeV in the high current operation to minimize the 
transverse and longitudinal emittance growth at the low en-
ergy region. The high current operation is limited because 
the orbit in the chicanes needs to be slightly distorted and 
it causes a beam loss.  

HIGH CURRENT OPERATION 
In FY2023, the high current operation was necessary for 

the machine inspection every five years. Although the 
beam stability is critical for keeping the radiation level low, 
we found the beam fluctuation, which was not seen at the 
previous commissioning. The large fluctuation can be sup-
pressed by replacing the unstable power supply for the 
steering magnets while the other small fluctuation at the 
other frequency cannot be suppressed. In addition, there 
was an unknown spiky beam position shift.  

The parameters of the beam optics tuning are shown in 
Table 1. At the low energy region of the injector, the Q scan 
responses are matched with that of the design optics opti-
mized with the simulation code General Particle Trace 
(GPT) to suppress the emittance growth [4]. On the other 
hand, at the recirculation loop, the linear optics matchings 
are performed with the tool of the code ELEGANT. At the 
middle energy region of cERL, magnet standardization is 
imperative to deal with magnet hysteresis. However, the 
reproducibility of the standardization was poor due to an 
unknown reason, so it took a long time to find the best 
beam optics. 

Table 1: Main Operation Parameters in FY2023  

Parameter CW operation  
for high current 

Beam tuning  
for high current 

IR-FEL  
w. energy recovery 

Recirculation energy 17.2 MeV  17.5 MeV 
Injection energy 2.9 MeV  3.5 MeV 
Energy ratio at chicane 1 : 6  1 : 5 
Bunch charge ~  0.77 pC (max) 1 pC 60 pC 
Bunch repetition 1300 MHz  81.25 MHz 
Operation mode CW burst burst 
Pulse duration - 1 µs 1 µs 
Pulse repetition - 5 Hz 5 Hz 
RF frequency 1300 MHz  1300 MHz 

 ___________________________________________  

† miho.shimada@kek.jp 
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Figure 1: Location of loss monitors. Top: Photomultiplier 
loss monitor with high sensitivity, Bottom: Area radiation 
monitor for high current operation. 

Figure 2: Average beam current and area monitor during 
the high current operation. 

In such a severe condition, almost 100% core beam is 
transported to the main dump with energy recovery at the 
low current. For an average beam current of 1 mA, the 
beam loss at the recirculation loop should be maintained at 
less than 10-4 ~10-5, however, it is impossible to estimate 
the beam loss less than a few percent with the Faraday cup 
current monitor at the main bam dump. Therefore, the sen-
sitive beam loss monitors are used in the beam tuning at a 
low current to treat the beam halo and tail. The locations 
are shown in Fig. 1 (top).  

Two collimators around the injector chicane are used to 
cut the beam halo and tail at low energy region. It should 
be carefully tuned not to cut the beam core. After fixing the 
beam optics and collimators, the beam current is increased 
by checking the 12 area monitors in Fig. 1 (bottom). Fig-
ure 2 shows an example of the response of the area monitor, 
which is not should exceed the safety threshold. 

At the previous beam commissioning in FY2022, the 
maximum average beam current is limited to less than 
0.25 mA due to the severe beam loss. It is difficult to pre-
dict the halo and tail formation, especially at the undulators, 
therefore, machine learning with the Bayesian optimization 
is used for optics optimization, in which the quadrupole 
magnets are used as variable parameters to reduce the loss 
monitor response [5].  

The halo and tail should be removed at the collimators, 
otherwise, most of them are lost after accelerating up to the 
full recirculation beam energy and increase the radiation 
level. On the other hand, the radiation shields of the colli-
mators are insufficient. To take into account the balance, 
we also used machine learning using the collimator posi-
tion as variable parameters.  

The first 1 mA operation was successful with the con-
ventional manual tuning for machine inspection. For eval-
uation of the machine learning, the collimator tuning is 
demonstrated without manual tuning from the bad condi-
tion, in which the maximum current is limited to 0.14 mA. 
It works well and successfully finds 0.6 mA and almost 
1 mA step by step. The evaluation function during the 
beam tuning at 0.6 mA is shown in Fig. 3. Figure 2 shows 
the beam current during the high current operation. 

At the beam condition optimized for high current, the 
photomultiplier loss monitor has almost no signal. Never-
theless, there are cases, in which the area monitors exceed 
the threshold at the high current operation. Therefore, the 
gafchromic films are used to precisely identify the beam 
loss position, which depends on the beam optics and orbit 
at every tuning. 

 
Figure 3: Trend of the evaluation function and loss monitor 
response during the collimator tuning. 

FIRST TRIAL OF SASE-FEL WITH  
ENERGY RECOVERY 

Another laser system at 81.25 MHz for the electron gun 
is equipped for SASE-FEL demonstration. The repetition 
rate of the burst is controllable with the same pulse inten-
sity. It makes it possible to maintain the bunch charge con-
stant with 60 pC from low to high average beam current. It 
is important for the high current operation because the best 
optics and collimator positions depend on the bunch charge. 
The laser system was moved to a new laser hutch. 

To demonstrate the energy recovery with SASE-FEL, 
the injection energy is set lower than the previous commis-
sioning even though the space charge effect increases. Fig-
ure 4 shows the signal of IR-FEL and the beam current 
monitored with the Faraday cups. The IR signal is success-
fully observed at the undulator. On the other hand, the 
transmittance is very low: 30 % and 3.6 % just after recir-
culation and energy recovery, respectively. It is considered 
to have occurred by the beam loading because the transmit-
tance is different in the 1µs pulse duration as shown in 
Fig. 4. 
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Figure 4: Energy recovery operation with SASE-FEL.Gun 
FC, Circ FC and Dump FC are located just after the elec-
tron gun, the recirculation loop, and after the energy recov-
ery, respectively. 

OTHER RELATED BEAM STUDIES 
The target of the average current is 10 mA. The prepara-

tion is underway to realize it by intensifying the power sup-
ply of the electron gun and the radiation shield of the col-
limators. At the limited beam commissioning time, three 
hours of operation is demonstrated at 0.8 mA without ac-
celeration to verify the vacuum components and condition 
at the beam dump [6].  

In addition, the efficiency of the energy recovery is 
measured at several pathlengths of the recirculation loop. 
The results are consistent with the simulation. 

FUTURE PLAN 
The EUV-FEL is the candidate for the future light source 

for lithography because it has the advantage in terms of the 
upgradability to shorter wavelength (beyond EUV) and 
variable polarization control [7]. In addition, the electric 
power consumption per scanner is low compared to the 
conventional laser-produced plasma (LPP) EUV laser sys-
tem. The schematic is shown in Fig. 5. The cERL is used 
as the platform for the development of key components 
such as the superconducting accelerator cavity and the 
electron gun. In addition, we are redesigning the whole 
scheme because it is essential to make the accelerators size 
down, which is larger than the LPP system. The double 
loop scheme and regenerative FEL oscillation [8] are pro-
posed as options.  

CONCLUSION 
Almost 1 mA CW operation is successfully demon-

strated at cERL for the first time after installing the two 
undulators. At the other operation mode of SASE-FEL, the 
IR signal is observed with 3.5 MeV injector energy. The 
energy recovery is expected to be successful by the beam 
loading correction. 

 

 
Figure 5: Schematic of the future EUV-FEL light source 
and the design works for reducing the accelerator size. 
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CBETA: ACHIEVEMENTS, CHALLENGES, STATUS, AND PLANS∗

J. S. Berg† , Brookhaven National Laboratory, Upton, NY, USA

Abstract
The Cornell-BNL ERL Test Accelerator, CBETA, is an

energy recovery linac (ERL) capable of accelerating elec-
trons to 150 MeV in 4 linac passes. It uses a fixed field
alternating gradient return arc to return all 4 energies, from
42 to 150 MeV, to the linac. CBETA was operated in two
modes, with one accelerating pass to 42 MeV and with four
accelerating passes to 150 MeV. I describe the unique fea-
tures of CBETA, and summarize what was achieved in our
studies. I will outline some of the difficulties we faced which
we would like to address in future operations. Finally, I will
describe some possible future studies using CBETA.

MACHINE OVERVIEW
CBETA (Fig. 1), the Cornell-Brookhaven ERL Test Ac-

celerator [1], is an energy recovery linac (ERL) accelerating
to as high as 150 MeV in 4 passes through a superconducting
linac. It consists of

• A 6 MeV injector, capable of 0.5 MW beam power
• A 6-Cavity 1.3 GHz superconducting linac (MLC),

which accelerates or decelerates the beam by 36 MeV
on each pass

• A fixed field alternating gradient (FFA) return arc,
which returns the beam after being accelerated or de-
celerated by the linac back to be reinjected in the linac.
This is a single beam line capable of returning beams
at all the relevant energies, from 42 to 150 MeV.

• Splitter (SX) and recombiner (RX) lines which have
individual beam lines for each design energy in the
return FFA. They connect the MLC to the FFA return
arc, and manage betatron matching, time of flight, and
𝑅56 for each of the four design energies in the return
arc.

The return arc thus has 4 design energies: 42, 78, 114, and
150 MeV. The SX and RX lines can be configured so that any
of these energies is the maximum energy that the beam is
accelerated to in the ERL. I use the language 𝑛-pass to refer to
the number of accelerating passes in the linac: so for instance,
the 1-pass configuration accelerates to 42 MeV, makes one
accelerating and one decelerating pass through the linac, and
one pass through the return arc. CBETA was operated in
the 1-pass configuration and the 4-pass configuration.

Some unique features of CBETA are
1. CBETA is the first 4-pass ERL using a superconducting

linac. While a 4-pass ERL has been built before [2],

∗ This manuscript has been authored by employees of Brookhaven Science
Associates, LLC under Contract No. DE-SC0012704 with the U.S. Depart-
ment of Energy. The United States Government retains a non-exclusive,
paid-up, irrevocable, world-wide license to publish or reproduce the pub-
lished form of this manuscript, or allow others to do so, for United States
Government purposes.

† jsberg@bnl.gov

Figure 1: Layout of CBETA.

Figure 2: Unstiffened (top) and stiffened (bottom) cavities
in the MLC [5].

it used room temperature RF cavities. The low losses
in superconducting cavities are needed to get good ef-
ficiency in an ERL, but superconducting cavities are
significantly more challenging to operate than room
temperature cavities, so this is a significant advance.
Other ERLs have operated with a superconducting linac,
but never with so many passes.

2. CBETA uses a single FFA arc to return the beam to
the linac for all the design energies. This idea can be
very advantageous for an ERL with a very large number
of passes, as was proposed for an early design of an
electron-ion collider at Brookhaven National Labora-
tory (BNL) [3].

3. The FFA return arc is constructed from Halbach-like
permanent magnets [4] surrounded by window frame
magnets for orbit correction.

MAIN LINAC CRYOMODULE
The main linac croymodule contains 6 cavities, which

alternate between two cavity designs, one with stiffener rings
and one without (see Fig. 2). The cavities were supplied
with either 5 or 10 kW power amplifiers, for the stiffened
and unstiffened cavities, respectively.

Significant effort was put into the reduction of detuning in
these cavities. Vibration sources were removed, and active
microphonics compensation was introduced [6] (see Fig. 3).
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Figure 3: Impact of vibration reduction (left) and active
microphonics compensation (right) on measured cavity mi-
crophonics [6]. Blue dashed lines are before compensation,
solid orange lines are after.

FA

TAZXTB

FB

Figure 4: The FFA return arc, showing individual magnets.
Red magnets are the focusing quadrupoles, other magnets
are defocusing, the color indicating which type of defocusing
magnet is used. FA and FB contain the arc cells, ZX contains
the straight cells, and TA and TB contain the cells making
up the adiabatic transition.

FFA Return Arc

The FFA return arc transports beams at all of the design
energies for most of the circumference of CBETA. It ac-
complishes this by consisting entirely of doublet focusing
cells with the defocusing magnet generally having a dipole
component to its field. At the ends of the return arc, the
cells bend by 5 degrees each, and in the center there is a
straight section. In between these there are 24 cells on each
side which adiabatically transform the arc cell lattice func-
tions to those of the straight cell (Fig. 4). The return arc
is constructed from Halbach style permanent magnets [4].
There are 5 types of magnets (Fig. 5): a single focusing
quadrupole, one of which is used in each cell, and four types
of defocusing magnets, three of which have a dipole com-
ponent to their field. The straight cells use the defocusing
magnets with no dipole component, the arc cells use one
of the types, and the two remaining types are used in the
transition region, with their displacements individually ad-
justed to optimally match the orbit over the entire energy
range from its energy-dependent value in the arcs to zero in
the straight [7].

Orbit correction for all passes simultaneously is managed
with horizontal and vertical dipole correctors that surround
each magnet.

Figure 5: Permanent magnet arrangements and magnetiza-
tion orientation in the five types of permanent magnets used
in the FFA return arc [4].

Figure 6: Permanent magnet within a rotating coils measure-
ment apparatus. The permanent magnet blocks within the
aluminum frame can be seen, as well as the Panofsky dipole
corrector that surrounds the magnet [8].

Permanent Magnets for the FFA
The permanent magnets used in the FFA return arc are

Halbach style, meaning they have a number of permanent
magnet blocks arranged around the beam pipe with their mag-
netization directions having different orientations around
the aperture. There is no iron inside the permanent magnet
blocks (before correction, see below), so the the fields from
the blocks almost exclusively determine the field within the
aperture. Figure 5 shows the arrangement of the permanent
magnet blocks in the FFA magnets. The blocks are supported
in a aluminum frame whose temperature is maintained by
a water flow system to avoid changes in magnet strength
due to changes in the temperature of the environment (see
Fig. 6).

After being assembled, each magnet has its field mea-
sured by a rotating coil (Fig. 6). To reduce the magnitude of
unwanted multipoles and reduce the difference of the inte-
grated strength of the design multipoles from their design
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Figure 7: Plastic cylinder with iron rods for field error cor-
rection inside of a permanent magnet [4]. Water lines for
temperature regulation can be seen at the bottom.

Figure 8: Splitter line layout. Blue rectangles are quadru-
poles. The black rectangles in the central region are sliding
joints for path length adjustment.

values, iron wires are inserted into a plastic cylinder that lies
just inside the magnet aperture (Fig. 7). The magnet is then
measured again, and the process repeated if necessary. The
resulting field errors in the magnets were reduced by about
an order of magnitude to an average of less than 3 parts in
10000 [4].

Splitter and Recombiner Lines
For each design energy in the return loop, we need to

achieve the following:
• The beam must return to the linac at the proper phase.
• 𝑅56 must have the desired value for longitudinal dy-

namics and instability control.
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Figure 9: Average beam current at the gun during a test deter-
mining maximum operating current in 1-pass operation [9].
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Figure 10: Measured efficiency of energy recovery for indi-
vidual cavities in the MLC during 1-pass operation [9]. The
efficiency is 1 minus the net energy delivered to the cavity
divided by the energy delivered to the beam during accel-
eration. Results are corrected for particle losses. Values
predicted by the machine model are also shown.

• The lattice functions at the linac must be matched to
the lattice functions at the FFA arc.

These requirements must be met for each individual energy.
Doing so mandates the use of individual beamlines for each
energy, which are significantly shorter than the return loop.
These are the splitter (SX) and recombiner (RX) lines that
can be seen in Fig. 1. Figure 8 shows the splitter lines in more
detail. Each line contains three sliding joints which allow
for a small amount of path length adjustment. Each line also
has 8 quadrupole magnets to match the lattice functions and
set 𝑅56. The vacuum chambers in each of the three lower
energy lines can be replaced to configure CBETA for any
number of passes.
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Figure 11: Measurement of net power delivered to the second
(top) and fifth (bottom) cavities in the linac. Blue symbols
are when only one pass is made through the linac, and the
second cavity is accelerating and the fifth cavity is decel-
erating. Orange symbols are when both accelerating and
decelerating passes are made through the linac. The slopes
of the lines are used for the efficiency calculation [9].

IMPORTANT ACHIEVEMENTS
CBETA was operated in 1-pass and 4-pass configurations.

In this section I will summarize the primary achievements
in each of those operating modes.

1-Pass
For 1-pass operation, the beam was injected at 6 MeV,

accelerated to 42 MeV, then decelerated back down to
6 MeV [9]. The machine was able to operate with a cur-
rent of nearly 70 µA (Fig. 9). We believe we could have
reached 1 mA, but the fast shutdown system was not opera-
tional, and the beam dump entrance was not fully shielded,
so radiation limits prevented higher current operation.

During 1-pass operation, we measured the energy recov-
ery efficiency in each individual cavity [9]. While we had
designed a set of cavity phases so as to have energy balanced
perfectly at each cavity, RF phase jitter made this operation
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Figure 12: Beam positions at each cell in the FFA arc during
4-pass operation after correction [10]. Colors indicate the
energies of the orbits. Both accelerating and decelerating
beams are shown, indicated by symbol shape, for all energies
except 150 MeV.

mode unstable. So instead we set all of the cavity accel-
eration phases to 1 degree to reduce the impact of phase
jitter on beam energy, and performed our measurement in
that configuration. In this configuration we do not expect
a perfect energy balance at each cavity; Fig. 10 shows the
expected efficiency of the individual cavities in the linac.
This resulted in an energy at the dump line about 1 keV
above the injection energy of 6 MeV. The measurement was
performed by first configuring the linac for a single pass with
3 accelerating cavities followed by 3 decelerating cavities to
calibrate the measurements of power delivered to the cavity
for a given current. Then the machine was reconfigured for
energy recovery, and the power was measured again. The
measurements for two of the cavities are shown in Fig. 11.
The efficiencies computed from those measurements, cor-
rected for beam loss, are shown in Fig. 10, demonstrating
that CBETA is capable of capable of producing high power
beams while delivering only a tiny fraction of that power to
the beam through the MLC.

4-Pass
Operation with 4 accelerating and 4 decelerating passes

was the most notable achievement of CBETA [10]. The
machine ran in this mode with a low operating current (1 nA
with 5 pC bunch charge). Operating in this mode required
that the orbits would be corrected simultaneously at 4 differ-
ent energies in the common FFA return arc (Fig. 12). With
the exception of the final decelerating pass, accelerating and
decelerating orbits with the same energy followed each other
closely.

We demonstrated excellent agreement between our model
of the machine and measurements. We measured tunes for
a range of low energies and our design energies in the FFA
return arc, and had excellent agreement with our machine
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model (Fig. 13) [10]. Linac phases agreed well with our de-
sign (Fig. 14), and adjusting the return path lengths to match
those phases to the design was essential to transporting the
beam through all passes [10].

CHALLENGES
We encountered numerous difficulties operating CBETA.

Many of those challenges were addressed, but other issues
remained that could profitably be studied and addressed in
future operations and upgrades.

RF
RF stability and control created numerous problems dur-

ing operation. RF phase and voltage fluctuations and often

Figure 15: Two measurements of RF voltage in an MLC
cavity versus time [12].

related RF trips made operation challenging in some con-
figurations, made it difficult to operate the machine for long
periods, and at times required us to operate some cavities
at lower voltages than desired. Many of those issues were
successfully addressed in our commissioning process [6].
However, there was a long-term drift in the RF voltage aris-
ing from an inconsistency in voltage measurements that
impacted amplitude control [12] (Fig. 15). In operation this
was addressed by adjusting splitter line magnet fields, but
for long term operation it would be essential to correct the
underlying problem.

We found that the MLC cavity axes were not aligned with
the BPMs outside the MLC cryomodule [13]. We were able
to determine the cavity positions via beam-based measure-
ments, and we adjusted the height of the MLC cryomodule
by 3 mm based on those results.

Splitter Lines

The splitter lines presented numerous challenges. Many
difficulties arose from their compact layout (Fig. 16). When
changing fields in a magnet in one line, those fields could im-
pact the adjacent line. We constructed linear combinations
of magnet currents that would allow us to vary one magnet
and leave transport in other lines relatively unchanged. We
also saw hysteresis effects in our magnets, necessitating de-
velopment of a degaussing procedure and making machine
tuning challenging. We were unable to keep the beam cen-
tered in all splitter line quadrupoles, likely due to a mismatch
with the model of beam trajectories into and out of the FFA
lines and through common magnets in the splitters, which
required steering adjustments when quadrupole strengths
were changed. Our sliding joints for path length adjust-
ment would not move freely, making path length adjustment
very time consuming. The betatron function matches in
the splitter lines were highly optimized yet required large
quadrupole strengths and generated large amounts of chro-
maticity, largely due to the fact that the magnet layout was
highly constrained and dictated almost entirely by space
considerations.

In 4-pass operation, we found a significant loss between
the last two return passes, which we believe occurred in the
78 MeV recombiner line (Fig. 17). There is also a smaller
current loss in earlier passes. We do not fully understand the
cause of this, and should address this in any future 4-pass
ERL operation.

69th ICFA Advanced Beam Dynamics Workshop on Energy Recovery Linacs, Tsukuba, Japan JACoW Publishing

ISBN: 978-3-95450-258-5 ISSN: 2673-5563 doi: 10.18429/JACoW-ERL2024-TUO02

8 WG5: Facilities

TUO02 WG5: WG5 (Facilities reports)

Co
nte

nt 
fro

m 
thi

s w
ork

 m
ay

 be
 us

ed
 un

de
r t

he
 te

rm
s o

f th
e C

C B
Y 4

.0 
lic

en
ce

 (©
 20

26
). A

ny
 di

str
ibu

tio
n o

f th
is 

wo
rk 

mu
st 

ma
int

ain
 at

tri
bu

tio
n t

o t
he

 au
tho

r(s
), t

itle
 of

 th
e w

ork
, p

ub
lis

he
r, a

nd
 DO

I.



Figure 16: CBETA splitter lines, viewed from the linac
end [14].
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Figure 17: Beam current for each FFA return arc pass [10].

Figure 18: Beam distribution for a 2.5 pC bunch charge at the
entrance of the second splitter line [15], showing evidence
of microbunching. Microbunching is not visible at 1.3 pC
bunch charge.

Figure 19: Composite image showing the beam halo in the
injector line [16].

Beam Dynamics
We observed evidence of microbunching at higher bunch

charges (Fig. 18) [15]. We also saw evidence of beam halo
(Fig. 19) [16]. Both these effects could lead to beam losses
limiting the ability to run at high current. Beam halo likely
was created at the cathode, and could be addressed with a
cathode activated over a more limited area, or by collimating
in the injector line.

FUTURE POSSIBILITIES
CBETA is still intact, and operations could be resumed

should funding become available. CBETA’s capabilities are
similar to those that might be needed for an ERL generating
an electron beam for cooling in the Electron-Ion Collider
(EIC) [17, 18], and thus studies at CBETA could assist in
R&D for that project. The CEBAF 22 GeV upgrade plan
uses a design with splitters and an FFA return arc that is
very similar to CBETA [19]; studies on CBETA addressing
the splitter line operation and the interaction with the FFA
return loop would benefit that project. CBETA could be
turned into a source for inverse Compton scattering photons
by adding a new return line for 150 MeV (Fig. 20) [20].
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STATUS OF THE S-DALINAC WITH FOCUS ON ERL OPERATION∗

M. Arnold† , M. Meier, F. Schliessmann, A. Brauch, M. Dutine, J. Enders,
R. Grewe, L. Jürgensen, F. S. Moujani Ghomi, N. Pietralla, D. Schneider, A. Smushkin

Institut für Kernphysik, Technische Universität Darmstadt, Darmstadt, Germany

Abstract
The S-DALINAC is a thrice-recirculating electron acceler-

ator at Technische Universität Darmstadt. It can be operated
as an energy-recovery LINAC (ERL) besides the conven-
tional acceleration scheme serving various nuclear-physics
experiments. One-turn and two-turn energy recovery was
achieved at the S-DALINAC. A study on the three-turn ERL
mode was conducted. A setup for laser Compton backscat-
tering is under commissioning and will be introduced. This
contribution will give an overview of the facility with a focus
on its ERL activities.

INTRODUCTION
The superconducting Darmstadt linear accelerator

S-DALINAC is in full operation since 1991 at the Institut für
Kernphysik at Technische Universität Darmstadt [1]. The
accelerator is mainly developed and operated by students
and serves as important building block for the hands-on edu-
cation of the future generation of accelerator scientists. The
S-DALINAC can be operated as an energy-recovery LINAC
(ERL) since 2016 [2], while serving various nuclear-physics
experiments in fixed-target operation with up to three recir-
culation beamlines.

Overview of the S-DALINAC
Figure 1 shows the floor plan of the facility. The beam is

generated by the thermionic gun and pre-accelerated with
250 kV. The beam is then prepared for an acceleration in
the superconducting radio-frequency (SRF) cavities with a
repetition rate of 3 GHz in the normal-conducting chopper-
buncher section. The superconducting injector LINAC
houses a six-cell capture cavity with a reduced 𝛽 of 0.86 [3]
and two 20-cell SRF cavities (𝛽=1). Downstream of the
injector LINAC, a beam with a total energy of up to 10 MeV
and a beam current of up to 60 µA can be provided. This
beam can be used for nuclear-resonance fluorescence exper-
iments at DHIPS [1, 4, 5]. Alternatively, the beam can be
deflected into the main LINAC housing eight 20-cell SRF
cavities for further acceleration. The beam can pass through
the main LINAC up to four times using the three recircula-
tion beamlines. A total energy of 130 MeV with 20 µA can
be reached. The extracted beam can be used for electron scat-
tering experiments at the two spectrometers LINTOTT [6,7]
and QCLAM [8–11], the photon tagger NEPTUN [12,13]
or for tests of devices at the detector test setup.
∗ Work supported by DFG (GRK 2128, project ID 264883531 and

GRK 2891, project ID 499256822, Inst163/308-1 FUGG), BMBF
(05H21RDRB1), the State of Hesse within the Research Cluster EL-
EMENTS (Project ID 500/10.006)

† marnold@ikp.tu-darmstadt.de

Path-Length Adjustment System
The distance travelled by the electrons from the exit of the

main LINAC through a recirculation beamline until reenter-
ing the main LINAC is called path length. Each recirculation
beamline of the S-DALINAC houses a path-length adjust-
ment system (PLAS), see orange circles in Fig. 1. These
systems are driven remotely from the control room to adapt
the path length of each recirculation beamline depending
on the beam momenta and the operation mode: Conven-
tional acceleration or ERL. A full RF wavelength (= 360°)
corresponds to a distance of 10 cm at the RF frequency of
2.997 GHz of the S-DALINAC. The following strokes are
available for the different beamlines and are given as an
equivalent of an RF period:

• First recirculation beamline: Approx. 265°

• Second recirculation beamline: Approx. 360°

• Third recirculation beamline: Approx. 360°

The second recirculation beamline is used to operate the
S-DALINAC in one- or two-turn ERL mode [14]. For the
two-turn ERL operation the first recirculation beamline is
used additionally. The PLAS in the third recirculation beam-
line was upgraded to allow for the three-turn ERL mode [15]
that is under study at the moment.

ONE-TURN ERL OPERATION
The beam is accelerated in the injector LINAC, bent into

the main LINAC and accelerated once. The separation dipole
magnet downstream of the main LINAC deflects the beam
directly into the second recirculation beamline. A change in
the total path length of a multiple of the RF wavelength plus
or minus half a wavelength is applied during the transition
to achieve a phase shift leading to deceleration. The beam is
reentering the main LINAC on the decelerating phase. As a
consequence, there are two beams superimposed in the main
LINAC. The electrons are decelerated during their second
transition through the main LINAC, thus they are returning
their kinetic energy. Finally, the beam is dumped at injection
energy. The RF phases and amplitudes of the main LINAC
as well as the longitudinal dispersion of the arcs and the
PLAS setting of the second recirculation beamline can be
used as degrees of freedom during the setting.

The energy of the injector LINAC was set to 2.5 MeV,
the energy gain of the main LINAC to 20 MeV during the
one-turn ERL run. An initial current of 1.2 µA was used. At
that time, the beam loading could only be measured for the
first main LINAC cavity A1SC01 (see Fig. 1), see Table 1.
For comparison purposes, the S-DALINAC was operated in
four different operation modes:
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Figure 1: Layout of the facility S-DALINAC. Data was taken from the first main LINAC cavity A1SC01 (purple) and the
beam dumps for ERL-mode (ERL-Cup, purple) as well as conventional acceleration mode (E0F1-Cup, purple) during the
one-turn ERL measurement. The path-length adjustment systems (PLAS) of the recirculation beamlines are circled in
orange.

• No beam: The RF system was running in steady state
without beam. This was used as reference for the beam
loading measurements.

• One beam (acc.): One beam was accelerated in the
main LINAC.

• ERL operation, two beams (acc. + dec.): The ma-
chine was operated in one-turn ERL mode. In the main
LINAC an accelerated and a decelerated beam have
been superimposed.

• Two beams (acc. + acc.): The PLAS was tuned to
change the operation mode from one-turn ERL to con-
ventional acceleration. Two beams have been acceler-
ated in the main LINAC here.

Table 1: Beam Loading Measured in First Main LINAC
Cavity A1SC01

Operation mode Load A1SC01 in W

No beam 0.00 ± 0.01
1 beam (acc.) 4.51 ± 0.16
2 beams, 1xERL (acc. + dec.) 0.45 ± 0.03
2 beams (acc. + acc.) 8.59 ± 0.01

The RF powers of the first main LINAC cavity A1SC01 as
well as the beam current on the dumps corresponding to the
one-turn ERL and the twice-accelerating mode have been
measured during all four operation modes (for positon of
A1SC01 and both beam dumps see Fig. 1). The results are
presented in Fig. 2. The energy recovery within the first main
LINAC cavity A1SC01 can be calculated to (90.1±0.3) %.
Further details on the one-turn ERL run can be found in
Ref. [16].

TWO-TURN ERL OPERATION
In the case of a two-turn ERL, the setup is more com-

plex: There is a higher number of superpositions in the main

0 20 40 60 80
t (minutes)

−20

−15

−10

−5

0

5

10

∆
P̃
i

(W
)

E
R

L
O

p
er

at
io

n
T

w
o

B
ea

m
s

(a
cc

.
+

d
ec

.)

N
o

B
ea

m

O
n

e
B

ea
m

(a
cc

.)

T
w

o
B

ea
m

s
(a

cc
.

+
ac

c.
)

∆P̃f

∆P̃r

0

200

400

600

800

1000

1200

1400

1600

1800

I b
(n

A
)

ERL-Cup

E0F1-Cup

Figure 2: The changes in the forward power (black line) and
the reverse power (orange line) have been measured during
four different operation modes in the first main LINAC cavity
A1SC01: The ERL operation with one accelerated and one
decelerated beam (highlighted in green), as reference no
beam (highlighted in red), one accelerated beam (highlighted
in grey) and two accelerated beams (highlighted in blue).
The beam current at corresponding beam dumps for ERL
operation (green line) and two accelerated beams (blue line)
was measured. Figure first published in Ref. [16].

LINAC section compared to the one-turn ERL, and a su-
perposition in the first recirculation beamline. Thus, there
is common recirculation transport of an accelerated and a
decelerated beam [17]. As a result, quadrupole magnets
located in this beamline have to focus two beams to ensure
proper transport of both beams.

Furthermore, both beams traveling through the first recir-
culation beamline must have the same centroid momentum.
The latter is influenced by the RF fields inside the cavities of
the main LINAC, of which amplitudes and phases are tun-
able, as well as the path length covered during a recirculation.
The latter can be tuned for all particles to the same extent
via a PLAS and thus affects the path length of the design
particle, as well. While the longitudinal dispersion can be
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used to change the individual path length of the individual
particles, which will have a minor influence on the centroid
momentum, too, it is only used as degree of freedom to
influence the correlation in the longitudinal phase space.
Consequently, the most prominent difference to the one-turn
ERL operation concerning longitudinal quantities is that in
the case of the two-turn ERL operation the PLAS of the first
recirculation beamline affects two beams. Thus, finding the
correct setting for the S-DALINAC requires beam-dynamics
simulations to ensure the correct momenta after each main-
LINAC pass. The corresponding optimization problem can
be described by [18]

min
4

∑
𝑖=1

𝑓 ( ̄𝑝𝑖(𝐴1, ..., 𝐴8, 𝜙1, ..., 𝜙8, 𝐿F, 𝐿S), 𝑝0,𝑖, 𝜖2)

subjecto to (𝐴1, ..., 𝐴8, 𝜙1, ..., 𝜙8, 𝐿F, 𝐿S) ∈ 𝑀2, (1)

where ̄𝑝𝑖 is the centroid momentum and 𝑝0,𝑖 is the design
momentum after main LINAC pass 𝑖, 𝐴𝑗 and 𝜙𝑗 are the
amplitude and phase of cavity 𝑗, 𝐿m is the length of a re-
circulation 𝑚, 𝜖2 = 1 keV/𝑐 is the parameter defining the
precision, and 𝑀2 is a set providing the technical limits of
the degrees of freedom. The function

𝑓 ( ̄𝑝𝑖, 𝑝0,𝑖, 𝜖2) =
⎧{
⎨{⎩

0, | ̄𝑝𝑖 − 𝑝0,𝑖| ≤ 𝜖

( |𝑝̄𝑖−𝑝0,𝑖|−𝜖
𝜖 )

2
, | ̄𝑝𝑖 − 𝑝0,𝑖| > 𝜖

(2)

is a penalty function that is utilized to provide a stop cri-
terion in the algorithm. By formulating the optimization
problem in this way, the tracking software ELEGANT [19]
can be utilized for solving. After a solution has been found
to the optimization problem (1), the longitudinal dispersions
acting along the injector arc and along each recirculation
beamline have been used as degrees of freedom to influence
the momentum spread and the bunch length. Results are
presented in Fig. 3. The solution of this two-dimensional op-
timization problem provides the longitudinal working point
for the S-DALINAC, which was then tuned according to the
details given in Ref. [20].

The beam tuning finally led to a stable two-turn ERL op-
eration; operation took place for different beam currents
slightly exceeding 7 µA. For a wide range of beam currents,
the beam loading of the main LINAC was measured and
compared to values present in intermediate operation modes
(see Fig. 4). Due to particle losses downstream of the third
main-LINAC pass, not all electrons did participate in the
second deceleration in the main LINAC. Thus, energy re-
covery was limited, which leads to a non-zero beam loading
in the case of this two-turn ERL operation. The particle
losses are the result of differences in Twiss parameters for
the two beams traveling through the first recirculation beam-
line. For future beam times, the focusing has to be revised to
avoid particle losses entirely. Further details on the two-turn
ERL operation including numerical values are provided in
Refs. [18, 20].

Figure 3: Simulated longitudinal quantities for the two-turn
ERL, starting after the injector LINAC. Figure first published
in Ref. [18]. Reproduced with permission from Springer
Nature. All rights reserved.

THREE-TURN ERL STUDY
In order to realize a three-turn ERL using all of the

S-DALINAC’s recirculation beamlines, the PLAS of the
third recirculation had to be modified to ensure the required
phase shift. This task was completed recently [15]. Further-
more, additional beam diagnostics has to be installed for
beam tuning.

Similar to the two-turn ERL operation, beams are super-
imposed in the first and the second recirculation beamline
in the three-turn mode. Ensuring appropriate transport of
the electron beam requires now that the centroid of the elec-
trons has a certain design value after six instead of four
main-LINAC passes [21]

min
6

∑
𝑖=1

𝑓 ( ̄𝑝𝑖(𝐴1, ..., 𝐴8, 𝜙1, ..., 𝜙8, 𝐿F, 𝐿S, 𝐿T), 𝑝0,𝑖, 𝜖3)

subjecto to (𝐴1, ..., 𝐴8, 𝜙1, ..., 𝜙8, 𝐿F, 𝐿S, 𝐿T) ∈ 𝑀3. (3)

Here, a further recirculation-path length as degree of free-
dom appears. The set 𝑀3 differs from 𝑀2 in its dimension
since 𝐿T has to be taken into account. The value of the pa-
rameter defining the precision 𝜖3 = 630 keV/𝑐 is larger than
𝜖2 because the number of objectives increased by two, but
the number of degrees of freedom increased only by one
compared to the case of the two-turn ERL. However, due to
the increased number of main-LINAC passes and recircula-
tions, the bunch’s shape in the longitudinal phase space can
be sheared more often, which thus supports a higher number
of iterative shearings in the very phase space.

After a solution has been found to the optimization prob-
lem (3), the longitudinal dispersions acting along the injector
arc and along each recirculation beamline have been used
as degrees of freedom to influence the momentum spread
and bunch length. Results are presented in Fig. 5.

Another outcome is that the phases and amplitudes of
the RF fields of the main LINAC’s cavities pairwise deviate
more strongly in the case of the three-turn ERL compared
to the two-turn ERL. Further details on the three-turn ERL
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Figure 4: Beam loading of the main LINAC for (a) different intermediate modes at a given initial beam current, and (b)
different intermediate modes and different initial beam currents. Highlighted saved power refers to the beam power only
and does not address power saving of the entire facility. Figure first published in Ref. [18]. Reproduced with permission
from Springer Nature. All rights reserved.
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Figure 5: Simulated longitudinal quantities for the three-turn
ERL, starting after the injector LINAC. Figure taken from
Ref. [21].

study including numerical values are provided in Refs. [20,
21].

COBRA: A SETUP FOR LASER COMPTON
BACKSCATTERING

The ERL mode is a special operation scheme of a recir-
culating LINAC. On the one hand, R&D is very important
to enhance the capabilities of this mode. On the other hand,
the mode will be used as a sustainable driver for experi-
ments that are suited for an ERL. These experiments have
to fulfill the condition to affect the electron bunches only
slightly. Thus the bunches can be guided back to the SRF
system downstream of the interaction process and will be
decelerated there. One possible experiment type is a collider
application. At the S-DALINAC, it was decided to use a
laser for the collision with the electron beam. In a Compton
backscattering reaction a photon scatters off an ultrarela-
tivistic electron and thereby gains energy in the laboratory

Electron

Figure 6: Compton backscattering of an incoming electron
from the left (blue) with a laser photon (red) at a scattering
angle 𝜗1. The scattered photon (violet) is backscattered at
the angle 𝜗′

2, at the azimuthal angle 𝜑’. Figure taken from
Ref. [22].

frame of reference. The process is sketched in Fig. 6. It can
be exploited as non-destructive diagnostics for the electron
beam.

Characterization of the electron-beam energy and en-
ergy spread is an important aspect for many experi-
ments. In particular, laser-driven Compton backscattering
(Laser Compton Backscattering (LCB)) at wavelengths in
the visible range have the least influence on the electron
beam. The maximum resulting energy 𝐸max of the photon
after the collision can be expressed in a simple term using
a double Lorentz transformation of the original photon en-
ergy 𝐸p with 𝐸max = 4𝛾2𝐸𝑝, where 𝛾 is the Lorentz factor
given by the electron. The scattered photon has thus gained
energy proportional to the square of the electron’s total en-
ergy, the photon is boosted in energy. The detected energy
of the scattered photon can therefore be used to recalculate
the electron energy. However, LCB as a photon radiation
source may also be of interest for applications in the field of
photonuclear reactions, in particular nuclear resonance fluo-
rescence and photoinduced nuclear fission [23]. Due to the
Lorentz boost of the photons, the required photon energies
in the MeV range can already be achieved for these exper-
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iments with existing accelerator facilities. Nevertheless, it
is worth investing in newer accelerator technologies to im-
prove the beam quality, in terms of photon bandwidth at high
flux. In addition, the energy distribution of the backscat-
tered photons shows an angular dependence, which means
that narrow-band electromagnetic radiation can be generated
with simple collimation. The energy of the scattered photons
𝐸′

𝑝 can be calculated by

𝐸′
p =

(1 + 𝛽 cos 𝜗2)𝐸p

(1 − 𝛽 cos 𝜗′
2) + (1 − cos 𝜗′

1)𝐸p
𝐸e

, (4)

for electrons with kinetic energy 𝐸e and the angles showed in
Fig. 6. The maximum scattered photon energy only depends,
apart from the incident particle energies, on the scattering
angle. From Eq. (4) it can be concluded that the desired
photon energy can be achieved by adjusting both the original
electron and photon energy. The highest photon energy can
be achieved by a head-on collision, 𝜗1 = 𝜋.

The ongoing COBRA (COmpton Backscattering at a Re-
circulating Accelerator) project at the S-DALINAC will in
the future provide a beam diagnostics method and at the
same time serve to further develop LCB sources in combina-
tion with ERLs. The COBRA project consists of three main
components, in addition to the S-DALINAC itself, shown
in Fig. 7: A CPA-Laser (Chirped Pulse Amplification) with
beam position stabilization, the Compton backscattering
source with the coupling chamber and the interaction point
as well as the detector setup to measure the scattered photons.

e-

Laser
X-Ray

CPA-Laser

Beam Pos.
Stabilization

Dipol
Magnet

LEPS

S-DALINAC Laser System

Interaction-
Point

Compton Backscattering SourceDetector Setup

1 m

5 m

Figure 7: Schematic drawing of COBRA at the
S-DALINAC. The three components of the Comp-
ton backscattering source can be seen: The laser system is
located in a separate room outside the accelerator facility
(top right in the drawing). The bottom right illustration
shows the principle of the coupling chamber with the
interaction point. The laser is brought onto the beam axis of
the electrons via an off-axis parabolic mirror. The scattered
photons are measured in a detector setup, shown below left.
The electrons are previously deflected by the first dipole
magnet in the second arc of the third recirculation. Figure
taken from Ref. [22].

Electron Beam
The coupling chamber and therefore the interaction

point is located in the third recirculation beamline of the

Table 2: Parameters of the electron beam at the third recir-
culation of the S-DALINAC. Values taken from Ref. [22].

Electron beam

Repetition Rate 2.997 GHz
Energy 60 MeV to 99.45 MeV
Energy spread 0.1 %
Bunch charge <6.67 fC
Bunch length (rms) <1 ps
Emittance (normalized) 5 mm mrad
Spot size (𝜎) at IP 80 µm to 143 µm

S-DALINAC, shown in Fig. 7. The achievable parameters
at the current position of COBRA are listed in Table 2. The
electron beam radius to be achieved at the interaction point is
dependent on the geometric emittance of the electron beam
in the third recirculation and the through-hole size selected
in the parabolic mirror. Thus, with the current geometric
emittance, for a round beam, of 𝜖g = 4.3 × 10−2 mm mrad for
60 MeV and 2.5 × 10−2 mm mrad for 99.45 MeV, a resulting
minimum beam radius at the interaction point of 143 µm or
80 µm respectively can be achieved [22]. If a smaller beam
radius is desired, the emittance of the accelerator must be
improved accordingly. The electron-beam geometry and the
positioning of the quadrupole magnets were optimized and
checked using the tracking software ELEGANT [19]. The
setup was also tested for robustness, i.e. for different elec-
tron beam dimensions (beam width and angular divergence)
at the entrance to the straight line of the third recirculation,
where it was shown that the beam can be focused in such a
way that the same desired behaviour always exists between
the IP and the hole in the parabolic mirror.

Laser
The laser system is located in a separate laser lab and the

laser beam is transported via vacuum beam transport pipes,
shown in Fig. 7. The solid-state laser system (Yb:YAG), con-
sisting of a fibre laser as oscillator and amplifier operating in
a Chirped Pulse Amplification (CPA) setup, was chosen due
to its good long-term stability in relation to the reference
frequency of the master oscillator of the S-DALINAC and
the good availability of high-quality optical components.
The measured parameters of the system are listed in Table 3.
In addition, a high average power, a high repetition rate
and very good beam parameters such as narrow bandwidth,
good beam profile and short pulse length are important char-
acteristics for the laser system used. All parameters were
measured and verified. Additionally, the beam profile and
average laser power were recorded at three different posi-
tions in the beam transport line [22]. It can be seen that the
laser beam retains its Gaussian profile up to the interaction
point, see Fig. 8, and that the power at the interaction point
has reduced minimally to 93 % of the original value.

LCB Source
The LCB source consists of the interaction point located

within a DN40CF vacuum cross and the coupling chamber
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Table 3: Parameters of the CPA-Laser system for COBRA.
Values taken from Ref. [22].

Laser beam

Wavelength 1030 nm
Bandwidth <2 nm
Beam quality factor M2 1.1
Average output power 100 W
Pulse energy 0.5 mJ
Pulse width 0.8 ps
Repetition rate 0.2 MHz to 40 MHz
Spot size (𝜎) at IP 25 µm to 50 µm

Figure 8: Laser beam profiles (from left to right) in the laser
laboratory, after the beam transport and at the interaction
point. It can be seen that the profile retains its Gaussian
shape almost unchanged. Note that the scales of the profiles
do not match as the beam images were taken for qualitative
comparison. Figure taken from Ref. [22].

(DN300CF), in which the laser beam is aligned with the axis
of the electron beam. Figure 9 shows the CAD model of
the full vacuum setup. The electron beam, coming from the
front right, first passes through the interaction point, reaches
the coupling chamber, passes through a hole in the centre
of the parabolic mirror and leaves the setup. Quadrupole
magnets positioned in front and behind the setup are used
to achieve a beam radius (1-𝜎) at the interaction point of
80 µm to 143 µm. The laser beam, coming from above the
coupling chamber hits the off-axis parabolic mirror, is re-
flected by 90° and focused at a distance of 1 m onto the
interaction point with a beam size (1-𝜎) of 25 µm to 50 µm.
The alignment of the electron beam and laser beam to each
other and relative to the structure is carried out with the aid
of two scintillator targets and their imaging by cameras. If
required, the targets can be moved into the beam path at the
interaction point and at the location of the mirror. Since
two points sufficiently define a straight line, it is possible to
align the entire COBRA system at these two points with an
adjustment laser beam, including the Low-Energy Photon
Spectrometer (LEPS) detector and collimator.

The resulting LCB beam parameters for the scattered pho-
tons, calculated with the electron beam and laser beam pa-
rameters from Tables 2 and 3, are listed in Table 4. The
resulting parameter range is given by the minimum and max-
imum possible electron energy and the resulting different
minimum electron beam size at the interaction point.

Off-Axis Parabolic Mirror
Electrical Feedthrough

Opening (d = 1,7 mm) Beryllium Target

5-Axis Table
Electrical Insulation (PEEK)

Interaction Point

La
se

r

Electron
Beam

LCB X-Ray

UHV Linear Feedthrough

Figure 9: 3D model of the interaction area. A stainless
steel vacuum chamber (the area between the flanges has
been shown transparent for a view inside) with a diame-
ter of 300 mm, called the coupling chamber is shown. In-
side the chamber is the mounted off-axis parabolic mirror
which directs the laser beam onto the electron beam axis.
A DN40CF vacuum cross, in which the interaction point is
located, is shown in the front right-hand area. Figure taken
from Ref. [22].

Table 4: Design Parameters of the resulting LCB-beam for
the COBRA project. Values taken from Ref. [22].

LCB beam

Energy range 67 keV to 184 keV
Intrinsic bandwidth 0.37 % to 0.81 %
Total photon flux 10 837 ph/s to 32 487 ph/s
Spectral density 0.192 ph/eVs to 0.206 ph/eVs
Collimation angle 1 mrad
Collimated photon flux 220 ph/s to 1748 ph/s
Bandwidth (𝜎) 0.7 % to 1.8 %
Source size (𝜎) 24.6 µm to 23.9 µm
Pulse length 1.28 ps

Figure 10: Radiation background spectrum at the
S-DALINAC (running at 65 MeV energy and 5 µA beam cur-
rent) measured with the LEPS (orange). The same spectrum
added with the simulated spectrum of the COBRA source
(blue). The expected photon peak at 77.8 keV is clearly rec-
ognizable. Figure taken from Ref. [22].

Detector Setup
The Low-Energy Photon Spectrometer (LEPS) is located

directly behind the first dipole magnet of the second arc
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of the third recirculation beamline. To protect the detector
from the background radiation, a combined shielding of lead
bricks in the inner part and polyethylene bricks in the outer
part is used. The shielding was tested during a high-energy
high-beam-current beam time by measuring the background
radiation spectrum, shown in Fig. 10. In order to visualize
the expected spectrum in comparison to the background, this
was added to the background and is shown in Fig. 10. It can
be seen that the spectrum of the scattered photons stands out
above the background.

CONCLUSION
An overview on the ERL-related actitives at the

S-DALINAC was presented. After the successful one-turn
ERL mode, a two-turn ERL mode with beam currents
slightly exceeding 7 µA has been achieved. A study on the
three-turn ERL mode is promising. Our research will in-
tensify on further simulations for this setting. The LCB
source COBRA as a collider-application for an ERL is under
commissioning at the S-DALINAC. The first collision is
expected to take place in 2025. Systematic measurements to
characterize and further evolve COBRA are foreseen for the
future.
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PROGRESS ON TERAHERTZ LIGHT PRODUCTION AT TRIUMF e-Linac

Hui Wen Koay∗, Victor Verzilov, Thomas Planche, Stephanie D. Rädel, Friedhelm Ames,
Jens Lessen, Robert Laxdel, Yuri Bylinski, Oliver Kester

TRIUMF, Vancouver, B.C., Canada

Abstract

In addition to the TRIUMF 520 MeV cyclotron, the super-
conducting e-Linac serves as a new primary beam driver of
the Advanced Rare Isotope Laboratory (ARIEL) project, de-
livering high-power electron beams to generate neutron-rich
rare isotope beams (RIB) through photo-fission. Electron
beams are initially produced by a thermionic gun at 300 keV,
and are subsequently accelerated in a superconducting linear
accelerator to 30 MeV. Present gun capacity is specified at
up to 15 pC per bunch at a repetition rate of 650 MHz. The
minimum bunch length can be reduced to a few millimeters
with the current buncher and injector system. This holds
substantial potential as a source of terahertz (THz) radiation.
This work discusses the first demonstration of THz light
production and detection from the ARIEL e-Linac. To pro-
duce more intense THz light for broader future applications,
an upgrade of the current e-Linac beamline to include a
magnetic compressor is under consideration. This study en-
compasses preliminary parameters and simulations of bunch
compression to estimate the coherent synchrotron radiation
production towards a future photo-gun driven THz source.

INTRODUCTION

TRIUMF e-Linac is a driver accelerator developed as
part of the ARIEL project, which was initially proposed
in 2008 [1]. The current e-Linac beamline consists of a
thermionic electron gun (e-gun) that generates an electron
beam with an energy of up to 300 keV [2], an injector module
that accelerates the beam to 10 MeV, and an accelerator
module (EACA) that further accelerates the beam to 30 MeV.
The current layout of the ARIEL e-Linac is shown in Fig. 1.

Electron gun

Injector
(EINJ)

Accelerator 
module 
(EACA)

Medium 
energy dump

High-power 
dump

Low-power 
dump

To 
ARIEL

Figure 1: Current layout of the ARIEL e-Linac.

∗ hkoay@triumf.ca

PRESENT STATUS

In September 2021, the first 10 kW beam was directed
to the high-power dump, marking the first successful high-
power beam delivery from this machine [3]. At that time,
the 10 kW beam lasted only about 15 minutes, and it was not
possible to maintain high-power beam operation for several
hours. To address this limitation, several upgrades were
implemented.

Installation of a New Power Converter System
First, a turbine-generator assembly was installed to gen-

erate power from the flow rate and head of deionized water,
automating the battery charging process. This upgrade en-
abled uninterrupted, extended operation of the e-gun. Addi-
tionally, the e-gun matching circuit was redesigned, and the
defective connection to the e-gun tuner was replaced. As a
result of these improvements, we successfully demonstrated
continuous beam delivery for 3 days at approximately 1 kW
in early 2024.

Auto-Regulation of Beam Current
The success of continuous beam delivery also revealed

a new challenge: the fluctuation of the beam current due
to variations in the surrounding temperature (as shown in
Fig. 2). To address this issue, we implemented a feedback
control system (PID loop) that uses the current reading from
the AC current transformer (ACCT) downstream of the e-
gun, along with RF attenuation, to regulate the beam current.
The results of this improvement are shown in Fig. 3, where
the peak current remains stable and is now insensitive to
external temperature changes.

TRIUMF TERAHERTZ PROJECT

The potential of the ARIEL e-Linac as a THz-based light
source was discussed in [4] and further elaborated by Victor
Verzilov, the THz project leader at TRIUMF [5]. In 2023,
CFI funding for this THz project was approved. The collabo-
ration includes TRIUMF, the University of British Columbia
(UBC), and the University of Waterloo. The primary ob-
jective of the project is to demonstrate the generation of
high-intensity, high-strength broadband radiation in the THz
region, with a pilot experiment scheduled for completion
by 2028. To achieve this goal, a series of plans at different
stages have been outlined for the next few years.

69th ICFA Advanced Beam Dynamics Workshop on Energy Recovery Linacs, Tsukuba, Japan JACoW Publishing

ISBN: 978-3-95450-258-5 ISSN: 2673-5563 doi: 10.18429/JACoW-ERL2024-TUO07

18 WG5: Facilities

TUO07 WG5: WG5 (Facilities reports)

Co
nte

nt 
fro

m 
thi

s w
ork

 m
ay

 be
 us

ed
 un

de
r t

he
 te

rm
s o

f th
e C

C B
Y 4

.0 
lic

en
ce

 (©
 20

26
). A

ny
 di

str
ibu

tio
n o

f th
is 

wo
rk 

mu
st 

ma
int

ain
 at

tri
bu

tio
n t

o t
he

 au
tho

r(s
), t

itle
 of

 th
e w

ork
, p

ub
lis

he
r, a

nd
 DO

I.



0

0.2

0.4

0.6

0.8

1

1.2

00
:0

0

12
:0

0

00
:0

0

12
:0

0

00
:0

0

12
:0

0

00
:0

0

12
:0

0

Av
er

ag
e

be
am

po
w

er
on

E
H

D
:D

U
M

P
/k

W

2024/01/23 to 27

Figure 2: Average beam power on the beam dump after installing the new turbine and the re-designed e-gun matching
circuit.

(a) Without PID loop

(b) With PID loop

Figure 3: After implementing PID loop, the rms of the
average peak current is within 2 % regardless of any external
factors, such as temperature changes.

THz Instrumentation
As the first step in this project, we aim to demonstrate

the first production of THz light using the current ARIEL

e-Linac settings. Since THz radiation intensity increases
quadratically with the electron bunch charge [6], it is essen-
tial to maximize the beam current from the e-gun. To achieve
this, we have pushed the e-gun to its limits to investigate
the maximum achievable beam current. We successfully
extracted a high-current beam of up to 17 mA (equivalent to
26 pC) at a reduced duty factor using the existing thermionic
gun. Furthermore, we performed calculations to estimate the
minimum achievable bunch size by optimizing the buncher
and injector cavity. The results show that a sub-millimeter
longitudinal beam is achievable with the present system,
demonstrating substantial potential for THz light production.
Consequently, we have set up a target assembly with a mi-
crowave detector downstream of the accelerating module to
capture THz radiation emission.

Magnetic Bunch Compression

The next step in this project is to install a magnetic bunch
compressor. Ideally, the installation of the bunch compressor
will provide hands-on experience with tuning the accelera-
tor for bunch compression and allow us to test various THz
generation schemes. A C-chicane is being considered for in-
stallation after a potential new accelerating module (EACB)
and before the first split to the ARIEL target station and
beam dump. The space constraint is further illustrated in
Fig. 4, which shows the envelope plot of the high-energy
section of the beamline.

To ensure the compressor fits within the limited space
of approximately 600 cm between the EACB and the first
dipole before the split, we studied its feasibility using var-
ious parameters for a typical C-chicane. Figure 5 shows
examples of the results calculated using a 30 MeV beam and
a 30 cm dipole effective length. Further work is currently
underway to incorporate more detailed beam dynamics, such
as incoherent dispersion, before finalizing the design and
installation in the beamline.
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Figure 5: R56 and the horizontal offset from the main beam
lime plotted against the projected distance between the first
two dipoles of the C-chicane.

New High Brightness Photo-gun
The final step of this project is to install a new high-

brightness photo-gun that runs perpendicular to the cur-
rent low-energy beamline to produce sub-picosecond pulsed
beams. This is necessary to meet the requirements for a
high-brightness beam, which is essential for generating more
intense THz radiation.

Parameters Terahertz ARIEL

Q per bunch (pC) 200 16
Bunch length (ps) 0.1 ∼ 1 10
Beam Energy (MeV) ∼ 20 30
Energy stability 10−4 10−3

RMS normalized < 10 ∼ 2transverse emittance (µm)

Table 1: Comparison of electron source requirements for
ARIEL and THz project.

There are several key requirements for the new photo-gun.
Table 1 summarizes and compares the key parameters of the
electron beam delivered to ARIEL and the electron beam
used for THz radiation production. Ideally, the bunch charge
should reach up to 200 pC, and the bunch length should
be less than 1 ps for THz light production. Given the high
bunch charge and short bunch length requirements, a gun
providing higher initial beam energy is highly desirable to
mitigate the space-charge effect. We have now converged on
an SRF gun as the preferred choice for the new photo-gun.

The proposed future beamline layout, which includes the
new photo-gun and bunch compressor, is shown in Fig. 6. To
ensure beam quality before the electron beam passes through
the injector cavity, we are investigating the use of a compact
achromatic bender, such as an alpha magnet, to merge the
beam into the main beamline.

CONCLUSION
The ARIEL e-Linac has made significant progress toward

its goal of generating high-intensity electron beams for both
rare isotope production and THz light generation. Key mile-
stones, including successful continuous beam delivery and
the implementation of a feedback control system to stabilize
beam current, have demonstrated the system’s reliability
for extended operation. Following recent successes in high-
current beam extraction and initial THz radiation tests, we
are now preparing for the next phase of the project. We are
evaluating two RF cavity designs as candidates for the new
SRF photo-gun: a low-frequency quarter-wave resonator
(QWR) operating at 4 K, and a multi-cell 1.3 GHz ellipti-
cal cavity operating at 2 K. Beam dynamics simulations are
underway to identify the optimal choice between these two
options. In the coming years, efforts will focus on refin-
ing the beamline design, installing critical components, and
achieving the project’s goals.
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ADVANCEMENTS AND CHALLENGES IN LARGE-SCALE CRYOGENICS 
FOR ACCELERATOR FACILITIES 

N. Hasan†, V. Ganni, F. Casagrande, Michigan State University, East Lansing, MI, USA  

Abstract 
Large-scale 4.5 K and 2.0 K helium cryogenic systems 

are a foundational support system for modern supercon-
ducting accelerator facilities. These are highly energy in-
tensive systems. Large-scale efficient helium systems pres-
ently require approx. 800 W/W of cooling at 2 Kelvin 
(30 mbar) and 250 W/W at 4.5K. Due to the nature of the 
application, these systems require very high reliability. 
Over the last few decades, progressive and synergistic ad-
vancements in cryogenic system operating efficiency and 
reliability have been made – starting from development of 
warm compressor skids with wide range operation, to de-
velopment and implementation of the Ganni floating pres-
sure process for efficient and high turn-down of the refrig-
eration systems (NASA-JSC, 12 GeV-JLab, FRIB etc.). 
These design and developments are successfully utilized 
with high turn-down capacity and substantial energy sav-
ings for large-scale helium cryogenic systems at many US 
Labs. The design and successful implementation of super-
conducting magnet quench recovery and management 
helped preservation of helium inventory and improved 
beam availability. There are still several challenges, e.g. ef-
ficient and reliable operation of small-scale 2.0 K cryo-
genic systems, helium recovery and purification systems 
that can affect reliable cryogenic system operation. In this 
paper, the operational experience, progress made to date, 
recent challenges, and the path forward are discussed.  

BACKGROUND 
Cryogenics is a critical sub-system for present and future 

particle physics facilities utilizing superconducting magnet 
or superconducting radio frequency (SRF) technology. 
These systems are very complex, unique, and involve 
highly energy-intensive processes. Currently, these super-
conducting magnets and SRF resonator cavities are de-
signed to operate at 4.5 K or below. Helium was first liq-
uefied by Heike Kamerlingh Onnes in 1908 [1]. The initial 
helium liquefaction concepts were very difficult and unre-
liable. Peter Kapitza (1934) was the first to apply adiabatic 
expansion to drop the temperature of helium below the in-
version point [2]. In 1946, Collins and his colleagues at 
MIT built a simpler version of a helium liquefier which 
produced liquid helium without the need for pre-cooling 
(although liquid nitrogen pre-cooling is used to increase 
the capacity of the machine) [3]. In the late 1960s, the first 
Collins helium refrigerator located at Brookhaven National 
Laboratory (BNL) (~200W at 4.5K) and the refrigerator at 
Stanford University (300W at 1.8K), designed by Sam Col-
lins, were considered as large cryogenic plants [4]. In these 

earlier systems the input power was of secondary im-
portance to a working plant (i.e. reliability and stability) 
and achieving the desired capacity. By the late 1980’s the 
plant sizes grew substantially to more than 25 kW at 4.5K 
(BNL) and 4.6 kW at 2.0 K (Jefferson Lab, or JLab) [4]. 
Thus, there was a relatively rapid change to large systems 
that were not consistently used at their maximum capacity 
and/or were used for modes different than those for which 
they were designed. These later systems were designed 
based on a modified Claude-Brayton cycle (i.e., constant-
pressure process) and operated with the philosophy of the 
earlier systems. Presently, the input power requirement can 
vary between 250 W or above per W of cooling provided 
at 4.5 K, and between 800 – 1100 W or above per W of 
cooling provided at 2.0 K. Due to the niche field of appli-
cation, many of the key components have been tradition-
ally adopted from other industries and the refrigeration / 
liquefaction systems are designed at specified maximum 
(cooling) capacity operating point(s). 

Over the years, it has been recognized and proven that a 
system design based on a constant pressure ratio (known as 
the ‘Ganni Floating Pressure’ process cycle, patented) will 
lead to an optimal system design and improved efficiency 
of operating systems with the added benefits of stability [5]. 
In this paper, the progressive and synergistic advancements 
in helium cryogenic process system components (e.g. 
warm compressors, turbo-expanders, liquid nitrogen pre-
cooling system, heat exchangers, cryogenic centrifugal 
compressors) leading to the deployment and operation of a 
refrigeration system based on the Ganni Floating Pressure 
process cycle has been discussed in detail. The present 
challenges with the design of sub-atmospheric (2.0 K) re-
frigeration systems, and other sub-systems (namely, he-
lium recovery and purification systems) are also discussed 
with potential paths for advancement of the technologies. 

DESIGN FOR EFFICIENT WIDE-RANGE 
OPERATION 

Design of a cryogenic system that is efficient over a wide 
range of operating loads requires a thermodynamic process 
cycle that can adjust to the varying loads, as well as devel-
opment of efficient system components. Advancements in 
both these areas are discussed below. 

Ganni Floating Pressure Process Cycle 
The constant pressure ratio process (instead of a constant 

pressure process), as implemented in the Ganni Floating 
Pressure process cycle [5], is a variation to prior cryogenic 
refrigeration and liquefaction cycle designs that allows for 

 ___________________________________________  
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optimal operation and design of helium refrigeration sys-
tems. This cycle is based upon the traditional process / 
equipment used for helium refrigeration system designs, 
i.e., constant volume displacement compression and criti-
cal flow expansion devices. It takes advantage of the fact 
that for a given load, the expander (flow coefficient) sets 
the compressor discharge pressure, and the compressor sets 
its own suction pressure.  This concept not only provides 
an essentially constant system Carnot efficiency over a 
wide load range but invalidates the traditional philosophy 
that the (‘T-s’) design condition is the optimal operating 
condition for a given load using as-built hardware. 

Fundamental aspects of the Ganni Floating Pressure pro-
cess were originally conceptualized and subsequently ap-
plied to the cryogenic system for the Superconducting Su-
per Collider Laboratory (SSCL) string test plant (known as 
ASST-A) in 1992 [6]. Appropriate design / modifications 
to existing (legacy) systems are technically feasible, as 
demonstrated by the BNL-RHIC cryogenic system [7]. 
During 2002-2007, phased modifications performed on 
this system (e.g. control system upgrade, process cycle 
modifications) caused an input power reduction from 9.4 
MW to 5.0 MW for the same cryogenic load. However, 
with the scope, schedule and risks associated with different 
projects, it may not be always achievable.  

To standardize the design of such a cryogenic system, 
development efforts in several areas have been carried out 
over multiple projects, minimizing the risk associated with 
a newly developed component. These developmental ef-
forts are discussed in the following sub-sections. To date, 
this process cycle has been applied to several cryogenic 
systems including JLab [8, 9], MSU-NSCL [10], ORNL-
SNS [11], NASA-JSC [12] and MSU-FRIB [13].  

Helium (4.5 K) Refrigeration System 
Helium (Warm) Compressors The (warm) helium 

compressor system provides the required availability to the 
refrigerator / liquefier as well as the cryogenic loads and is 
considered the ‘heart’ of the cryogenic system. As such, 
the performance, reliability and maintainability of the 
warm compressor system are of paramount importance. Oil 
injected rotary screw compressors for helium refrigeration 
systems were introduced in the 1970’s following the recog-
nition of their long-term operational reliability and effec-
tiveness in approaching an isothermal compression process. 
At the present state of warm compressor system designs for 
helium refrigeration systems, typically two-thirds of the 
lost input power is due to the compression system. A well-
matched compression system and refrigerator (cold box) 
system is essential for efficient operation of helium refrig-
eration systems, especially since there is typically a con-
siderable uncertainties and margins involved in estimating 
the loads for a refrigeration system and in addition the 
manufacturers add their own margins to the components 
and system. Considering these limitations, designing a re-
frigeration system to a single design point goal is proved to 
be unwise. The conventional oil injected rotary screw he-
lium compressor systems are restricted in the suction and 
discharge pressure ranges that they can operate; especially 

regarding their bulk oil separation (BOS) process. The re-
alization of the now patented Ganni – Floating Pressure 
Process Cycle [5] during the design of the cryogenic sys-
tem for the Superconducting Super-Collider Laboratory 
(SSCL) became the primary motivation to design a warm 
compressor system capable of a wide range of operation of 
suction and discharge pressures. The opportunity to de-
velop such a helium compressor skid arise during the de-
sign and specification of a 12 kW, 20 K helium refrigera-
tion system for NASA-JSC [12] by US-DOE’s Jefferson 
Lab (JLab). Several modifications to the oil injection and 
re-circulation system (compared to traditional designs) 
were made. This compressor skid design was further re-
fined for JLab’s 12 GeV upgrade project with the addition 
of a completely new type of bulk oil separator (BOS). 

In 2013, the 12 GeV upgrade helium compression sys-
tem was successfully commissioned, composed of com-
pressor skids completely design by JLab and built-to-print 
by industry, demonstrating a very wide range of operation 
to allow full implementation of the Ganni Floating Pres-
sure process cycle. At present, these compressor skids are 
being used at JLab (12 GeV cryogenic system, since 
2013) [14], at the Facility for Rare Isotope Beams (FRIB) 
cryogenic system since 2017 [15] and at SLAC’s LCLS-II 
cryogenic system since 2020 [16]. Figure 1 shows the 

Figure 1: Installed compressor skids at FRIB (top) and 
measured isothermal efficiency of HP compressor skid un-
der wide-range operating conditions (bottom). 
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compressor skids installed at FRIB and the measured iso-
thermal efficiency of the FRIB HP compressor skid under 
a wide-range operating condition [15]. The FRIB swing 
stage compressor (C6) demonstrated operation from 
6.0 bar to 18.0 bar of discharge pressure at approx. 1.05 bar 
suction pressure. 

 
Figure 2: Measured inverse coefficient of performance as 
a function of the refrigeration load for the NASA-JSC cry-
ogenic system (top) and JLab 12 GeV cryogenic system 
(bottom). 

Refrigerator Cold Box Traditionally, a cold box design 
providing maximum efficiency (minimum operating cost) 
at a single design point(s) is referred to as the optimum sys-
tem design. However, the demand on equipment sub-com-
ponents varies substantially between the types of loads (e.g. 
efficient operation of a refrigerator is heat exchanger dom-
inant, while that for a liquefier is expander dominant). De-
viations from this design load involve not only a deviation 
in capacity, but often this indirectly also results in a deteri-
oration in the type of load (e.g., refrigeration, liquefaction). 
As such, it is a superior approach to address these aspects 
directly in the design, and not as ancillary issues. The chal-
lenge is to envision a cycle considering these optimization 
goals, using real components, capable of operating close to 
maximum efficiency for a load varying from a maximum 
to minimum capacity and from full refrigeration to full liq-
uefaction mode or in any partial load combinations. Most 
of the above goals can be accomplished with a system de-
sign based on a process which ‘naturally’ responds to 

(follow, or track) the load. In general, pure liquefaction 
load (or liquefaction dominated load, e.g. a 4.5 – 30 K liq-
uefaction required by 2.0 K compression system) governs 
the design / selection of expander flow coefficients and ex-
pander brake requirements, while pure refrigeration load 
(or refrigeration dominated load) governs the heat ex-
changer performance requirements and the cold end com-
ponent sizing. The performance of the cryogenic system 
under other operating modes (e.g. minimum / stand-by ca-
pacity) are cross-checked for possible scenarios to verify 
that an unexpected condition does not occur. A balanced 
plant design considering these factors do not unnecessarily 
restrict the plant capacity under different modes. 

The 20 K helium refrigerator installed at NASA Johnson 
Space Center’s Space Environment Simulation Laboratory 
(SESL) to support the ground testing of the James Webb 
Space Telescope (JWST) was the first of its kind to follow 
the design methodology mentioned above. The refrigera-
tion system was designed to support a variable load from 
100 kW at 100 K to 12.5 kW at 20 K, utilizing the Ganni 
Floating Pressure process cycle [12]. In addition to the 
warm compressor development, the design and require-
ments for turbo-expanders (nozzle, gas bearing and varia-
ble brake design) supporting such a wide range of load (ap-
prox. 2-25 kW at 20 K) was established by the vendor 
(Linde Process Systems) in collaboration with JLab. Fig-
ure 2 (top) shows the measured inverse coefficient of per-
formance of this cryogenic system with various loads. The 
system can automatically support any loads at 20 K from 
30% to 100% at practically constant efficiency without any 
manual interventions and with a temperature stability bet-
ter than ±0.1 K [12]. 

The cryogenic cold box for JLab’s 12 GeV project (Cen-
tral Helium Liquefier 2) was also designed as a balanced 
plant taking full advantage of the Ganni Floating Pressure 
process cycle [17]. JLab performed the process design, siz-
ing and selection of all major components, as well as the 
cold box internal component and piping design. Based on 
empirical data analysis by JLab during the commissioning 
of this system, an important parameter for the heat 

Figure 3: Progressive mean of power consumption for the 
FRIB cryogenic system with the increase of load over the 
years of accelerator commissioning and operation. 
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exchanger (HX) specification was realized and discussed 
in [9]. Based on this analysis, the 12 GeV cold box was 
modified by the vendor (Linde Kryotechnic) to meet the 
specification for the utility (LN) consumption for the LN 
pre-cooler stage of the cryogenic system. Figure 2 (bottom) 
presents the measured inverse coefficient of performance 
of this cryogenic system with varying (equivalent) 4.5 K 
refrigeration loads. 

The FRIB 4.5 K helium refrigeration system is very sim-
ilar to the JLab 12 GeV design [18]. Based on the lessons 
learned from the design and operation of the past systems, 
the JLab 12 GeV cold box design was adapted with minor 
equipment modification to match different types of loads 
which have approximately the same total load exergy 
(equivalent to approx. 18.5 kW at 4.5 K) [13]. Figure 3 
shows the overall energy consumption by this cryogenic 
system as function of time starting from commissioning to 
present day (with increase of overall load due to phased 
commissioning of different sections of the accelerator). 

Sub-atmospheric (2.0 K) Refrigeration System 
Advancement in the sub-atmospheric cryogenic com-

pression technology over the last several decades has been 
driven by the increased interest in superconducting radiof-
requency (SRF) cavities, which are generally required to 
operate at temperatures below the normal boiling point of 
helium (typically at 2.0 K or below, or at a saturation pres-
sure of approx. 30 bar). The sub-atmospheric compression 
system is responsible for re-pressurizing (re-compression) 
the sub-atmospheric vapor returning from the 2 K load be-
fore injection into the main 4.5 K refrigerator at approx. 
1.2 bar. Re-compression can be accomplished using cryo-
genic centrifugal (cold) compressors, warm vacuum com-
pressors, or a combination of these two. For large capacity 
sub-atmospheric refrigeration systems (above ~ 2.0 kW at 
2.0 K), the most practical approach to improve the overall 
system efficiency and minimize the equipment footprint, 
including both the refrigerator cold box size and the rotat-
ing machinery, is to use multi-stage cryogenic centrifugal 
compressors to fully recompress the sub-atmospheric he-
lium returning from the load [19, 20] to above atmospheric 
(positive) pressure.  

Since the first application of this technology in the mid 
1980’s [21], advancements in the turbo-machine design 
and manufacturing process have improved the overall effi-
ciency of the centrifugal compressors utilized in the sub-
atmospheric compression at low temperatures, increasing 
the isentropic efficiency of re-compression from 55 percent 
at Tore Supra [21] to nearly 75 percent at FRIB [22]. The 
recent technological developments in high-speed variable 
frequency motor drives with active magnetic bearings has 
significantly improved the operational stability and the 
turn-down capacity of the cold compressor train [23] com-
pared to the systems designed in the 1990s [24] and 
2000s [25]. 

As with turbo-expanders, although centrifugal compres-
sors are typically designed around a single operating point, 
the system may not operate at the design point and at a 
point of maximum efficiency. It will seldom operate at a 

single point. Hence, the overall isentropic efficiency of the 
cold compressor train is of secondary importance. Turn-
down (and associated operational stability) of the centrifu-
gal compressor mass flow rate is a major factor in terms of 
cost savings, although this may not be fully appreciated 
when focused solely on the sub-atmospheric system. A 
gram per second reduction in mass flow processed by the 
sub-atmospheric system can result in a 15 – 20 kW reduc-
tion of input power at the main compressor [26]. Therefore, 
while the centrifugal compressor train may not be locally 
operating at their peak efficiency, the overall cryogenic 
system operational cost savings from turning down the 
sub-atmospheric flow (liquefaction load) can significantly 
outweigh the energy cost savings of lower compressor ef-
ficiency. Energy savings for this kind of turn-down can 
only be realized if the 4.5 K refrigeration system can also 
turn-down efficiently over this range (as demonstrated by 
those using the Ganni Floating Pressure process cycle). 

For full cold-compression, the current areas of research 
include optimized control with minimal complexity of 
multi-stage cryogenic centrifugal compressors during 
steady-state operation and during the transient ‘pump-
down’ process from the normal boiling point to the sub-
atmospheric load temperature (nominally, 2 K). Research 
interest is mainly driven by the desire for a wider range of 
efficient and stable operation of larger 2 K systems.  

The FRIB cold compressor train was designed for a wide 
range of operating loads (based on the facility requirement) 
by the vendor (Air Liquide Advanced Technologies) in col-
laboration with the FRIB cryogenics department. As can be 
seen from Fig. 4, this system has a considerable operating 
range, and a turn-down of nearly 2 to 1 at the operating 
condition (approx. 30 mbar) [23]. The overall design and 
fabrication of this cold box (except the cold compressors) 
was performed completely in-house at FRIB. Further re-
search and development of the pump-down, steady-state 
operation and control philosophy was carried out re-
cently [26]. Predictive models based on theoretical princi-
ples were developed to eliminate reliance on empirical and 
statistical methods employed traditionally. Overall, 

Figure 4: Variation of operating mass flow rate with sub-
atmospheric system pressure for the FRIB 2.0 K cryogenic 
system. 
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appreciable progress was made in understanding the phys-
ical characteristics of the multi-stage centrifugal cold-com-
pressor sub-atmospheric system at FRIB during transient 
and steady-state operation. The methodology developed 
for the FRIB sub-atmospheric system can be applied to 
other large-scale sub-atmospheric cryogenic facilities uti-
lizing cold-compression with the appropriate modifica-
tions for system and cold-compressor configurations. 

Helium Preservation Operational Stability 
In low temperature superconducting (LTS) magnets built 

using (cryogenic) convection cooled superconductors, the 
operating stability and quench (sudden transition from su-
perconducting to normal state) is a complex phenomenon. 
In most cases, the quenched LTS magnet is isolated from 
the rest of the cryogenic system and the cryogen (helium) 
is expelled from the LTS magnet cryostat via a pressure 
relief valve (PRV) to prevent over-pressurization. Under 
such conditions, this results in a loss of both the cryogenic 
coolant, which is release to atmosphere, and the associated 
stored refrigeration in the fluid. Consequently, this causes 
unnecessary operational cost to both replenish the helium 
and to recover the quenched LTS magnet. A novel method 
of using a cryogenic buffer volume to absorb both the mass 
and energy release during the quench of a LTS magnet was 
first conceptualized at SSCL for magnet string testing [6]. 
Typically, the boil-off helium generated during quench in a 
LTS magnet has a temperature in range of 4.5 - 15 K. There 
is a significant amount of cryogenic refrigeration stored in 
this boil-off flow. It can be directly injected into a pool of 
saturated liquid helium stored in a cryogenic buffer volume. 
The resulting direct contact heat exchange between the liq-
uid helium and the flow released from the magnet quench 
cools the latter at the expense of generating more boil-off 
helium, thereby pressurizing the buffer volume. Once the 
boil-off flow (and energy) due to quench has been absorbed, 
the buffer volume and the quenched magnet can be depres-
surized slowly and subsequently reliquefied by the sup-
porting cryogenic system.  

This process has been designed and implemented for the 
FRIB experimental system superconducting magnets by 
incorporating a 10,000 liter (nominal) cryogenic dewar 
vessel [27]. The quench dewar volume is sized to store the 
FRIB experimental system superconducting magnet inven-
tory in case of maintenance needs and to absorb the pres-
sure pulse and energy released from these magnets because 
of a quench, while containing the helium without vent-
ing [28]. Following a quench, the stored refrigeration is re-
covered by the FRIB cryogenic refrigerator by depressur-
izing the buffer volume. This doesn’t pose a risk to the re-
frigerator stability or operation of the rest of the loads, due 
to the implementation of the Ganni Floating Pressure pro-
cess cycle. Schematic of the quench handling system along 
with the design of the associated dewar vessel are shown 
in Figs. 5(a) and 5(b). The quench handling system at FRIB 
was commissioned in April 2021 [28]. To date, there have 
been 20+ recorded events of a quench with the quench han-
dling system absorbing each of these without affecting the 
cryogenic refrigerator or other operating magnets and with-
out venting helium. 

PRESENT CHALLENGES 
Small-scale 2.0 K Refrigeration Systems 

The optimal design of 2.0 K refrigeration system using 
full cold compression (i.e. higher efficiency, smaller foot-
print, and lower capital cost) becomes challenging at lower 
capacities due to reduced volumetric flow rates. Therefore, 
many modern small to medium scale systems are designed 
utilizing other methodologies than strictly full cold com-
pression. Small 2.0 K (or superfluid) helium refrigeration 
systems, capable of providing several hundred Watts of re-
frigeration, are increasingly used for R&D activities asso-
ciated with superconducting technology and quantum com-
puting [29]. Typically, these are either custom design-en-
gineered systems or what is known as direct vacuum pump-
ing systems.  The former are expensive as they are one-of-
a-kind and require specialized engineering. The later are 

Figure 5: (a) Schematic diagram of the FRIB quench handling system, (b) 3D model of the associated cryogenic buffer 
vessel and (c) pressure rise in the buffer vessel from different LTS magnet testing / operation at FRIB as a function of the 
estimated energy input. 
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less expensive yet quite inefficient and, in cases where the 
helium is not recovered because a purification system is not 
installed, are wasteful of a non-renewable resource that is 
becoming increasingly scarce within the U.S.  They have 
the advantage of being relatively inexpensive to purchase 
and easy to implement but are quite power intensive.  Many 
require more than 3200 Watts of input power per 1 Watt of 
cooling (at 2 K, or around 30 mbar), but can easily require 
twice this input power [29]. Additionally, many are 
plagued with contamination problems from either or both 
the compressor system and air in-leaks into the sub-atmos-
pheric process, since the helium must be sub-atmospheric 
at some point in the process if the superfluid is being used 
at the load.  

A preliminary process study [29] conducted at JLab in-
dicates it is very reasonable to achieve a small-scale system 
efficiency of better than 1500 Watts of input per 1 Watt of 
cooling at 2.0 K and addresses the contamination issue. A 
build-to-print design for a small 2.0 K refrigeration system 
that can be implemented with a commercially available 
4.5 K refrigerator, can combine the efficiency gains of a 
one-of-a-kind system with the cost savings of an off-the-
shelf system. 

Helium Recovery and Purification Systems 
Helium recovery and purification systems are necessary 

to support commissioning and operation of the cryogenic 
refrigerators, and associated sub-systems used in particle 
accelerators. These systems are typically designed for re-
moving low level impurities (i.e., in parts per million), 
since even the trace amount of impurities can block and/or 
change the flow distribution of refrigerant (helium) and be 
detrimental to the cryo. system and reliable operation of the 
accelerator. For low level contamination, experience sug-
gests [30] elimination of the traditionally used molecular 
sieve bed, in favour of freezing out the moisture on a 
properly designed heat exchanger. Of course, the design of 
this heat exchanger is critical to maximize time between 
regeneration cycles (i.e., maximizing the moisture and air 
removal capacity) and to minimize the liquid nitrogen con-
sumption. However, the specifics of the heat and mass 
transfer involved in this process have not been sufficiently 
investigated to a sufficient level to provide adequate engi-
neering direction in the design of such equipment. Conse-
quently, commercially available helium recovery (com-
pressor) and purification systems have significantly higher 
cost of operation (utilities – power and liquid nitrogen con-
sumption) and have short times required between regener-
ation cycles, i.e., they have low moisture and air removal 
capacities. These systems are also difficult to operate and 
regenerate, requiring complex operational scrutiny. Re-
search and developmental efforts are presently being car-
ried out at FRIB / MSU Cryogenics Initiative to better un-
derstand the underlying physics of contaminant freeze-
out [31] and helium oil mixing process for small-scale 
compressors. 

SUMMARY 
A set of progressive and synergistic development activi-

ties have been carried out over the last couple of decades 
that lead to the complete understanding and deployment of 
the Ganni Floating Pressure process cycle and complemen-
tary sub-systems at several cryogenic systems in the USA. 
The Ganni Floating Pressure process can be implemented 
for most refrigeration and/or liquefaction cycles (new or 
existing systems) to achieve improved efficiency at the de-
sign load as well as reduced loads and for mixed modes of 
system operation. In this cycle, the pressure ratio remains 
constant for all practical purposes and thus maintains the 
maximum efficiency over a wide operating range as com-
pared to the other cycles. Additionally, these systems also 
result in maximum system stability, lower operating tem-
peratures (pressures) at the load and thereby improving the 
experimental envelop. Stable and efficient long-term oper-
ation of several cryogenic system has been demonstrated 
at multiple US-DOE particle accelerator facilities. Some 
practical challenges relating to cryogenic sub-systems (he-
lium recovery, purification) and scalability (small-scale 
2.0 K) remains to date and are being actively pursued by 
the community. The MSU-FRIB Cryogenic initiative to 
train the future generation work force is actively involved 
in advancing the understanding and application of various 
modes of 2.0 K cold compressor operations, warm helium 
compressor efficiency improvements, helium recovery 
from magnet quenches without venting, helium purifica-
tion and preservation of the helium inventory. These ad-
vancements are of critical importance to FRIB and the 
other existing and future superconducting accelerators. 
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Hui Wen Koay, TRIUMF, Vancouver, Canada

Abstract 
The compact ERL (cERL) has been operated at the mid-

energy region of approximately 17 MeV since 2017, thus 
facilitating the execution of beam studies on industrial ap-
plications. A R&D issue that has been identified is the high 
average beam current operation, which is carried out with 
a low bunch charge (0.77 pC). In 2023, machine learning 
was employed to optimise the beam tuning process, with 
the objective of maintaining a high current beam while re-
ducing radiation levels. The application of machine learn-
ing represents a promising approach to the realization of 
automatic tuning. This provides the current status of the 
machine learning study for beam tuning at cERL.  

INTRODUCTION 
In the realm of accelerator beam operation, beam adjust-

ment stands as a pivotal component. Achieving the requi-
site beam characteristics often poses a significant challenge 
due to the complexity inherent in adjusting accelerator pa-
rameters. At cERL, the process of beam tuning, which aims 
to minimize radiation and ensure efficient energy recovery, 
is particularly arduous. This is primarily due to the intricate 
interplay between tuning parameters and the need for spe-
cialized expertise in beam adjustment. The integration of 
machine learning emerges as a promising avenue for facil-
itating automatic tuning. In the context of beam tuning for 
high current CW operation, Bayesian optimization has 
been utilized as a tool for this purpose. Bayesian optimiza-
tion is a method of estimating the shape of a black box 
function and of obtaining the global maximum (or mini-
mum) from a limited set of observed data. We are currently 
exploring the potential of implementing machine learning 
algorithms to enhance the operational efficiency of the 
beamline at cERL. 

COMPACT ERL 
As shown in Figure 1, the compact ERL's layout in-

cludes a photo-cathode DC gun that generates a low-emit-
tance electron beam with a voltage of 450 kV [1]. In the 
low bunch charge beam operation, the beam is induced by 
a high repetition rate pulse laser and subsequently directed 
to an injector system that accelerates it to a beam energy of 
2.9 MeV. The beam is then accelerated to 17.2 MeV by a 
main superconducting cavity, and it traverses a recircula-
tion loop. Subsequently, the beam passes through the un-
dulator section, and it returns to the main SC cavity, where 

it is decelerated to the same energy as the injection energy 
of 2.9 MeV. The energy generated by the deceleration of 
the previous beam is recovered and utilized to accelerate 
the subsequent beam. The beam is then directed to a beam 
dump.  

 
Figure 1: Layout of cERL. 

MACHINE LEARNING APPLICATION AT 
CERL 

In the high-current continuous wave (CW) operation at 
cERL, the objectives are as follows: 
• To maintain a high beam current. 
• To suppress radiation due to beam loss. 
In the context of CW operation, beam loss can result in 

elevated radiation levels, which can lead to the termination 
of beam operation. It is essential to acknowledge the ne-
cessity of beam tuning to ensure compatibility between the 
two conditions. 

The utilization of a loss monitor is essential for the de-
tection of beam loss.  Nevertheless, in the event of substan-
tial beam loss during machine learning optimization, PMT 
with HV near the loss point has the potential to result in 
interlock or operation termination. Therefore, optimization 
is pursued while evading "dangerous" parameter searches. 
The algorithm is subsequently employed to automatically 
estimate the "safe" parameter space. Bayesian optimization 
is then implemented within that parameter space [2].  

The design of the evaluation function represents a fun-
damental aspect of Bayesian optimization. In order to 
achieve equilibrium between the aforementioned condi-
tions, a linear combination of two components is incorpo-
rated into the evaluation function. These components rep-
resent the high-current retention and loss reduction parts, 
respectively. The equilibrium between these two compo-
nents can be modulated by adjusting the weights appropri-
ately. Bayesian optimization is a method of searching for 
parameters that maximize such an evaluation function. 

 ___________________________________________  
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Beam Tuning at cERL – One Example 
In order to address the issue of radiation level reduction, 

a series of trials have been conducted. These trials involved 
the tuning of both the beam and the collimator in burst 
mode, as well as the operation of the beam in CW mode. 
Figure 2 shows a comparison of the beam structure be-
tween burst and CW mode. In order to combat the occur-
rence of beam loss, the implementation of loss monitors at 
designated points along the beam line, as well as the instal-
lation of collimators at the entrance and the midpoint of the 
merger section, has been proposed.  

 
Figure 2: Burst mode and CW mode. 

The following example illustrates the implementation of 
beam adjustment through the use of Bayesian optimization. 
cERL is equipped with two undulators, utilized for the gen-
eration of free-electron lasers (FELs). Due to the confines 
of the chamber's oval-shaped design, with a 50-millimeter 
major axis (horizontal) and an 8-millimeter minor axis 
(vertical), dedicated beam tuning is imperative. This is es-
sential to ensure the reduction of radiation levels in the sur-
rounding region, which is crucial for maintaining high cur-
rent CW operation. The cERL beamline is equipped with 
sixteen loss monitors for interlock, and the undulator sec-
tion is outfitted with four loss monitors to facilitate obser-
vation and monitoring of any associated losses. 

The selection of the combination of 8 quadrupole and 
steer magnets around undulators is made for the purpose of 
beam tuning. Figure 3 shows the results of machine learn-
ing beam tuning. The direction of machine learning tuning 
is such that the evaluation function is increased and the loss 
signal is decreased at the undulator section as shown in the 
left figure. Concurrently, machine learning traverses a safe 
parameter space, thereby achieving optimization without 
interlock from loss monitors due to the explosion of the 
beam loss signal, as shown in the right figure. 

 
Figure 3: Machine learning beam tuning. The left figure 
shows the trend of parameter search iteration, and the right 
figure shows the loss monitor signals at three parts. 

AUTO-BEAM TUNING FOR CW  
OPERATION 

The automatic beam tuning process was executed in a 
manner consistent with the manual tuning procedure. The 
initial condition manifested as some loss signals in burst 
mode. 

To mitigate beam loss, magnet tuning was performed at 
undulator section, upstream of the dump bend, and before 
the dump. In addition, beam loss at the first arc was sup-
pressed by collimator adjustment, which was realized also 
using machine learning.  

 
Figure 4: Machine learning beam tuning at cERL. 

As illustrated in Figure 4, the Bayesian optimization pro-
cess yielded two distinct outcomes. The left side of the fig-
ure depicts the tuning process in front of the dump, while 
the right side illustrates the simultaneous tuning of the two 
collimators. The machine learning demonstrates optimal 
functionality under conditions of loss signal suppression. It 
maintains beam transmission to the dump at approximately 
100% during burst mode, while concurrently exhibiting ef-
fective reduction of loss monitor signal. As demonstrated 
in Figure 5, following the implementation of machine 
learning-based beam tuning, a comparative analysis of the 
loss monitor signals on the beamline was conducted. The 
results of this analysis indicated that the loss monitor sig-
nals were effectively suppressed subsequent to the beam 
tuning procedure, which was executed in burst mode. Sub-
sequent to the implementation of machine learning beam 
tuning, CW operation was conducted, resulting in an aug-
mentation of the beam current from 140 µA to 600 µA. A 
comprehensive study of hyperparameters is imperative to 
ascertain the efficacy of Bayesian optimization in enhanc-
ing optimization outcomes. Moreover, the development of 
a strategy for machine learning beam tuning is essential to 
achieve comprehensive overall beamline loss suppression, 
thereby enabling 1 mA CW operation following machine 
learning tuning. 
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Figure 5: cERL beamline and the comparison of the loss monitor signals between before and after machine learning beam 
tuning.

SUMMARY 
The cERL is currently investigating the potential of 

implementing auto-tuning for high current and low beam 
loss operation. Preliminary findings suggest that this 
approach may hold promise in achieving the desired 
outcome. Machine learning has the capacity to balance the 
high current and loss reduction condition simultaneously. 
Thorough beam loss reduction is important and necessary 
for high current beam operation. To realize that, the 
following study is necessary:  

• A detailed study of hyperparameters 
• A strategy for efficient beam tuning 

The subsequent steps will focus on the optimization 
speed and its application to more realistic scenarios. In the 
context of future high-current beam operations, such as 

10 mA, the most significant challenge will be the 
integration of a beam loss signal strategy for the large 
number of loss monitors (O(100)) that are planned for 
installation. 
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Abstract
The Strong Hadron Cooler Energy Recovery Linac (SHC-

ERL) for the Electron-Ion Collider (EIC) is required to pro-
duce an electron beam with a bunch charge of 1 nC, an
average current of 100 mA, and a beam energy of both
150 and 55 MeV, with strict requirements for the transverse
emittance, slice energy spread, and longitudinal distribution.
This paper covers the design in detail, including preliminary
considerations of higher order effects and diagnostics.

INTRODUCTION
The Electron-Ion Collider (EIC) is a partnership project

between Brookhaven National Lab (BNL) and Thomas Jeffer-
son National Accelerator Facility (TJNAF) to be constructed
at BNL, using much of the existing infrastructure of the Rel-
ativistic Heavy Ion Collider (RHIC); a layout of the EIC is
shown in Fig. 1. Collisions occur between the hadrons in
the Hadron Storage Ring (HSR) and the electrons supplied
by the Electron Storage Ring (ESR); in order to maintain a
high average polarization of the ESR, bunches are frequently
replaced using the Rapid Cycling Synchrotron (RCS). While
most of the magnets for the HSR are repurposed RHIC mag-
nets, already installed in the existing tunnel, both the ESR
and RCS will have to be installed. In the current scope of the
EIC, only one interaction region (IR) is supported, sited at
the current IR6 of RHIC; however, it is highly desired that a
second IR may be supported at IR8 in the future, and design
efforts support that eventuality [1].

In order to achieve the design emittances of the hadron
beam and average luminosity, a two-stage cooling system is
necessary. First, hadron beams are injected into the HSR and
cooled to the desired emittances. After the design emittances
are achieved, the HSR is ramped to the collision energy, and
the hadron beam is cooled during collision in order to main-
tain the beam emittances; preserving the design emittances is
critical to achieve the desired average luminosity of the EIC.
The electron cooler which provides cooling to the hadron
beam is located in IR2 [1, 2].

STRONG HADRON COOLER ERL
The Strong Hadron Cooler Energy Recovery Linac (SHC-

ERL) is intended to cool the hadron beam during collision of
275 and 100 GeV protons, which requires 150 and 55 MeV
∗ kirstend@jlab.org

Figure 1: The current layout of a portion of the Electron-Ion
Collider (EIC). The Hadron Storage Ring (HSR), Electron
Storage Ring (ESR), and the Rapid Cycling Synchrotron
(RCS) labels are color-coded to their respective rings; the
current and proposed IRs are shown at IR6 and IR8, with
the electron cooler in IR2.

electrons, respectively. The necessary beam parameters for
both energies are given in Table 1; for an explanation of
the development of these parameters, please see [3]. Given
the significant beam power necessary, it is clear that an
energy recovery linac (ERL) is required - the operational
power to produce the same beam parameters with a linac is
prohibitive; additionally, using an ERL reduces the radiation
considerations at the beam dump. Closed optics exist for
both operational modes, shown in Figs. 2 and 3.

LAYOUT
A representative layout of the SHC-ERL is shown in Fig. 4.

In beamline order during energy recovery, the sections are
the injector, the merger, the booster, the bunch compres-
sor and high energy bypass lines (PX), the main linac, the
beam dump, the laser heater, transport to the cooling section,
the cooling section (modulator, amplifier, and kicker), the
first turnaround, the return line, and the second turnaround
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Table 1: The electron beam parameters for the two proton
beam energies. The electron beam longitudinal distribution
is assumed to be a supergaussian of order ∼4.

Proton Energy 100 GeV 275 GeV

Gamma 107.6 294
Energy (MeV) 55 150
Bunch charge (nC) 1
Rep. rate (MHz) 98.5
Avg. current (mA) 98.5
rms bunch length (mm) 9 7
Peak current (A) 10 13
Slice energy 0.6–1.5 0.4–0.8spread 𝑑𝑝/𝑝(10−4)
Norm. trans. emit. 2.8(mm−mrad)

Figure 2: The closed design optics for the 150 MeV mode
of the SHC-ERL. Shown are the beta functions in meters
(top), dispersion in meters (middle), and the beam energy in
MeV, all as a function of 𝑠 in meters. Below the three plots
is the component layout.

Figure 3: The closed design optics for the 55 MeV mode of
the SHC-ERL. Shown are the beta functions in meters (top),
dispersion in meters (middle), and the beam energy in MeV,
all as a function of 𝑠 in meters. Below the three plots is the
component layout.

– after which, the beam begins energy recovery. Alterna-
tively, the beam can be steered through the merger into the
diagnostic line. The injector consists of a photocathode
DC gun and a cryomodule containing three superconducting
radiofrequency (SRF) cavities – two 197 MHz quarter-wave
resonators (QWRs) and a 591 MHz single-cell cavity. The
beam is accelerated to roughly 6 MeV and the accelerating
cavities are run off-crest so that the bunch is chirped; the
single cell cavity is at the third harmonic of the 197 MHz
frequency and is used to linearize the longitudinal phase
space.

The booster consists of two cryomodules, oriented so that
the cavity order is two 197 MHz QWRs, two 591 MHz, and
two 197 MHz QWRs. The beam energy is roughly 13 MeV,
the bunch is significantly chirped, and the single cell cavi-
ties are again used to linearize the longitudinal phase space;
however, the longitudinal phase space is evaluated after the
bunch compressor in the following section.

Next, the beam enters the PX section, which consists of
the P1, P2, and P3 lines. Each line is energy-specific and
during the acceleration of both configurations, the 13 MeV
beam goes down the P1 line, which compresses the bunch;
bunch compression is tunable due to the quadrupole magnets
included in the compressor.

Following the PX section is the main linac, consisting of
eight 591 MHz five-cell SRF cavities and four 1773 MHz
five-cell SRF cavities, with the 1773 MHz cavities placed
in the center and four 591 MHz cavities on either side. The
beam is accelerated to the top energy of either 150 or 55 MeV
and is no longer chirped. Similar to the injector and booster,
the longitudinal phase space is linearized with the 1773 MHz
cavities.

The dump chicane and the laser heater chicane follow
the main linac, after which the beam is transported to the
cooling section, which consists of the modulator, amplifier,
and kicker. After the cooling section, the beam separates
from the HSR before entering a Bates bend and going down
the return line.

At the end of the return line is a 591 MHz five-cell SRF
cavity, which is run at the zero crossing and chirps the beam,
minimizing the energy spread of the beam at the dump. With-
out this chirp cavity, the only way to minimize the energy
spread is to have the beam energy at the dump to be signifi-
cantly different than the 6 MeV injection energy.

After the return line is a second Bates bend – following
this, the high energy line merges with the injection line, and
the chirped beam begins deceleration and energy recovery.
The beam is decelerated during the second pass through the
booster, then enters the PX section. For the second pass
through PX, the beam enters either the P2 or P3 beamline,
corresponding to the 55 and 150 MeV modes, respectively.
During the second pass through the linac, the beam deceler-
ates to the injection energy and is transported to the beam
dump.
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Figure 4: (Top) A representative layout of the cooling complex in IR2. The electron beam of the SHC-ERL begins at the
HVDC gun, represented by a yellow circle in the bottom right. This beam is brought up to full energy before the electron
beamline merges with the HSR in the cooling section, which consists of the modulator, amplifier, and kicker. At the end
of the cooling section, the electron beam separates from the HSR, returns to energy recover, and is steered into the dump
line. (Bottom) This is an enlarged view of the dashed gray box enclosing part of the SHC-ERL. Represented is the injector,
followed by the merger, going to either the diagnostic line or the booster, the bunch compressor and high energy bypass
lines (PX), the main linac (Linac), the dump chicane, the laser heater, the transport to the cooling section, and the return
line from the cooler.

TIME OF FLIGHT CONSIDERATIONS

Typically, ERLs have a single linac and consequently, only
a single time of flight concern – the time of flight between the
linac exit and the linac entrance. However, this machine has
two accelerating sections, the booster and the linac, which
means that there are two time of flight concerns. The first
concern is the time of flight between the booster exit and the
booster entrance; the second is the time of flight between
the linac exit and the linac entrance.

The booster time of flight uses path length changes in the
two Bates bends for flexibility, similar to the Jefferson Lab
Free Electron Laser ERL drivers; correctors at the entrance
and exit of the Bates bend allow for the beam to enter and
exit on-axis, while the beam orbit through the the magnet is
off-axis, changing the path length through the Bates bend [4].
At the 197 MHz fundamental frequency of the booster and
a 2.5 cm maximum orbit excursion at the center of the bend,
this translates to a range of ±11.7° per Bates bend. However,
the length of this machine introduces a complication – for a
fixed path length on the order of 800 m, the time of flight
for the two energies differs by roughly 8° at the booster
frequency, but the time of flight between the booster exit
and entrance is required to be the same for both modes. The
second Bates bend was placed so that the relevant time of
flight was roughly 4° from the requirement for both energies

and by design, both energies travel through the second Bates
bend off-axis to achieve the requisite time of flight.

The linac time of flight is controlled by the path length
through the appropriate high energy PX line. Both P2 and P3
have moving stages in order to physically move two dipoles
and change the on-axis path length through the lines, similar
to the moving stages in the CBETA splitters [5, 6].

PX SECTION
The floor plan of the PX section, with the separate lines

labeled, is shown in Fig. 5. The design of this section al-
lows for the SHC-ERL to switch operational modes without
requiring a change to the physical layout of the machine.
While a simpler design would have a single high energy line
which bypasses the bunch compressor of P1, such a design
required either very large beam pipes or placing the first high
energy dipole so close to the common dipole that the risk of
field leaking into the P1 line was considered non-negligible.

Each line in PX corresponds to a specific beam energy;
P1, P2, and P3 are designed for beam energies of 13, 48, and
143 MeV, respectively. P1 compresses the accelerating beam
for both modes, while P2 and P3 transport the decelerating
beams for the top energies of 55 and 150 MeV, respectively.
While all lines are achromats, none is isochronous; though
it would be ideal for 𝑅56 to be zero in P2 and P3, it is more
critical to close dispersion, dispersion prime, and control
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Figure 5: The floor layout of the PX section; the three
separate lines are P1, P2, and P3, top to bottom (as la-
beled), which correspond to the beam energies of 13, 48,
and 143 MeV, respectively. The “common” dipoles are the
right most and left most dipoles, which is a common magnet
for all three beam energies. In both the P2 and P3 lines, the
second and third dipoles are on moving stages which can
be remotely controlled to change the physical path length of
the on-axis orbit.

the transverse optics through these lines. Given that the
decelerating beam is chirped, the non-zero 𝑅56 of these lines
does mean that some bunch stretching occurs. If necessary,
the 𝑅56 of the second Bates bend can be tuned to compress
the bunch, so that the bunch length during the second pass
the linac is sufficiently short. In order for the time of flight
requirement between the linac exit and entrance to be correct,
the booster time of flight must be correct. This is driven
by the limited range of the moving stages, i.e., the limited
time of flight flexibility in the P2 and P3 lines, as well as
the inherent geometry of the PX section; if the decelerating
beam enters either high energy line at an energy significantly
different than design, the beam will be lost on the beam pipe
wall before reaching the first high energy dipole. While the
150 and 55 MeV configurations have very similar linac time
of flight requirements, the P3 line has an extra wavelength of
path length in order to remove geometry conflicts with the
P2 line. As the two lines have different geometries, the time
of flight flexibility is different. The P2 line has a range of
+20°/-10°, while the P3 line has a range of ±55°, both with
respect to the 591 MHz fundamental frequency of the linac.
The physical motion of the moving stages corresponding to
these ranges is shown in Fig. 6.

The design before the main linac, particularly the booster
and PX sections, is motivated by the need to produce a super-
gaussian longitudinal distribution, with small slice energy
spread and transverse emittance. At present, we achieve this
by producing a very long bunch at the gun, which controls
both the slice energy spread and transverse emittance, until
the beam is at a sufficiently high energy that when the bunch
is compressed to the requisite bunch length, these parameters
are relatively unperturbed through the compression process.

The inclusion of a bunch compressor within the accel-
erating section of an ERL is not a typical configuration,

Figure 6: The floor layout of PX section demonstrating the
full range of motion of the moving stages for lines P2 (top)
and P3 (bottom).

and its inclusion makes the design more complex. As a de-
sign alternative, the injector energy could be increased to
13 MeV and the bunch compressed before the merger. This
would have the benefit of returning to a more simple ERL
layout, with a single time of flight requirement and no need
for higher-energy bypass lines to transport the decelerating
beam around the compressor chicane. However, this de-
sign comes with other drawbacks – lower energy efficiency
and higher shielding requirements at both the dump and
the diagnostics line. Another alternative is to compress the
6 MeV bunch in the injector – however, this approach does
not produce the required beam parameters.

BEAM BREAKUP INSTABILITY
At present, the lattice assumes the 591 MHz five-cell cav-

ities in the main linac are BNL style – each cavity in its own
cryomodule; alternatively, using PERLE style cavities would
mean four of these cavities per cryomodule, significantly
reducing the length of the main linac. While the cooling
section is within the existing RHIC tunnel, the vault contain-
ing the SHC-ERL injector, booster, and main linac is new
construction – reducing the length of the linac reduces the
length of the vault, consequently reducing the infrastructure
cost.

Initial evaluations of the beam breakup (BBU) instabil-
ity have been performed using scaled higher order mode
(HOM) parameters from both BNL and PERLE style cav-
ities. Preliminary results show the BNL style cavities to
be more stable and have significantly higher threshold cur-
rents than the PERLE style cavities, capable of handling
the required average current of 98.5 mA; unfortunately, the
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PERLE style cavities do not fulfill this requirement. How-
ever, the most dominant cavities are the highest frequency, ie,
the 1773 MHz cavities; replacing these will not significantly
reduce the linac length. It is possible that using PERLE style
cavities only at the lower frequencies and BNL style for the
higher frequencies may produce a significantly shorter linac
while maintaining a sufficiently high threshold current [7].

ENERGY BALANCE
In an ideal energy recovery design, each cavity would be

energy balanced, meaning that the beam gains and loses the
same amount of energy for the two passes through the cavity.
While this design balances the energy across the booster
and across the linac, the primary concern is achieving the
requisite beam parameters, so none of the cavities are energy
balanced; the deviation from energy balance for both modes
is shown in Table 2.

Table 2: The deviation from energy balance for each cavity
in the booster (top) and linac (bottom). The cavity number
is given in the left column, while the deviation in kV is
given for the 150 and 55 MeV modes in the center and right
columns, respectively.

Cavity Number Energy Balance Deviation (kV)
150 MeV 55 MeV

1 16 15
2 10 10
3 -5 -4
4 3 3
5 -11 -11
6 -14 -14

1 4 12
2 13 17
3 15 18
4 16 16
5 -7 -4
6 -7 -4
7 -7 -5
8 -7 -5
9 14 14
10 12 9
11 4 -4
12 -49 -65

In the booster, no one cavity has a significantly higher
absolute deviation than all others. In the linac, however,
the final cavity has a significantly higher absolute deviation,
which is not ideal in regards to having common RF require-
ments for all the linac cavities. Subsequent designs will

explore changing the linac time of flight to minimize the
range of absolute deviation across the linac cavities, as well
as examining how this changes the beam energy at the dump.

CONCLUSION
An initial design exists for both energy modes of the SHC-

ERL, which is capable of cooling high energy protons during
collisions at the EIC. One critical success of this design is
that the magnet layout is unchanged between configurations,
so no vault access is required between switching energies.
Though more complex than many ERLs, no show stoppers
have been found. As collective effects and design alterna-
tives are evaluated, we anticipate that a mature, robust design
for an ERL-driven high energy cooler can be completed.
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FAST ENVELOPE TRACKING FOR HIGH INTENSITY LOW ENERGY
ELECTRONS
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Abstract
Particle-in-cell (PIC) tracking codes such as GPT and AS-

TRA are commonly used for simulating and understanding
the initial stages of electron beam creation and acceleration,
typically up to the first few hundred kilovolts. However,
these simulations are often slow and require precise input
of details that are not essentially needed. An alternative
is envelope tracking using numerical integration, which of-
fers rapid results and is handy in early-stage design. This
study presents beam dynamics simulations from two elec-
tron sources: the photocathode gun at cERL-KEK and the
thermionic gun at TRIUMF e-Linac. It compares results
from both methods and validates them against experimental
data. In these two cases, despite being orders of magni-
tude faster than conventional multi-particle PIC codes, the
envelope method delivers comparably accurate results for
rms measures of beam dimensions, even under strong space
charge (SC).

INTRODUCTION
When calculating beam optics, two common types of sim-

ulations are typically used: the envelope method and multi-
particle particle-in-cell (PIC) codes. The envelope equations
were originally derived by Kapchinsky and Vladimirsky
(K-V) for a continuous beam with uniform charge density
and elliptical cross-section [1]. These equations were later
generalized by Sacherer in the 70’s to accommodate arbi-
trary charge distributions with elliptical symmetry, as well
as bunched beams with ellipsoidal profiles [2]. The enve-
lope method represents the beam using statistical moments,
whereas the PIC approach tracks each macro-particle indi-
vidually. In comparison to the 6 × 𝑁 degrees of freedom
required in a PIC code (where 𝑁 is the number of macro-
particles), the envelope method only requires solving 21 sets
of envelope equations. This significantly simplifies the calcu-
lations and provides a computationally efficient alternative.
Table 1 presents a comparison of the computational time
taken to simulate a 300 keV beam at the start of a 200 cm-
long electron beamline at TRIUMF, using both a PIC code
(GPT) [3] and the envelope code (TRANSOPTR) [4].

The results, shown in Fig. 1, demonstrate that the TRAN-
SOPTR simulation closely matches the results from GPT
with 10,000 particles, yet is approximately 2 order of magni-
tude faster. This ultra-fast tracking not only enhances design

∗ hkoay@triumf.ca

efficiency but also enables real-time simulations and model-
based tuning, offering valuable insights during actual beam
delivery and operational adjustments.

Table 1: An Example Comparing the Simulation Time for
the Similar Layout at the Injection Beamline of TRIUMF
e-LINAC

Type of Simulations CPU time (s) No. particle

Envelope 0.06 -

Multi-particle 8.4 10000
1.4 1000
0.08 100

Figure 1: The comparison of envelope results using multi-
particle tracking code (GPT) and envelope code (TRAN-
SOPTR) at different no. of particles. The beam energy is
300 keV and the bunch charge is 14 pC.

Despite its fast turnaround, the envelope method is not
typically the primary choice for studying beam optics in low-
energy regimes, such as the injection beamline. This is be-
cause the envelope method includes only linear terms, which
lead to potential discrepancies when space-charge effects
become prominent and highly non-linear at low energies.
This work investigates the feasibility of using an envelope
code to model the beam optics of high-space-charge electron
beams, including a comparison with other simulation tools
and experimental results.
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THEORY
Infinitesimal Matrix and Hamiltonian Dynamics

An ensemble of 𝑁 particles can be described by its second
moment

𝜎 = 1
𝑁

𝑁
∑
𝑖=1

xx𝑇

where x = (𝑥, 𝑃𝑥, 𝑦, 𝑃𝑦, 𝑧, 𝑃𝑧)𝑇 .
When the particles propagate through optical elements

described by a transfer matrix M, the change in the 𝜎 ma-
trix can be obtained by differentiating it with respect to the
longitudinal position 𝑠. This gives:

d𝜎
d𝑠 = 1

𝑁
𝑁

∑
𝑖=1

dx
d𝑠 x𝑇 + 1

𝑁
𝑁

∑
𝑖=1

xdx𝑇

d𝑠 (1)

Assuming that the infinitesimal matrix F(𝑠) is defined such
that x′ = dx

d𝑠 = F(𝑠)x, and F d𝑠 = M − I, eq. (1) simplifies
to:

𝜎′ = F𝜎 + 𝜎F𝑇 (2)

These constitute the 21 sets of envelope equations. By inte-
grating these equations, we can obtain the envelope at any
given point 𝑠.

Recall the Hamiltonian equations of motion, which de-
scribe the time evolution of a system. If we expand x′ to
second order, we find that the matrix F corresponds to the
second-order partial derivatives of the Hamiltonian. In this
case, F can be expressed as a 6 × 6 matrix:

F =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

𝜕2𝐻
𝜕𝑃𝑥𝜕𝑥

𝜕2𝐻
𝜕𝑃2

𝑥

𝜕2𝐻
𝜕𝑃𝑥𝜕𝑦

𝜕2𝐻
𝜕𝑃𝑥𝜕𝑃𝑦

𝜕2𝐻
𝜕𝑃𝑥𝜕𝑧

𝜕2𝐻
𝜕𝑃𝑥𝜕𝑃𝑧

−𝜕2𝐻
𝜕𝑥2 − 𝜕2𝐻

𝜕𝑥𝜕𝑃𝑥
− 𝜕2𝐻

𝜕𝑥𝜕𝑦 − 𝜕2𝐻
𝜕𝑥𝜕𝑃𝑦

− 𝜕2𝐻
𝜕𝑥𝜕𝑧 − 𝜕2𝐻

𝜕𝑥𝜕𝑃𝑧
𝜕2𝐻

𝜕𝑃𝑦𝜕𝑥
𝜕2𝐻

𝜕𝑃𝑦𝜕𝑃𝑥

𝜕2𝐻
𝜕𝑃𝑦𝜕𝑦

𝜕2𝐻
𝜕𝑃2

𝑦

𝜕2𝐻
𝜕𝑃𝑦𝜕𝑧

𝜕2𝐻
𝜕𝑃𝑦𝜕𝑃𝑧

− 𝜕2𝐻
𝜕𝑦𝜕𝑥 − 𝜕2𝐻

𝜕𝑦𝜕𝑃𝑥
−𝜕2𝐻

𝜕𝑦2 − 𝜕2𝐻
𝜕𝑦𝜕𝑃𝑦

− 𝜕2𝐻
𝜕𝑦𝜕𝑧 − 𝜕2𝐻

𝜕𝑦𝜕𝑃𝑧
𝜕2𝐻

𝜕𝑃𝑧𝜕𝑥
𝜕2𝐻

𝜕𝑃𝑧𝜕𝑃𝑥

𝜕2𝐻
𝜕𝑃𝑧𝜕𝑦

𝜕2𝐻
𝜕𝑃𝑧𝜕𝑃𝑦

𝜕2𝐻
𝜕𝑃𝑧𝜕𝑧

𝜕2𝐻
𝜕𝑃2

𝑧

− 𝜕2𝐻
𝜕𝑧𝜕𝑥 − 𝜕2𝐻

𝜕𝑧𝜕𝑃𝑥
− 𝜕2𝐻

𝜕𝑧𝜕𝑦 − 𝜕2𝐻
𝜕𝑧𝜕𝑃𝑦

−𝜕2𝐻
𝜕𝑧2 − 𝜕2𝐻

𝜕𝑧𝜕𝑃𝑧

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

(3)

This implies that, for any given system, knowing the Hamil-
tonian allows for the straightforward calculation of the F
matrix, which can then be integrated to determine the enve-
lope at any given point 𝑠. This approach forms the basis of
TRANSOPTR, the envelope code used in this study.

RESULTS
TRIUMF e-Linac

The first comparison was conducted for the low-energy
beamline of the TRIUMF e-Linac, using a 300 keV, 14 pC
beam. The results, obtained with varying computational
times in GPT, are presented in Fig. 1. This comparison
demonstrated good agreement between the two codes for
10,000 particles, with TRANSOPTR achieving a speed im-
provement of at least two orders of magnitude.

Futhermore, the beam sizes were measured using the
a 300 keV and 14 pC electron beam at TRIUMF e-Linac.
Figure 2 presents a comparison between the results calcu-
lated using the envelope code and the experimental data.

Figure 2: The comparison of envelope code against exper-
imental data taken at low-energy beamline of TRIUMF
e-Linac. The lines are envelope calculated by TRAN-
SOPTR, whereas the points are measured at the respective
viewscreen.

The initial beam conditions were first determined by fitting
it with data taken from a solenoid scan.

Figure 2 shows a good match, with a deviation of less
than 10 %. These results validate the envelope method as an
effective tool for predicting the behavior of electron beams
up to several tenths of a picocoulomb. Consequently, this
work was extended to another machine that generates a more
intense electron beam, with a stronger space-charge effect.

cERL-KEK
A similar comparison was conducted using low-energy

high-intensity electron beams at the injection beamline at
cERL KEK. First, the beam envelopes were calculated with
different simulation tools: GPT and TRANSOPTR. The
results are presented in Fig. 3, where beams with different
bunch charges (0 pC and 110 pC) were compared. The initial
bunch length was 3 ps, and the beam energy from the source
was 450 keV before being accelerated to 3 MeV by the injec-
tor. The injector phases were fine-tuned to achieve maximum
energy gain. Figure 3 again shows good agreement for both
cases, demonstrating the feasibility of using an envelope
code to simulate the beam size of a high space-charge beam.

(a) 0 pC

(b) 110 pC

Figure 3: The comparison of envelope results using GPT at
different bunch charges. The final beam energy is 3 MeV.
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(a) X envelope

(b) Y envelope

Figure 4: Comparison of envelope results with experimen-
tal data obtained at cERL using the second viewscreen
(CAM02).

Additionally, experimental data were taken at the injec-
tion beamline of cERL. Figure 4 shows the results of the

transverse beam sizes measured at the second viewscreens at
cERL. The experimental data are represented by blue points,
while the TRANSOPTR calculations are shown as orange
lines. Note that the measured beam sizes were obtained by
fitting a Gaussian function to the viewscreen images and
taking the √5 rms value. Overall, the TRANSOPTR calcula-
tions show good agreement with the experimental data, with
a deviation of less than 25 %.

CONCLUSION
Envelope tracking of the low-energy electron beam yields

results that are consistent with those from multi-particle
tracking codes up to 110 pC, while achieving over two or-
ders of magnitude faster computational speed. The experi-
mental data agree with the envelope tracking results within
±25 %. The fast turnaround provided by the envelope code
can greatly assist in live beam tuning and beamline design
during the early stages of a project.
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PHASING AND CALIBRATION OF THE MAIN LINAC CRYOMODULE
CAVITIES FOR THE CBETA ENERGY RECOVERY LINAC∗

J. Scott Berg† , Brookhaven National Laboratory, Upton, NY, USA

Abstract
I describe the method used for calibration and phasing

of the Main Linac Cryomodule (MLC) for the CBETA en-
ergy recovery linac at Cornell University. The cavities are
powered one at a time, and the phase of each cavity is set
to a uniformly spaced set of values over a full 360 degree
range, with cavity voltages set to one or more values. For
each cavity, voltage, and phase, arrival time measurements
are taken at BPMs upstream and downstream of the linac.
No magnets lie between the linac and the BPMs. These
measurements are used to obtain a least squares fit to the
parameters of a model. The model is based on integrating
through a fieldmap that was generated from a finite element
computation. The parameters to be fit are the scaling factors
between the programmed and actual cavity voltages, the off-
set between the programmed and actual cavity phases, and
the the energy of the beam coming into the linac. The fitting
process is accelerated by constructing a good initial guess
for the parameters, and by computing the arrival time and its
derivatives with respect to the parameters so that Newton’s
method can be used to solve for the fitting parameters.

LINAC MODEL AND MEASUREMENT
When first operating an RF cavity, there is an unknown

relationship between the phase and amplitude settings in
the control system and the corresponding phase and voltage
in the model of the cavities in the linac. Thus a measure-
ment must be performed to determine that relationship. We
expect that the relationship between amplitude and voltage
should be relatively stable, and thus can be calibrated rather
infrequently. Depending on how the timing in accelerator is
handled, the phase relationship may also be stable, but for
CBETA [1], that relationship was different every time the
accelerator was started, so the calibration process was used
regularly.

The Measurement
The linac cavities will be calibrated using time of flight

data measured on a BPM at the end of the lianc. While
bunches are injected at the entrance to the linac at a constant
energy, the phase of a single cavity in the linac is varied
in uniform steps over 360°. At each phase, a number of
readings are taken to reduce the statistical uncertainty in the
arrival time value. This is repeated for each cavity, always
∗ This manuscript has been authored by employees of Brookhaven Science

Associates, LLC under Contract No. DE-SC0012704 with the U.S. Depart-
ment of Energy. The United States Government retains a non-exclusive,
paid-up, irrevocable, world-wide license to publish or reproduce the pub-
lished form of this manuscript, or allow others to do so, for United States
Government purposes.

† jsberg@bnl.gov

with all other cavities off. One additional measurement of
the arrival time is made with all of the cavities off, typically
with more readings taken than when a cavity is on, since the
additional readings have a small impact on the measurement
time while having a significant impact on the uncertainty.

The voltage of the cavity is set to a compromise between
two extremes. If the voltage is too low, then the uncertainty
in the calibrated phase and voltage is large due to a small
variation in time of flight relative to the uncertainty in the
time of flight measurement. If the voltage is too high, then
the low beam velocity at maximum energy loss leads to
significant space charge and beam steering from imperfect
alignment, creating a systematic error in the readings. The
former is a greater concern at the end of the linac, the latter
a greater concern at the beginning. A good starting point
is a voltage corresponding to half the injection energy into
the linac. This assumes that the cavity voltages are at least
approximately calibrated to start with. One could use a
different voltage at each cavity, though in our calibrations
for CBETA we did not do so. One can also use multiple
voltages for each cavity.

The Linac Model
The linac is a sequence of 𝑛 cavities in a straight line with

no intervening magnets, plus a BPM at the entrance and the
exit. I model the particle motion solely in the longitudinal
plane. The evolution of time and energy for a particle within
an RF cavity is goverened by

𝑑𝑡
𝑑𝑠 = 𝐸

𝑐√𝐸2 − (𝑚𝑐2)2

𝑑𝐸
𝑑𝑠 = 𝑞𝑉𝐺(𝑠) cos(𝜔𝑡 + 𝜙 + 𝜙𝑟)

(1)

Here 𝑉 and 𝜙 are the voltage and phase, respectively, that
parametrize the state of the RF cavity. 𝐺(𝑠) is proportional
to the longitudinal electric field at the position 𝑠 in the cavity.
It is normalized such that

∫
∞

−∞
𝐺(𝑠) cos(𝜔𝑠/𝑐 + 𝜙) 𝑑𝑠 = cos(𝜙 + 𝜙𝑐), (2)

in other words such that the maximum possible energy gain
of a particle moving at the speed of light according to Eq. (1)
would be 𝑞𝑉 . I define 𝜙𝑟, on the other hand, based on a
particle at the design injection energy 𝐸𝑟. If the cavity has
an infinitesimally small voltage applied (mathematically, if
the particle’s velocity doesn’t change), then the value of 𝜙
for which it has its maximum energy gain should be 𝜙 = 0.
Thus

∫
∞

−∞
𝐺(𝑠) cos (𝜔𝑠/(𝛽𝑟𝑐) + 𝜙 + 𝜙𝑟) 𝑑𝑠 = 𝐴𝑟 cos(𝜙) (3)
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The cavity fields do not overlap; 𝐺(𝑠) = 0 outside of the
interval [𝑠−, 𝑠+] (for convenience 0 should be within this
interval). For modeling, I obtain 𝐺(𝑠) on that interval from
an eigenmode calculation of the cavity. The BPM before the
linac is located at 𝑠 = 𝑠0, the BPM after the linac is located
at 𝑠 = 𝑠𝑛+1, and for cavity 𝑖, the field map 𝐺(𝑠) is translated
so its origin is at 𝑠 = 𝑠𝑖.

If we integrate Eq. (1) starting at 𝑠 = 𝑠− , then at 𝑠 = 𝑠+,
the results are given by the functions

𝑡(𝑠+) = 𝑇𝑐(𝑉, 𝜔𝑡(𝑠−) + 𝜙, 𝐸(𝑠−))
𝐸(𝑠+) = 𝐸𝑐(𝑉, 𝜔𝑡(𝑠−) + 𝜙, 𝐸(𝑠−))

(4)

If at the upstream BPM, the arrival time is 𝑡𝑔 and the energy
is 𝐸𝑔, then if only cavity 𝑖 is powered, the arrival time at the
downstream BPM is

𝑡𝑔 + ̂𝑇𝑖(𝑉, 𝜔𝑡𝑔 + 𝜙, 𝐸𝑔) (5)

where

̂𝑇𝑖(𝑉, 𝜙, 𝐸𝑔) = (𝑠𝑖 + 𝑠− − 𝑠0)𝐵(𝐸𝑔)
+ 𝑇𝑐(𝑉, 𝜔(𝑠𝑖 + 𝑠− − 𝑠0)𝐵(𝐸𝑔) + 𝜙, 𝐸𝑔)

+ (𝑠𝑛+1 − 𝑠𝑖 − 𝑠+)
× 𝐵(𝐸𝑐(𝑉, 𝜔(𝑠𝑖 + 𝑠− − 𝑠0)𝐵(𝐸𝑔) + 𝜙, 𝐸𝑔)) (6)

and
𝐵(𝐸) = 𝐸

𝑐√𝐸2 − (𝑚𝑐2)2
(7)

There is no common time reference for the upstream and
downstream BPMs, so in practice one can only measure
time differences at a BPM. So we will make a high preci-
sion measurement of the arrival times at the upstream and
downstream BPMs with the cavities off. Then we will fit
the data to the difference between the arrival times with the
cavity on and with the cavity off. We will still take upstream
and downstream times for each point and record their differ-
ence, so as to remove any global noise and drifts (we found
that this was essential for noise reduction in measurements).
Thus the model we are fitting this difference to for cavity 𝑖 is

𝑇𝑖(𝑉, 𝜙, 𝐸𝑔) = 𝑇𝑐(𝑉, 𝜔(𝑠𝑖 + 𝑠− − 𝑠0)𝐵(𝐸𝑔) + 𝜙, 𝐸𝑔)
+ (𝑠𝑛+1 − 𝑠𝑖 − 𝑠+)
× 𝐵(𝐸𝑐(𝑉, 𝜔(𝑠𝑖 + 𝑠− − 𝑠0)𝐵(𝐸𝑔) + 𝜙, 𝐸𝑔))

− (𝑠𝑛+1 − 𝑠𝑖 − 𝑠−)𝐵(𝐸𝑔) (8)

To find 𝑇𝑐 and 𝐸𝑐 for a given set of arguments, I integrate
Eq. (1) using fourth order Runge-Kutta integration. The
function 𝐺(𝑠) is fit from field map data via least squares to a
high-order spline function (for the CBETA cavity, 12th order
B-Splines with 230 basis functions [2]). The fit uses field
map data out to a radius of 15 mm combined with the expan-
sion about the axis of the RF fields under the assumption of
cylindrical symmetry (the field was generated for a cylindri-
cally symmetric model of the cavity) to improve accuracy.

The integration step size (1536 steps for the CBETA cavity
field map) is chosen to be that which gives the best preci-
sion for integrals (2) and (3) when computed via Simpson’s
method. While these choices of step size and spline order
may seem excessive, the computation time required for the
fitting is negligible relative to the measurement time, and
thus doing so to minimize numerical noise and approxima-
tion errors in the computation is reasonable. A sufficiently
high order spline fit should be made to the data to ensure
sufficient continuity for the order of the integration method
being used.

FITTING THE MODEL
We fit the model parameters to the data via a least squares

fit. The parameters we are fitting are the ratio of the con-
trol system voltage to the voltage in the model, the phase
difference between the control system phase and the model
phase, and the injected energy. For cavity 𝑖, we take mea-
surements on cavity 𝑖 indexed by 𝑗, with voltage 𝑉𝑖𝑗 and
phase 𝜙𝑖𝑗 set in the control system. We measure arrival
times 𝑡𝑖𝑗, and we are comparing them to model values
𝜏𝑖𝑗(𝜆𝑖, 𝜓𝑖, 𝐸𝑔) = 𝑇𝑖(𝜆𝑖𝑉𝑖𝑗, 𝜙𝑖𝑗 + 𝜓𝑖, 𝐸𝑔); we are fitting the
calibration quantities 𝜆𝑖 and 𝜓𝑖, as well as the incoming
energy 𝐸𝑔.

The model parameters will be fit using Newton’s method.
This will require repeatedly computing derivatives of the
model functions, which involves integration of differential
equations, as well as finding a good initial guess. The fol-
lowing may seem complex, but the benefit it provides is
reliability: if data is successfully taken, the optimal solution
will be found every time. The computation time for finding
the parameters is only a couple of seconds, despite the ex-
cessive precision in the computation and the fact that the
computation is being performed in an interpreted language
(Matlab).

Much of this section is formulated generically to keep
expressions as compact as possible; applying them to the
specific case described requires rather simple algebra and
differentiation. The formulations for least squares fit, deriva-
tives of solutions to differential equations, and uncertainty in
the parameters are not innovations, they are merely included
here so that this paper contains the calculations required to
implement the calibration computation.

Least Squares Fit
A least squares fit to data 𝑡𝑖 with uncertainties 𝜎𝑖 to find

parameters 𝑝 is trying to minimize the function

𝑓 (𝑝) = 1
2 ∑

𝑖

(𝑇𝑖(𝑝) − 𝑡𝑖)2

𝜎2
𝑖

(9)

with respect to 𝑝. The minimum of this function occurs
when

0 = 𝜕𝑓
𝜕𝑝 = ∑

𝑖

𝜕𝑇𝑖
𝜕𝑝

𝑇𝑖(𝑝) − 𝑡𝑖
𝜎2

𝑖
(10)

There are numerous methods for minimizing a general func-
tion, but if you are near the desired local minimum, the most
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efficient method is generally to solve the equation for the
derivative of 𝑓 . The most efficient method of doing this
(when near the local minimum desired) is to use Newton’s
method, which requires the second derivative of 𝑓 and there-
fore 𝑇𝑖:

𝜕2𝑓
𝜕𝑝𝑖𝜕𝑝𝑗

=

∑
𝑘

𝜎−2
𝑘 { 𝜕2𝑇𝑘

𝜕𝑝𝑖𝜕𝑝𝑗
[𝑇𝑘(𝑝) − 𝑡𝑘] + 𝜕𝑇𝑘

𝜕𝑝𝑖

𝜕𝑇𝑘
𝜕𝑝𝑗

} (11)

Derivatives of the Model
For computing the derivatives of 𝑇𝑖, the only non-trivial

derivatives required are those of 𝑇𝑐 and 𝐸𝑐. I will show that
the computation of these derivatives can be done simply by
extending the set of ordinary differential equations that are
integrated.

Consider a general differential equation for 𝑧(𝑧0, 𝑝, 𝑠) with
initial conditions 𝑧(𝑧0, 𝑝, 0) = 𝑧0:

𝑑𝑧
𝑑𝑠 = 𝑔(𝑧(𝑧0, 𝑝, 𝑠), 𝑝, 𝑠) (12)

𝑝 are parameters. Derivatives of 𝑧 with respect to 𝑝 and 𝑧0
are needed for the least squares fit. It is straightforward to
take derivatives of this differential equation and the initial
conditions with respect to 𝑝 and 𝑧0:

𝑑
𝑑𝑠

𝜕𝑧𝑖
𝜕𝑝𝑗

= ∑
𝑘

𝜕𝑔𝑖
𝜕𝑧𝑘

𝜕𝑧𝑘
𝜕𝑝𝑗

+ 𝜕𝑔𝑖
𝜕𝑝𝑗

(13)

𝑑
𝑑𝑠

𝜕𝑧𝑖
𝜕𝑧0𝑗

= ∑
𝑘

𝜕𝑔𝑖
𝜕𝑧𝑘

𝜕𝑧𝑘
𝜕𝑧0𝑗

(14)

𝜕𝑧
𝜕𝑧0

∣
𝑠=0

= 𝐼 (15)

𝑑
𝑑𝑠

𝜕2𝑧𝑖
𝜕𝑝𝑗𝜕𝑝𝑘

= ∑
𝑙

𝜕𝑔𝑖
𝜕𝑧𝑙

𝜕2𝑧𝑙
𝜕𝑝𝑗𝜕𝑝𝑘

+ ∑
𝑙𝑚

𝜕2𝑔𝑖
𝜕𝑧𝑙𝜕𝑧𝑚

𝜕𝑧𝑙
𝜕𝑝𝑗

𝜕𝑧𝑚
𝜕𝑝𝑘

+ ∑
𝑙

𝜕2𝑔𝑖
𝜕𝑧𝑙𝜕𝑝𝑗

𝜕𝑧𝑙
𝜕𝑝𝑘

+ ∑
𝑙

𝜕2𝑔𝑖
𝜕𝑧𝑙𝜕𝑝𝑘

𝜕𝑧𝑙
𝜕𝑝𝑗

+ 𝜕2𝑔𝑖
𝜕𝑝𝑗𝜕𝑝𝑘

(16)

𝜕2𝑧𝑖
𝜕𝑝𝑗𝜕𝑧0𝑘

= ∑
𝑙

𝜕𝑔𝑖
𝜕𝑧𝑙

𝜕2𝑧𝑙
𝜕𝑝𝑗𝜕𝑧0𝑘

+ ∑
𝑙𝑚

𝜕2𝑔𝑖
𝜕𝑧𝑙𝜕𝑧𝑚

𝜕𝑧𝑙
𝜕𝑝𝑗

𝜕𝑧𝑚
𝜕𝑧0𝑘

+ ∑
𝑙

𝜕2𝑔𝑖
𝜕𝑝𝑗𝜕𝑧𝑙

𝜕𝑧𝑙
𝜕𝑧0𝑘

(17)

𝑑
𝑑𝑠

𝜕2𝑧𝑖
𝜕𝑧0𝑗𝜕𝑧0𝑘

= ∑
𝑙

𝜕𝑔𝑖
𝜕𝑧𝑙

𝜕2𝑧𝑙
𝜕𝑧0𝑗𝜕𝑧0𝑘

+ ∑
𝑙𝑚

𝜕2𝑔𝑖
𝜕𝑧𝑙𝜕𝑧𝑚

𝜕𝑧𝑙
𝜕𝑧0𝑗

𝜕𝑧𝑚
𝜕𝑧0𝑘

(18)

Except for the case indicated, the initial condition for each
derivative is zero.

Initial Guess
To get an initial guess for the parameters, I begin with a

simplified model of the linac with a single cavity powered:
a drift from the upstream BPM to the center of the cavity,
an energy gain at the cavity center, then a drift to the down-
stream BPM. From the data taken for a given cavity, we take
the data points with the latest and earliest arrival times; I’ll
denote 𝑇− to be the latest arrival time, arising from the small-
est energy gain, and 𝑇+ the earliest arrival time. The guess
for the phase offset will come from assuming the phases for
these two times correspond to the phases of minimum and
maximum energy gain, respectively. Then I solve the two
equations

𝑇± − 𝑇0 = (𝑠𝑛+1 − 𝑠𝑖)
𝑐 [

𝐸𝑔 ± 𝜆𝑖𝑉𝑖

√(𝐸𝑔 ± 𝜆𝑖𝑉𝑖)2 − (𝑚𝑐2)2

−
𝐸𝑔

√𝐸2
𝑔 − (𝑚𝑐2)2

] (19)

for 𝜆𝑖 and 𝐸𝑔. 𝑠𝑖 is the center of cavity 𝑖 here. This can
be done via Newton’s method, for which we need an ini-
tial guess. The initial guess comes from expanding these
equations to second order in 𝜆𝑖:

𝑐(𝑇± − 𝑇0)
𝑠𝑛+1 − 𝑠𝑖

≈

∓ (𝑚𝑐2)2𝜆𝑖𝑉𝑖
(𝐸2

𝑔 − (𝑚𝑐2)2)3/2 + 3
2

(𝑚𝑐2)2𝐸𝑔𝜆2
𝑖 𝑉2

𝑖

(𝐸2
𝑔 − (𝑚𝑐2)2)5/2 (20)

The guesses for 𝐸𝑔 and 𝜆𝑖 can then be found through ele-
mentary means:

𝐸𝑔√𝐸2
𝑔 − (𝑚𝑐2)2

(𝑚𝑐2)2 = 4
3

𝑠𝑛+1 − 𝑠𝑖
𝑐

𝑇+ + 𝑇− − 2𝑇0
(𝑇− − 𝑇+)2 (21)

(𝑚𝑐2)2𝜆𝑖𝑉𝑖
(𝐸2

𝑔 − (𝑚𝑐2)2)3/2 = 𝑐(𝑇− − 𝑇+)
2(𝑠𝑛+1 − 𝑠𝑖)

(22)

From this starting point, Newton’s method is applied to
Eq. (19) to get 𝜆𝑖 and 𝐸𝑔 for data from one of the cavities.
The 𝐸𝑔 found for each of the cavities are averaged to get the
initial guess for 𝐸𝑔 for the fit to all of the cavity data. This
may seem like a lot of work for the initial guess, but since
it only involves a few evaluations of elementary functions,
the computational time required is a tiny fraction of the time
needed for the full fit.

Uncertainty
To show how to compute the uncertainty in the fit parame-

ters, I’ll discuss the generic formulation. Begin with Eq. (10)
and take its derivative with respect to 𝑡𝑗. This results in:

∑
𝑘𝑙

𝜎−2
𝑘 {𝜕𝑇𝑘

𝜕𝑝𝑖

𝜕𝑇𝑘
𝜕𝑝𝑙

+ [𝑇𝑘(𝑝) − 𝑡𝑘] 𝜕2𝑇𝑘
𝜕𝑝𝑖𝜕𝑝𝑙

} 𝜕𝑝𝑙
𝜕𝑡𝑗

= 𝜎−2
𝑗

𝜕𝑇𝑗
𝜕𝑝𝑖

(23)
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Figure 1: Measured data with RD1CAV01 powered (the last
cavity) for cavity voltage set to 3000 (blue) and 4000 kV
(orange). Curves show the model values using the fit param-
eters. Time is measured as a phase relative to the 1.3 GHz
reference frequency.

The quantity in braces, summed over 𝑘, is a matrix that can
be inverted to compute 𝜕𝑝𝑙/𝜕𝑡𝑗, which are the quantities in
the covariance matrix used to compute uncertainties in the
parameters 𝑝 from the uncertainties in the data 𝑡. All of the
quantities required for the computation were already com-
puted to apply Newton’s method to solve the least squares
problem.

There is one additional complexity, in that the 𝑡𝑘 in
Eq. (23) are, for our measurements, 𝑡𝑖𝑗 − 𝑡0, where 𝑡0 is
the measurement with the cavities off. Extending the calcu-
lation to take that into account is straightforward. To reduce
the statistical uncertainty in the parameters for minimal cost
in measurement time, many more readings are taken for 𝑡0
than for the 𝑡𝑖𝑗.

SAMPLE MEASUREMENT AND FIT
To demonstrate the capability of this technique, we mea-

sured cavity data at two voltage settings, 3000 and 4000 kV,
with 10 degree steps in the phase setting. The cavity volt-
ages and phases had already been calibrated, so the phase
and voltage settings should already be close to their correct
values. Figures 1 and 2 show the data at the last and first
cavities, respectively (data were taken for all 6 cavities). For
ordinary calibration, we would typically take data at only
one voltage (usually 3000 kV) and using larger steps in phase
(20 or 30 degrees). We fit the data to the model as described
above, and the values for the model using those fit parame-
ters are shown in those same figures. Note the significantly
different scales in those figures. There is a significantly
larger range in time difference for the first cavity compared
to the last, owing to the significantly longer drift distance to
the downstream BPM.

Figures 3 and 4 show the difference between the fit data
and the model. There are error bars on the data points show-
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Figure 2: Measured data with RD1CAV06 (the first cavity)
powered for cavity voltage set to 3000 (blue) and 4000 kV
(orange). Curves show the model values using the fit param-
eters. Time is measured as a phase relative to the 1.3 GHz
reference frequency.
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+6
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Figure 3: Difference between the data and the model fit for
the data in Fig. 1.
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Figure 4: Difference between the data and the model fit for
the data in Fig. 2.

69th ICFA Advanced Beam Dynamics Workshop on Energy Recovery Linacs, Tsukuba, Japan JACoW Publishing

ISBN: 978-3-95450-258-5 ISSN: 2673-5563 doi: 10.18429/JACoW-ERL2024-WEO05

WG1: Beam dynamics 43

WG1: WG1 (Beam dynamics) WEO05

Co
nte

nt 
fro

m 
thi

s w
ork

 m
ay

 be
 us

ed
 un

de
r t

he
 te

rm
s o

f th
e C

C B
Y 4

.0 
lic

en
ce

 (©
 20

26
). A

ny
 di

str
ibu

tio
n o

f th
is 

wo
rk 

mu
st 

ma
int

ain
 at

tri
bu

tio
n t

o t
he

 au
tho

r(s
), t

itle
 of

 th
e w

ork
, p

ub
lis

he
r, a

nd
 DO

I.



-180 -120 -60 0 60 120 180
Phase (deg.)

-2

-1

0

1

2
Po

si
tio

n 
(m

m
)

3000 kV, x
4000 kV, x
3000 kV, y
4000 kV, y

Figure 5: Position at the downstream BPM for the measure-
ments from Fig. 1. Statistical uncertainties are negligible on
this scale.

ing the statistical error on the measured arrival times, com-
puted by aggregating all of the time of flight measurements
and taking their standard deviation. What is clear from these
differences is that the uncertainties in the parameter fits are
not dominated by the statistical uncertainties in the data. In-
stead, other systematic uncertainties in the measurements
or errors in the model are the primary contributors to the
parameter uncertainties.

Systematic uncertainties in the measurements could arise
in many ways, and I will not attempt to enumerate all of them
here. One important measurement error we did observe was
an apparent dependence of the measured arrival time on
the transverse position at the BPMs. Unfortunately, despite
extensive attempts at analyzing this effect we were unable to
determine how the transverse position was correlated with
the arrival time measured, or even whether there truly was a
causal relationship. Attempts at measuring the correlation
often led to contradictory results. We had indications that
the MLC cavity axes were not aligned with the beam pipe
axes outside the MLC, and therefore made measurements
to determine the actual cavity axis transverse positions [3].
Due to transverse focusing in the cavities that depends on
the cavity phase and voltage, this could therefore lead to
systematic measurement errors if there was a correlation
between transverse position and measured time of flight at
the BPM. We therefore steered the beam down the linac such
that its transverse offset matched the average center of the
cavities.

Figures 5 and 6 show the positions at the downstream
BPM corresponding to the measurements shown in the ear-
lier figures. For the first cavity (Fig. 6), the position is cor-
related with the cosine of the phase, so the effect is not
primarily arising from a focusing effect in the cavity due
to a displaced beam, which would cause the position to be
correlated with the sine of the phase. The input coupler is
on the downstream side of the cavity and is oriented in the
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Figure 6: Position at the downstream BPM for the measure-
ments from Fig. 2. Statistical uncertainties are negligible on
this scale.

horizontal direction, so while an input coupler kick could
explain the horizontal displacement, it would not account for
the vertical displacement. Furthermore, for the last cavity
(Fig. 5), the correlation between phase and position is in the
opposite direction. The displacement could also arise be-
cause the beam has a transverse momentum, and the change
in the longitudinal momentum going through the cavity leads
to a change in angle downstream of the cavity; but since the
transverse momentum would have the same sign for each
cavity, this effect should have a consistent sign, which is
not what is observed. Furthermore, the measurements with
the cavities off indicate a position difference of less than
1 mm between the upstream and downstream BPMs, which
is too small to be consistent with this effect. The cavity axis
could also be tilted, the transverse displacement arising from
the resulting transverse component of the accelerating field;
for the first cavity, this would correspond to a tilt of about
0.6 mrad, which is not unreasonable. If this is the case, then
this technique also allows a measurement of the axis tilts of
the cavities; tilts of this magnitude were also found in [3].

The field map for the cavity was generated from a cylin-
drically symmetric model of the cavity. A field map based
on a more complete model (that included, for instance, the
input coupler and other ports) may have produced somewhat
different results. We found early in our studies of CBETA
that using the field map rather than a simplistic model for
the cavity gave significant improvements in the agreement
between our measurements and the model, so the details of
the field map are important.

We attempted to apply this technique to the injector cry-
omodule (ICM), a 5-cavity cryomodule in the injection line
that accelerates the beam to 6 MeV [1, 4], but were unsuc-
cessful. The beam steering effect was much stronger in this
line, and alignment of the beam through the ICM was diffi-
cult to control. Furthermore, space charge forces at the lower
energies involved may have made measurements challenging.
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Table 1: Cavity calibrations results for the example given
here. The CBETA MLC cavities are numbered in reverse:
RD1CAV06 is the first cavity, RD1CAV01 is the last. The
injection energy was computed to be 6055.3 ± 6.6 keV.

Uncertainty
Cavity Amplitude Amplitude Phase
Name Factor (%) (deg.)
RD1CAV01 0.9516 0.51 0.21
RD1CAV02 0.9739 0.28 0.11
RD1CAV03 1.0031 0.20 0.07
RD1CAV04 1.0098 0.18 0.05
RD1CAV05 1.0031 0.17 0.04
RD1CAV06 0.9873 0.17 0.04

Figure 7: Two measurements of RF voltage in an MLC cavity
versus time [5].

We used smaller voltages relative to the beam energy for the
tuning, but this did not allow us to succeed. A modification
of this technique with the phases ranging over some range
around the crest may be needed to succeed at these lower
energies.

The results and uncertainties from the calibration mea-
surement shown above are given in Table 1. The table takes
into account systematic uncertainties observed by multiply-
ing the uncertainties computed via linear error propagation
by the square root of 𝜒2 per degree of freedom computed
from the fit (i.e., twice Eq. (9), divided by the number of
measurements reduced by the number of parameters). Am-
plitude corrections were not applied regularly, only the phase
offsets, since the latter were expected to change on every
machine restart, while there is no reason to expect the for-
mer to change. Yet, over a period of months, the amplitude
calibrations clearly did change, as can be seen in Table 1.
This may not in fact have been a long-term drift in the ampli-
tude calibration, but a shorter term one. We found that the
beam energy coming out of the MLC changed throughout a
day’s operation. We typically corrected this via continual
changes to the magnet fields in the splitter lines, based on
position measurements in those lines. These drifts in the RF
amplitude appeared to arise from an inconsistency in voltage
measurements at the cavities [5] (see Fig. 7). The magnitude
of the drift shown in Fig. 7 indicates that the calibration
factors in Table 1 are to be expected.

FINAL THOUGHTS AND
ACKNOWLEDGMENTS

None of these measurements would have been possible
without the entire team that designed and operated CBETA;

see the results reported in [6–8] for many of the members of
that team. This work was motivated by the original phasing
methods for the cavities that were based on finding the RF
crest (see [6]); finding the phase value for a maximum is of
its nature imprecise, and since the cavities were phased with
their desired incoming energy, phasing the later cavities in
the linac with time of flight was very difficult, and one used
beam steering through a dipole instead. A re-thinking on
how cavity phase was defined (i.e., relative to a 6 MeV beam,
then using calculations to get the desired phases when the
beam was accelerated) and phasing each cavity using the
6 MeV beam allowed these more precise measurements.

Further studies of the systematic errors in this technique
could be made. One could continue to examine whether, and
if so why, transverse position is having an impact on arrival
time measurements. One could use a field map based on
a more complete cavity model and determine if that gives
a better fit to the data. One could even treat the on-axis
field map as a function to be optimized to determine the
field profile that best fits the data. As suggested above, one
could use different voltage amplitudes in different cavities
to take into account different distances to the downstream
BPM. And one could attempt to use a smaller phase range in
the injection cryomodule to enable applying this technique
there.
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HIGH AVERAGE CURRENT HVDC ELECTRON GUN FOR
EIC HADRON COOLING∗

E. Wang† , O. Rahman, J. Skaritka, R. Lambiase, J. Biswas, D. Bruno,
J. C. Brutus, M. Gaowei, P. Inacker, K.P. Mondal, M. Paniccia, K. Pandey

Brookhaven National Lab, Upton, NY, USA
J. Goldlust, P. Dandridge

Dielectric Sciences, Chelmsford, MA, USA

Abstract
A critical R&D initiative for the Electron Ion Collider

(EIC) involves the design of an electron gun capable of gen-
erating a high average current and high-brightness electron
beam for the hadron cooler. This is essential to preserve
hadron beam quality and achieve the collider’s luminosity
target of 1 × 1034 s−1 cm−2. For an energy recovery linac
(ERL)-based hadron cooler, the gun must deliver a high
average current of 98.5 mA, a normalized transverse emit-
tance of less than 2 mm−mrad, and a bunch charge of up to
2.5 nC. This proceeding outlines the high-voltage design of
a DC gun operating at 500 kV, with conditioning capability
up to 600 kV. The design incorporates several unique fea-
tures, including the use of inverted ceramic at this voltage
level, active cooling for the cathode, and large single-crystal
multi-alkali cathodes grown on a silicon carbide substrate.
High-brightness electron sources are also pivotal for other ad-
vanced applications, such as high-intensity gamma sources,
future 𝑒+𝑒− colliders, and ultra-deep UV sources for the
semiconductor industry. Additionally, this paper provides
an overview of the hadron cooling approaches planned or
proposed for the EIC.

INTRODUCTION
To achieve and sustain the high luminosity target of

1 × 1034 s−1 cm−2, the Electron Ion Collider (EIC) requires
advanced hadron cooling capabilities. Two hadron cooling
systems are planned for the EIC: a low-energy cooler de-
signed to cool hadrons at the injection energy of 24.5 GeV,
and a high-energy cooler intended to maintain luminosity at
collision energies of 100 GeV and 275 GeV. Both systems
will require high-average-current, high-brightness electron
sources, particularly if single-pass linac or energy recov-
ery linac (ERL)-based designs are employed for the hadron
cooler. The schematic layout of the EIC, including the elec-
tron cooler, is shown in Fig. 1.

Building on the successful tests of the polarized gun R&D
at the EIC, we are developing a HVDC gun to serve as the
electron source for the hadron cooler. This gun is designed
to deliver up to 98.5 mA of average current at voltages ex-
ceeding 500 kV. The design incorporates several advanced
features, including an inverted feedthrough structure and
an upgraded active cathode cooling system using fluorinert
∗ Work supported by Brookhaven Science Associates, LLC under Contract

No. DE-SC0012704 with the U.S. Department of Energy.
† wange@bnl.gov

Figure 1: EIC schematic layout.

(FC72). To achieve high brightness, the gun will utilize
novel large-crystal K2CsSb photocathodes grown on 4H-
SiC substrates. The design and analysis of the HVDC gun
have been completed, and the construction is currently un-
derway. High-voltage conditioning is targeted for 2025, with
beam commissioning anticipated in 2026–2027.

In this report, we will discuss the ERL-based hadron
cooler proposals for the EIC, followed by an overview of
the HVDC gun’s design concepts, considerations and novel
features. Additionally, the major components of the HVDC
gun will be described in detail.

VARIOUS PROPOSALS OF THE
ERL-BASED HADRON COOLERS FOR EIC

The EIC low-energy cooler (LEC) is designed to re-
duce the injection rms normalized vertical emittance from
2 mm mrad to a range of 0.3 mm mrad to 0.5 mm mrad, as
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reported in [1]. As illustrated in Fig. 2, the design concept
is similar to that of the Low-Energy RHIC Electron Cooler
(LEReC), includes an increased electron beam energy of
12.5 MeV, a higher beam current of 70 mA, and an extended
cooling length of 170 m.

The high-energy cooler (HEC), however, presents more
significant challenges. For traditional electron coolers, the
cooling rate is inversely proportional to 𝛾2. To compensate
for the reduction in cooling rate at higher energies, several
approaches are considered:

• Increasing the six-dimensional phase space density of
the electron bunch: Since the electron bunch must
match the ion bunch, increasing the bunch charge is a
viable strategy. At a repetition rate of 98.5 MHz, the
average electron current in the cooling section must
exceed 400 mA.

• Extending the cooling section length: Although longer
cooling sections improve the cooling rate, they are typ-
ically constrained by the available drift space within
the hadron ring.

• Pre-cooling the ion bunch: Reducing the transverse
velocity spread of ions accelerates the cooling process.
The LEC is specifically designed to achieve this pre-
cooling.

To mitigate the limitations in cooling rates caused by
higher beam energies, stochastic cooling has been developed.
This method utilizes a system of pickups, amplifiers, and
kickers to cool high-energy hadrons. For even higher cooling
rates required for proton cooling, the Coherent Electron
Cooler (CeC) has been proposed, leveraging electron plasma
as the amplification medium [2,3].

In recent years, several ERL-based electron cooling sys-
tems have been proposed. While storage-based electron
cooling systems are also under development, they are not
covered in this report as they are not relevant to ERL-based
designs.

Strong Hadron Cooling Based On CeC
Strong hadron cooling, as illustrated in Fig. 3a, was

adopted in the EIC Conceptual Design Report and has been
extensively studied in recent years. The cooling rate is suffi-
cient to balance Intra-beam Scattering (IBS), but achieving
precise electron and ion alignment, as well as implementing
effective cooling detection, presents substantial challenges.
Proposed methods, such as Schottky signal modification,
demand detectors with extremely low noise and high gain,
which are currently unavailable [4]. Other concerns include
the absence of tunable knobs and the difficulty of maintain-
ing a low-noise electron beam in the ERL [5–8]. Generat-
ing 1 nC bunch charge with 98.5 mA average current and a
cooling section emittance of less than 3 mm mrad requires a
high-brightness electron source that surpasses the current
state-of-the-art. Consequently, this scheme will necessitate
significant R&D efforts [9].

Recirculating ERL-based Electron Cooling

The average current of 400 mA significantly exceeds
the capabilities of demonstrated high-brightness electron
sources. To date, the highest average current achieved is
approximately 65 mA [10]. To address this limitation, the
proposed concept involves using an electron beam to cool
the hadron beam over multiple turns before being dumped af-
ter energy recovery. By ensuring the beam retains sufficient
quality to provide adequate cooling over multiple turns, the
average current required from the gun can be reduced propor-
tionally to the number of turns. A harmonic kicker would
be employed to remove one bunch and inject another for
energy recovery [11]. The schematic illustration in Fig. 3b
depicts the original concept developed for JLEIC, which
utilized magnetized electron cooling. The electron cooler
without using a magnetized beam has been discussed with
the EIC team and appears feasible. However, a significant
challenge lies in the beam quality degradation caused by
multiple turns in the arc section, primarily due to coherent
synchrotron radiation (CSR) and the effects of interactions
with the high-intensity ion beam using multi-nano Columb
high-intensity electron bunches.

Multiple Guns Beam Merging ERL-based Electron
Cooling

To address the limitation of single electron gun average
current and mitigate the energy spread increase caused by
CSR in multi-turn ERLs, this report proposes an alterna-
tive approach to achieve high average current, as illustrated
in Fig. 3c. The proposed solution involves a multiple gun
merging system. If each gun produces an average current
of 100 mA, four guns would be needed to achieve the re-
quired 400 mA. Alternatively, using six guns would reduce
the average current per gun to 67 mA, a value that has been
experimentally demonstrated. The concept of a gun merging
system was previously explored during the early EIC con-
ceptual staging. This approach relies on a capacitor kicker
to align and stack bunches along a single axis. For instance,
to produce a 4 nC, 98.5 MHz beam, each gun would gener-
ate 4 nC bunches at a reduced repetition rate of 24.6 MHz.
A 24.6 MHz kicker could be implemented using either an
LC circuit-based capacitor kicker, as described in [12], or a
cavity-based ferrite-dominated RF kicker [13]. After merg-
ing, the beam would be accelerated to an energy exceeding
10 MeV for injection into the ERL. This design represents a
single-turn ERL system, which is expected to maintain su-
perior beam quality compared to the multi-turn ERL-based
electron cooling approach. However, the beam dump power,
estimated at 4 MW, exceeds the capacity of typical high-
power dumps. To address this, the beam can pass through
an RF structure for deceleration. For improved efficiency,
an RF output coupling port can be introduced to extract RF
power, compensating for the main ERL cavity’s power loss
resulting from the beam energy recovery process.
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Figure 2: Low-energy cooler layout.

(a) Strong hadron cooling

(b) Multi-turn recirculating ERL cooler

(c) Multi-gun single turn ERL cooler

Figure 3: The schematic drawing of the proposed high energy cooler for EIC.

ELECTRON SOURCE DEVELOPMENT
Electron Source Requirements

All above schemes need high brightness, high average cur-
rent, high-intensity electron source. We listed the electron

source requirements for each scheme as in Table 1. RF guns
are generally better suited for generating high-brightness
beams with bunch charges above several nC. However, within
the EIC timeline, the development of a superconducting
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Table 1: Comparison of Different HEC Electron Source Requirements

Precooler SHC-CeC HEC-recirculating HEC-multi-gun single turn

Average current, mA >70 90-100 mA 60-100 mA 60-100 mA
Normalized Emittance rms, mm-mrad 1.5 3 2 2
Bunch charge, nC 1.2 1 4 4
Lifetime 1 week > 3 days > 3 days > 3 days

radio-frequency (SRF) gun capable of delivering 50 mA to
100 mA is not feasible [14]. Consequently, our approach
involves the development of an HVDC gun to generate a
pencil-shaped bunch, which is then compressed to the de-
sired length before being injected into the Linac.

The HVDC gun R&D is guided by the following require-
ments:

• Development of an electron source capable of deliver-
ing a 98 mA beam with a single operational lifetime
charge of 60 000 C.

• Operation at voltages exceeding 500 kV with an elec-
tric field gradient on the cathode surface of more than
5 MV m−1.

The primary challenges of this R&D effort include the devel-
opment of an efficient cathode cooling mechanism, achieving
long stable operation at high voltages, reducing emittance,
and generating high-bunch-charge beams [9].

Gun Geometry
There are typically two HVDC gun configurations. The

first involves placing the high-voltage feedthrough on top of
the gun, while the second uses an inverted structure where
the feedthrough is located inside the gun body.

The former feedthrough design offers the advantage of
better control over the voltage potential along the ceramic,
enabling the achievement of high voltages, such as above
500 kV [15]. However, this configuration has significant
drawbacks, including a large physical footprint due to the
required SF6 tank and the need to position the high-voltage
power supply (HVPS) adjacent to the gun, often sharing the
same SF6 tank. When the gun is placed in a high-radiation
environment, such as a collider tunnel, the HVPS inverter is
susceptible to radiation damage. Furthermore, challenges
remain in developing an efficient cathode cooling system for
this setup.

The inverted structure is more compact because both sides
of the ceramic are enclosed neither in the atmosphere nor
SF6. This design allows for a shorter ceramic feedthrough. A
polarized gun using this configuration has achieved 350 kV
after only 20 hours of conditioning [16]. However, scaling
this design to higher voltages, such as 500 kV, remains chal-
lenging due to uncontrollable potential distributions along
the ceramic. We use the triple point shed on both the ground
and high voltage sides to linearize the potential along the
ceramic as shown in Fig. 4 [17]. The sheds also can avoid
extremely high gradients at the vacuum-ceramic-metal joint.

The inverted structure facilitates cathode cooling and elim-
inates the need for SF6 in the entire system. The power
supply, located far from high-radiation areas, can be con-
nected to the gun through a high-voltage cable with a plug
feedthrough.

A spherical chamber with a spherical electrode provides
additional advantages in achieving high voltage. For a given
chamber size, the minimum achievable electric field gradient
can be optimized by adjusting the electrode size, as shown
in Eq. 3:

𝑉𝑐𝑟𝑜𝑠𝑠 = ∫
𝑅2

𝑅1
𝐸(𝑟) 𝑑𝑟 = 𝑞

4𝜋𝜀0
(𝑅−1

1 − 𝑅−1
2 ) , (1)

𝑑𝐸
𝑑𝑅1

= 0, (2)

𝑅1 = 𝑅2
2 . (3)

The Pierce-shaped cathode and anode system were op-
timized to achieve minimal emittance and maximize the
laser spot size. Applying 550 kV to the electrode results in
a cathode surface gradient of 5.4 MV m−1, while all other
surfaces maintain gradients below 10 MV m−1. Even under
conditioning up to 600 kV, the maximum surface gradient
remains close to 10 MV m−1. With a well-polished surface,
field emission can be effectively mitigated. The optimized
normalized emittance is 1.02 mm mrad for a bunch length
of 250 ps.

To prevent gun trips caused by ion back bombardment,
offsetting the laser from the center is essential. A laser offset
of 3.5 mm results in approximately 3% emittance degrada-
tion. Additionally, 100 ppm HV variation increases emit-
tance by approximately 1%. Emittance will be measured
in the beamline using a multi-slit and viewer system. The
main geometric design parameters for the gun operating up
to 600 kV are summarized in Table 2.

Cathode Cooling Set Up
Characterization of the K2CsSb cathode material revealed

that both the quantum efficiency (QE) and lifetime of the
cathode significantly decrease above 80 °C, particularly
when the laser power exceeds 5 W, with QE dropping below
1% [18]. Cathode cooling is therefore essential to generate
average currents in the 100 mA range, where laser powers
typically exceeds 12 W.

We tested a cathode cooling scheme at BNL’s polarized
gun, which successfully maintained voltages above 300 kV
for over two years without failure [16]. However, the cooling
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Figure 4: Triple point shielding set up in the gun.

(a) Super fish model of the gun field.

(b) Field gradient along the axis and electrode surface.

Figure 5: The HVDC gun field along the various surfaces at
550 kV after optimization

system, using FC72 as a fluid, increased maintenance com-
plexity, as FC72 can dissolve the grease typically used to seal

Table 2: Main Gun Geometry, and Field Parameters, Re-
sponding to Fig. 5a

Parameters Values

𝑅1 (cm) 16
𝑅𝑝 (cm) 1.26
𝑟𝑐 (cm) 4.8
𝑅𝑎 (cm) 1.45
𝑅𝑏 (cm) 2.25
𝛼 (°) 23
d (cm) 4.4
H (cm) 9.5
𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 (MV m−1) 6.4
𝐸𝑚𝑎𝑥 (MV m−1) 9.8
Voltage (kV) 600

HV cable plugs and feedthroughs. Grease is commonly em-
ployed in industry to prevent air from being trapped between
these components.

To mitigate the maintenance challenges and enhance cool-
ing efficiency, our new approach involves creating a small
gap between the ceramic feedthrough and the HV plug,
which is filled with FC72. This not only prevents air en-
trapment but also provides cooling to the cathode. FC72
has a dielectric strength of 80 kV cm−1, allowing a length of
7.5 cm to withstand 600 kV. This setup is currently under
testing, having already achieved voltage levels between 530
and 570 kV. Further tests focusing on stability and reliability
are planned.

The cathode puck, designed with a large-waged base, is
tightly attached to the cathode heat sink, which is made of
oxygen-free copper. The cooling fluid reaches the heat sink,
efficiently removing more than 20 W of thermal power. The
cooling setup is still undergoing testing, as illustrated in
Fig. 6.

Figure 6: The cathode cooling set up. Left: the high voltage
test with the FC72 flowing; Mid: the model shows how the
cooling Fluid to the cathode heat sink and returns; Right:
The cathode temperature set up using a heater and cooling
fluid.

Epitaxially Grown Large Crystal Photocathode
When a cathode is deposited onto a metal substrate, it

typically forms polycrystalline crystal structures. The used
cathode material must then be removed, and the substrate
repolished to achieve a mirror-like smoothness. Recently,
the BNL team developed a large crystal K2CsSb cathode,
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epitaxially grown on lattice-matched 4H-SiC wafers, which
demonstrates exceptional crystal quality, including ultra-
smooth surfaces [19, 20]. Using 4H-SiC as the cathode
substrate simplifies the replacement process, making it quick,
cost-effective, and straightforward.

As discussed in the final section, the 4H-SiC substrate can
potentially mitigate high-voltage breakdowns and reduce
field emission. Additionally, doped 4H-SiC exhibits excel-
lent thermal conductivity (4.2 W/cm−K), surpassing even
copper. This property aids in efficient laser power transfer to
the heat sink, helping to maintain the cathode temperature
during high current operations. The intrinsic emittance is
expected to be smaller than that of the polycrystalline crystal
cathodes due to the smoothness of the 4H-SiC surface and
the reduced scattering at grain boundaries in the cathode film
with ordered crystal structure and large grains. Although
the HVDC gun operates at lower gradients, the emittance
increase due to surface smoothness may be difficult to mea-
sure. However, the reduction of emittance due to reduced
grain boundary scattering could potentially be measurable
using a slits system. The QE of these photocathodes could
reach approximatively 9% when illuminated with a 532 nm
laser, which satisfies the operational requirements for the
gun. Similar to the cathode puck used in the polarized gun
with GaAs wafers, we have designed a similar cathode as-
sembly to accommodate the 4H-SiC wafers.

High Voltage Cable and HVPS
The gun is designed to operate at 550 kV and is condi-

tioned up to 600 kV. A 1 MV HV cable will be used to
deliver the power, which simplifies the configuration com-
pared to the scenario where both the power supply (PS) and
the gun share the same SF6 tank. However, the HVPS and
the high-voltage cable’s stored energy can potentially dam-
age the gun if arcing occurs. For instance, the HVPS has a
stored energy of 3.5 kJ, and a 9-meter 600 kV cable contains
80 J of stored energy. For a 400 kV cable, we have used
a semiconductor jacket covering the cable to redistribute
energy during discharge [16,21], though this is not practical
for the 1 MV cable. Our new approach involves placing a
resistor between the gun and the HV cable.

During conditioning, the field emission current is uncon-
trollable. To mitigate this, we employ 66.7 MΩ voltage-
dividing resistors to form a negative feedback loop, thereby
protecting the gun. In high-current operation, the current
becomes more controllable. To prevent the resistor from
absorbing too much voltage drop, we use a 500 Ω resistor,
which provides protection in case of a high-current HV trip.
These resistors are capable of handling energies above 4 kJ,
which is sufficient for both conditioning and operation of the
gun. They are mounted in cylindrical assemblies designed to
be directly affixed to the gun assembly. The energy storage
between the resistor tank and the gun is negligible.

The HVPS is designed as a two-phase Cockcroft-Walton
voltage multiplier, housed within a vessel that can either
be pressurized with N2 or operated with SF6, depending
on the requirements. It can provide an average current of:

1) 150 mA at 400 kV; 2)120 mA at 550 kV; 3) 12 mA at
600 kV.

The voltage multiplier is driven by an external power
inverter that operates at a nominal frequency of 20 kHz.
The combination of a stored energy of 3.5 kJ and the high-
frequency inverter ensures that the output voltage ripple,
caused by an instantaneous step of full-load current, remains
below 1 kV, as shown in Fig. 7. The voltage drop/ripples
due to beam energy variation are on the order of 4 × 10−4.

Figure 7: The transient voltage ripple expected at 550 kV
operation.

Vacuum
We are aiming to get a similar vacuum level as the polar-

ized gun, about less than 1×10−11 torr, to avoid overnight QE
degradation. For the R&D beamline which is short, it is im-
portant to block the outgassing from the beam dump. Differ-
ential pumping stage and beamline with NEG coating were
simulated and is going to be used in the SHC R&D gun. Cath-
ode vacuum pressure could achieve <1 × 10−11 Torr when
beam dump is at 1 × 10−7 Torr with a full beam power of
55 kW as shown in Fig. 8.

DISCUSSION: HV TRIP
CONSIDERATIONS AND PROPOSED

SOLUTIONS
One of the challenges in designing and operating the

HVDC electron gun is the occurrence of undesired HV trips
that disrupt the gun’s operation. Specifically, the HVPS
experiences more frequent trips when attempting higher cur-
rent outputs. The following discussions are summarized
detail the tech notes [22].

Several mechanisms have been proposed to explain HVPS
trip, including downstream ion origin and cathode emit-
ter bursts causing strong field emission. The ion back-
bombardment sequence can be characterized as follows: 1)
Electron beam ionizes residual downstream gases; 2) Posi-
tively charged ions or clusters flow back towards the cathode;
3) High-energy ions (100s keV) halt at the cathode center,
fracturing the material and creating an irregular surface;
4) The roughened cathode surface induces field emission,
triggering power supply trips. This mechanism explains
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Figure 8: Monte-Carlos simulations shows the residual
molecule distribution inside of gun vessel.

the increased trip probability with rising average current
and damage concentration at the cathode center. Mitiga-
tion strategies such as anode biasing which we adopted and
ion kicker electrodes have shown limited effectiveness, re-
ducing trip probability only below 10 mA average current.
Moreover, ions generated within the HVDC gap remain un-
addressed through these methods. A notable contradiction
emerges: some cathode damage spots are away from its
center, which is the only location that downstream ions can
reach.

An alternative explanation involves the formation of sharp
surface on the cathode in a high-gradient environment as
follows: 1) Fine crystal cathodes exhibit nanoscale rough-
ness or contain transfer-induced particulates; 2) Low elec-
tron affinity results in a significantly reduced field emission
threshold; 3) High-gradient operation enables field emission
or dark current; 4) Field emission further sharpens tips and
enhances field intensity; 5) High-power laser-induced local-
ized temperature elevation amplifies field emission; 6) Field
emission experiences exponential increase upon surpassing
the field enhancement threshold. This mechanism elucidates
damage spot occurrence away from the cathode center and
increases trip probability at higher current levels. Employ-
ing smoother cathodes on atomically smooth substrates can
mitigate these effects. Substrate particulate removal through
high-pressure rinsing and clean room cathode installation
further minimizes potential complications. Both ways will
be incorporated into our program.

Despite numerous mitigation attempts, the HVDC gun
encounters challenges in achieving 100 mA operation. We
propose an additional mechanism wherein electron beam
loss on the anode interacts with the monolayer, potentially
degassing the anode and generating ions. These ions halt at
the cathode, initiating secondary electron emission in a self-

reinforcing cycle similar as the multipacting in RF cavities,
ultimately potentially tripping the HVPS.

At 100 mA, even a minimal beam loss of 10−5 generates
1 µA beam loss. With 550 kV applied, the beam power loss
of 0.55 W can induce outgassing or X-ray generation. To
reduce the X-ray generation, we utilize titanium (Z=22) as
a low-Z anode material at 550 kV DC gap voltage yields
approximately 2 mW of X-ray power from lost electrons.

Cathode growth masks constrain cathode size, but growth
material vapor diffusion extends beyond the designated area.
Laser halo or scattered light can generate electrons from
unexpected regions, which, under strong focusing, are prone
to anode tube or aperture loss.

Within the DC gun, the initial aperture encountered by
the beam is the anode, where electrons can generate hydro-
gen (H) or hydrogen gas molecules H2. These ions, com-
monly trapped in materials or present as a monolayer coating
on metal surfaces, are accelerated by the DC electric field,
reaching the cathode surface and initiating the generation of
secondary electrons. Another mechanism involves X-rays
generated from the anode, which can also produce photo
electrons. Cathode materials containing alkali metals exhibit
a notably high photo yield or high secondary electron yield,
often exceeding 100. Consequently, cathode-originating sec-
ondary electrons outnumber incident ions and are susceptible
to anode loss, further ion generation.

The anode-cathode configuration enables electron-ion os-
cillation across an expanded area. When secondary yield
exceeds unity, multiple iterations cause instantaneous peak
current surges, increasing outgassing and ion backbombard-
ment. Ionized gas movement toward the electrode frequently
precipitates power supply failure.

Potential mitigation strategies include: 1) Anodizing cath-
ode substrate to limit metal substrate exposure; 2) Employing
low secondary yield materials like BN or SiC for cathode
substrates or coatings; 3) Optimizing anode geometry to
disrupt ion trajectories toward the cathode electrode. The
R&D employ the method 2 and 3. And will leave the 1 as
the risk mitigation.

CONCLUSION
In this report, we briefly overview the proposed ERL-

based high-energy coolers and low-energy coolers for the
EIC. All these hadron coolers require a high-average-current,
high-brightness electron source. As part of the EIC R&D
efforts, we are developing an HVDC gun with a resistor
network housed in a pancake container to fully eliminate
stored energy.

The gun is designed as a 550 kV inverted structure utiliz-
ing a feedthrough with a novel cathode cooling mechanism.
Furthermore, a single or large crystalline multialkali pho-
tocathode is being implemented. All these efforts are to
address the main challenges in high current operation as
laser overheating the cathode, as well as minimize high-
voltage power supply (HVPS) trips. The project is currently
in the construction phase, with high-voltage conditioning
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planned for mid-2025 and beam commissioning scheduled
to begin in 2026.
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Abstract
The Electron-Ion Collider (EIC) is currently under devel-

opment to be built at Brookhaven National Lab and requires
cooling during collisions in order to preserve the quality of
the hadron beam despite degradation due to intra-beam scat-
tering and beam-beam effect. An Energy Recovery Linac
(ERL) is being designed to deliver the necessary electron
beam for Coherent electron Cooling (CeC) of the hadron
beam, with an electron bunch charge of 1 nC and an aver-
age current of 100 mA; two modes of operation are being
developed for 150 and 55 MeV electrons, corresponding
to 275 and 100 GeV protons. The injector of this Strong
Hadron Cooler ERL (SHC-ERL) is shared with the Injection
Cooler ERL, which cools lower energy proton beams via
bunched beam cooling, as used in the Low Energy RHIC
electron Cooling (LEReC). This talk introduces the layout
and presents a high-level overview of the design.

INTRODUCTION
The Electron-Ion Collider (EIC) is a partnership project

between Brookhaven National Lab (BNL) and Thomas Jeffer-
son National Accelerator Facility (TJNAF) to be constructed
at BNL, using much of the existing infrastructure of the Rel-
ativistic Heavy Ion Collider (RHIC); a layout of the EIC is
shown in Fig. 1. Collisions occur between the hadrons in
the Hadron Storage Ring (HSR) and the electrons supplied
by the Electron Storage Ring (ESR); in order to maintain a
high average polarization of the ESR, bunches are frequently
replaced using the Rapid Cycling Synchrotron (RCS). While
most of the magnets for the HSR are repurposed RHIC mag-
nets, already installed in the existing tunnel, both the ESR
and RCS will have to be installed. In the current scope of the
EIC, only one interaction region (IR) is supported, sited at
the current IR6 of RHIC; however, it is highly desired that a
second IR may be supported at IR8 in the future, and design
efforts support that eventuality [1].

In order to achieve the design emittances of the hadron
beam and average luminosity, a two-stage cooling system is
necessary. First, hadron beams are injected into the HSR and
cooled to the desired emittances. After the design emittances
are achieved, the HSR is ramped to the collision energy, and
the hadron beam is cooled during collision in order to main-
tain the beam emittances; preserving the design emittances is
∗ kirstend@jlab.org

Figure 1: The current layout of a portion of the Electron-Ion
Collider (EIC). The Hadron Storage Ring (HSR), Electron
Storage Ring (ESR), and the Rapid Cycling Synchrotron
(RCS) labels are color-coded to their respective rings; the
current and proposed IRs are shown at IR6 and IR8, with
the electron cooler in IR2.

critical to achieve the desired average luminosity of the EIC.
The electron cooler which provides cooling to the hadron
beam is located in IR2 [1, 2].

MICROBUNCHED ELECTRON COOLING

Coherent electron cooling (CeC) uses an electron bunch
to “measure” the position of the protons, then uses the same
electron bunch to apply corrective energy kicks to reduce
the emittance of the proton bunch in the longitudinal and
transverse directions. For the EIC, it is anticipated that the
protons will be stored on the order of ten hours, but in-
trabeam scattering (IBS) and beam-beam effect will cause
emittance growth on the order of two hours, reducing lu-
minosity over the duration of the store. Consequently, to
preserve the emittance of the proton beam and increase the
average luminosity over the store, cooling during collisions
is required to counteract emittance growth.
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Figure 2: A representative layout of microbunched elec-
tron cooling. The protons and electrons co-propagate in the
modulator section, separate into different lines, where the
electron beam goes through a series of chicanes and drifts,
before the electrons and protons once again co-propagate in
the kicker section.

One type of coherent electron cooling is microbunched
electron cooling (MBEC), the proposed mechanism for the
Strong Hadron Cooler Energy Recovery Linac (SHC-ERL)
to cool EIC protons during collisions. A representative
diagram of this process is shown in Fig. 2. An electron
bunch with the same relativistic gamma as the protons co-
propagates with the proton bunch in the modulator, where
the protons imprint on the electrons. Once separated, the
electron bunch is sent through the amplifier, a series of chi-
canes and drifts which amplifies the energy modulation of
the electron bunch that was induced by the protons; this
energy modulation is converted into a density modulation.
The protons and electrons co-propagate afterwards in the
kicker, where the density modulation of the electrons pro-
vides a corrective kick to cool the protons. The necessary
parameters for the electron beam and cooling section are
shown in Table 1; further details of this cooling mechanism
and these parameters can be found at [4].

STRONG HADRON COOLER ERL
Given the significant beam power called for in Table 1, it

is clear that an energy recovery linac (ERL) is required - the
operational power to produce the same beam parameters with
a linac is prohibitive; additionally, using an ERL reduces the
radiation considerations at the beam dump.

A representative layout of the SHC-ERL is shown in Fig. 3.
In beamline order during energy recovery, the sections are
the injector, the merger, the booster, the bunch compressor
and high energy bypass lines (PX), the main linac, the beam
dump, the laser heater, transport to the cooling section, the
cooling section (modulator, amplifier, and kicker), the first
turnaround, the return line, and the second turnaround – after
which, the beam begins energy recovery. Alternatively, the
beam can be steered through the merger into the diagnostic
line.

The injector consists of a photocathode DC gun and a cry-
omodule containing three superconducting radiofrequency
(SRF) cavities – two 197 MHz quarter-wave resonators
(QWRs) and a 591 MHz single-cell cavity. The beam is
accelerated to roughly 6 MeV and the accelerating cavities
are run off-crest so that the bunch is chirped; the single cell
cavity is at the third harmonic of the 197 MHz frequency
and is used to linearize the longitudinal phase space.

The booster consists of two cryomodules, oriented so that
the cavity order is two 197 MHz QWRs, two 591 MHz, and

Table 1: The parameters of the electron beam (top) and
the cooling section geometry and optics (bottom) for the
two proton beam energies of the EIC. The electron beam
longitudinal distribution is assumed to be a supergaussian
of order ∼4.

Proton Energy 100 GeV 275 GeV

Gamma 107.6 294
Energy (MeV) 55 150
Bunch charge (nC) 1
Rep. rate (MHz) 98.5
Avg. current (mA) 98.5
rms bunch length (mm) 9 7
Peak current (A) 10 13
Slice energy 0.6–1.5 0.4–0.8spread 𝑑𝑝/𝑝(10−4)
Norm. trans. emit. 2.8(mm−mrad)

Modulator/Kicker Length (m) 33
Number of Amplifier Drifts 2
Amplifier Drift Length (m) 49
𝛽𝑥/𝛽𝑦 in Modulator (m) 20.0/20.0 21.4/21.4
𝛽𝑥/𝛽𝑦 in Kicker (m) 29.7/4.09 7.89/7.89
𝛽𝑥/𝛽𝑦 in Amplifier (m) 12.0/12.0 4.89/4.89
𝑅56 in First Chicane (mm) 23.3 12.0
𝑅56 in Second Chicane (mm) -16.7 -6.66
𝑅56 in Third Chicane (mm) -18.2 -6.85

two 197 MHz QWRs. The beam energy is roughly 13 MeV,
the bunch is significantly chirped, and the single cell cavities
are again used to linearize the longitudinal phase space;
however, the longitudinal phase space is evaluated after the
bunch compressor in the following section.

Next, the beam enters the PX section, which consists of
the P1, P2, and P3 lines. Each line is energy-specific and
during the acceleration of both configurations, the 13 MeV
beam goes down the P1 line, which compresses the bunch;
bunch compression is tunable due to the quadrupole magnets
included in the compressor.

Following the PX section is the main linac, consisting of
eight 591 MHz five-cell SRF cavities and four 1773 MHz
five-cell SRF cavities, with the 1773 MHz cavities placed
in the center and four 591 MHz cavities on either side. The
beam is accelerated to the top energy of either 150 or 55 MeV
and is no longer chirped. Similar to the injector and booster,
the longitudinal phase space is linearized with the 1773 MHz
cavities.

The dump chicane and the laser heater chicane follow
the main linac, after which the beam is transported to the
cooling section, which consists of the modulator, amplifier,
and kicker. After the cooling section, the beam separates
from the HSR before entering a Bates bend and going down
the return line.

At the end of the return line is a 591 MHz five-cell SRF
cavity, which is run at the zero crossing and chirps the beam,
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Figure 3: (Top) A representative layout of the cooling complex in IR2. The electron beam of the SHC-ERL begins at the
HVDC gun, represented by a yellow circle in the bottom right. This beam is brought up to full energy before the electron
beamline merges with the HSR in the cooling section, which consists of the modulator, amplifier, and kicker. At the end
of the cooling section, the electron beam separates from the HSR, returns to energy recover, and is steered into the dump
line. (Bottom) This is an enlarged view of the dashed gray box enclosing part of the SHC-ERL. Represented is the injector,
followed by the merger, going to either the diagnostic line or the booster, the bunch compressor and high energy bypass
lines (PX), the main linac (Linac), the dump chicane, the laser heater, the transport to the cooling section, and the return
line from the cooler.

minimizing the energy spread of the beam at the dump. With-
out this chirp cavity, the only way to minimize the energy
spread is to have the beam energy at the dump to be signifi-
cantly different than the 6 MeV injection energy.

After the return line is a second Bates bend – following
this, the high energy line merges with the injection line, and
the chirped beam begins deceleration and energy recovery.
The beam is decelerated during the second pass through the
booster, then enters the PX section. For the second pass
through PX, the beam enters either the P2 or P3 beamline,
corresponding to the 55 and 150 MeV modes, respectively.
During the second pass through the linac, the beam deceler-
ates to the injection energy and is transported to the beam
dump. Closed optics exist for both operational modes, shown
in Figs. 4 and 5.

LASER HEATER
Microbunched electron cooling is highly sensitive to the

slice energy spread of the electron beam – for the EIC, this
parameter needs to fall within the specified range, not just be-
low a maximum value. While significant effort has been put
into the design of the injector and booster to achieve a small
slice energy spread, it is possible that the resulting value
of this parameter will be too small at the exit of the linac
and must be increased to fall within the target range before
entering the cooling section. To increase the slice energy

Figure 4: The closed design optics for the 150 MeV mode
of the SHC-ERL. Shown are the beta functions in meters
(top), dispersion in meters (middle), and the beam energy in
MeV, all as a function of 𝑠 in meters. Below the three plots
is the component layout.

spread and provide an adjustable knob for this parameter
downstream of the linac, a laser heater is located between
the linac and the cooler [3]. The layout of the laser heater
involves co-propagating a laser with the electron beam in-
side an undulator at the center of a chicane; a representative
layout is shown in Fig. 6. The laser heater increases the slice
energy spread by first applying a momentum modulation on
the electron beam from the interaction with the laser within
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Figure 5: The closed design optics for the 55 MeV mode of
the SHC-ERL. Shown are the beta functions in meters (top),
dispersion in meters (middle), and the beam energy in MeV,
all as a function of 𝑠 in meters. Below the three plots is the
component layout.

Figure 6: A representative layout of a laser heater, which
involves co-propagating a laser with the electron beam inside
an undulator at the center of a chicane.

the undulator. This modulation is smeared out in the second
half of the chicane [5].

INJECTION COOLER ERL
The injection cooling of the EIC protons is the first cooling

stage, occurring after the protons are injected into the HSR
but before they are ramped to the collision energy. The
cooling mechanism used in this stage is non-magnetized
bunch beam cooling, which is also used for Low Energy
RHIC electron Cooling (LEReC) [6, 7].

One design option is for the injection cooler to be an
ERL and have common components with the SHC-ERL; a
representative layout of such a scheme is shown in Fig. 7
and select beam parameters are shown in Table 2 [9].

For this concept of an injection cooler ERL, the electron
beam begins as it does in the SHC-ERL, though it is ex-
tracted in the PX section from the P1 line into a separate line
that transports the low energy electron beam to the cooling
section while bypassing the linac.

As the bunched beam cooling requires minimal residual
fields during cooling, the quadrupole magnets in the modu-
lator and kicker sections used during MBEC would need to
be air-core Panofsky quadrupoles to meet this requirement.
Additionally, a bypass line for the injection cooler to bypass
the amplifier section would be necessary.

After the cooling section, the electron beam would be
transported by the same return line that the 150 and 55 MeV
electrons use, before decelerating in the booster and being

Table 2: The electron beam parameters for the proton beam
energy at injection. The electron beam longitudinal distri-
bution is assumed to be a supergaussian of order ∼4. Three
electron bunches, each of bunch charge 1.33 nC, overlap a
single proton bunch during cooling.

Proton Energy 23 GeV

Gamma 25.4
Energy (MeV) 13
Bunch charge (nC) 3×1.33
rms bunch length (mm) 40
Slice energy spread 𝑑𝑝/𝑝(10−4) 5
Norm. transverse emittance (mm-mrad) 2

transported to a beam dump located after the booster cry-
omodules.

At present, no cooling solution exists for the 41 GeV pro-
tons; using this injection cooler ERL allows the option to add
additional cryomodules, increase the electron beam energy
to roughly 22 MeV, and use bunched beam cooling [8, 9].

CONCLUSION
An initial design exists for both energy modes of the SHC-

ERL, which is capable of providing cooling of high energy
protons during collisions at the EIC. One critical success
of this design is that the magnet layout is unchanged be-
tween configurations, so no vault access is required between
switching energies. This design allows for the option of
incorporating bunched beam cooling at the proton injection
energy and during collision of the 41 GeV proton beam.
Though more complex than many ERLs, no show stoppers
have been found. As collective effects and design alterna-
tives are evaluated, we anticipate that a mature, robust design
for an ERL-driven high energy cooler can be completed.
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circle in the bottom right. This beam is brought up to full energy by the booster before being extracted from the SHC-ERL
beamline in PX and transported to the HSR cooling section, which consists of drifts, including a drift beamline to bypass
the amplifier section of the SHC-ERL. At the end of the cooling section, the electron beam separates from the HSR, returns
to energy recover, and is steered into the dump line after the booster. (Bottom) This is an enlarged view of the dashed gray
box enclosing part of the SHC-ERL and injection cooler ERL. Represented is the injector, followed by the merger, going to
either the diagnostic line or the booster, the bunch compressor, high energy bypass lines, and extraction to the injection
cooler transport line (PX), the main linac (Linac), the dump chicane, the laser heater, the transport to the cooling section,
and the return line from the cooler.
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PRELIMINARY DESIGN AND BEAM DYNAMICS SIMULATION STUDIES 
OF THE PHOTO INJECTORS FOR EicC 
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Abstract 
A project for a polarized electron-ion collider in China 

(EicC) is planned based on the high intensity heavy ion ac-
celerator facility (HIAF), which is currently under con-
struction. According to the electron beam parameters from 
the white-paper of EicC, two electron injectors are required, 
one is polarized electron beam for the collider and another 
one is for the energy recovery linac (ERL) used for the 
electron cooling (e-cooler) of high energy ions. For the po-
larized electron beam, a DC high voltage photocathode gun 
is used; for e-cooler ERL, a quarter wave length resonator 
(QWR) SRF photocathode gun is considered. The prelimi-
nary considerations and designs of both injectors with 
beam dynamics simulation studies are presented here.  

INTRODUCTION 
The polarized electron ion collider in China (EicC) aims 

at achieving the highlighted physics goals presented in ref-
erence [1] and the layout is shown in Fig. 1. It will be based 
on the existing High Intensity heavy-ion Accelerator Facil-
ity (HIAF). HIAF is the major national facility focusing on 
nuclear physics, atomic physics, heavy ion applications 
and interdisciplinary researches in China. The construction 
is scheduled for seven years, and the beam commissioning 
is planned for 2025. HIAF is a completely new facility that 
a series of upgrades for EicC in the future have been taken 
into consideration during the design stage, and its capabil-
ity to run with EicC concurrently is also reserved. 

Figure 1: The layout of the EicC accelerator facility [1]. 

There are several key technologies for the EicC project. 
Two of the most challenges are polarized electron source 
and energy recovery linac based electron cooling for high 
energy ions. There are two SRF linacs, one requires polar-
ized electron injectors with high beam quality and high po-
larization rate and another one needs high repetition rate 
and high bunch charge. Considerations of electron source 

for the EicC project are referred to [2], where a DC photo-
cathode injector is considered for the polarized electron 
source for the electron and ion collider and a QWR SRF 
photocathode injector considered for the ERL based elec-
tron cooling. In this paper, we present the preliminary con-
siderations and designs of both injectors with beam dynam-
ics simulation studies to investigate the possible solutions. 
The technologies of the both injectors are within the state 
of art and the structures design of the guns are referred as 
some mature designs from the world’s labs. 

POLARIZED ELECTRON PREINJECTOR 
DESIGN 

Currently, for the polarized electron beam, due to its 
unique cathode material (GaAs) and some critical de-
mands, especially for the high vacuum (10-10 Pa) condi-
tions, the high voltage DC photocathode electron gun is the 
most possible choice [3]. The photocathode for polarized 
beam is strained GaAs. Currently the QE, life-time and po-
larization rate are still big challenges. For high average cur-
rent polarization electron gun, the cathode problem should 
be solved firstly. For the high voltage DC photocathode 
gun, the gun voltage higher is better for generating high 
quality beam, normally 500 kV is preferred. For polarized 
electron gun, 300-200 kV is chosen because of lower field 
emission and beam energy for longer cathode lifetime and 
easy polarization manipulation. Here we choose 300 kV 
high voltage, the same with JLab inverted insulator DC gun 
structure [4]. The polarized electron injector layout based 

 ____________________________________________  

† zhaoquantang@impcas.ac.cn 

 
 

 

 
Figure 2: The polarized electron injector layout based 
on the DC gun structure (a) and the field maps(b-e). 

(a) 

(b) (c) 

(d) (e) 
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on the DC gun structure is shown in Fig. 2(a). The gun gra-
dient is -4.96 MV/m, correspond to 300 kV between anode 
and cathode and the electric field distribution along the z is 
shown in Fig. 2(b). The buncher cavity is the same with the 
KEK buncher cavity [5] and the simulated field map is 
shown in Fig. 2(c). The solenoid field map is shown in 
Fig. 2(d) and Fig. 2(e) is the five cell TESLA-type SRF 
cavity field map. All the field maps are simulated with 
POISSON SUPERFISH code [6]. The five cell TESLA-
type SRF cavity is from normal nine cell TESLA cavity [7] 
except the middle four cells.  
 
Table 1: The Polarized Electron Injector Parameters and 
the Corresponding Layout Shown in Fig. 1(a) 

Parameters values 
Gun field gradient (300 kV) -4.96 MV/m 
Laser transverse size  xyrms=1 mm 
Laser longitudinal length flat top, 20 ps 
Bunch charge 100 pC 
Buncher position (peak) 1.0 m 
Buncher field gradient 1.4 MV/m 
Buncher phase 248.6 degrees 
Solenoid1 position (peak) 0.23 m 
Solenoid1 field -0.030 T 
Solenoid2 position (peak) 1.6 m 
Solenoid2 field -0.0224 T 
Booster cavity 1 position (start)  2.0 m 
Booster cavity 1 gradient 20 MV/m 
Booster cavity 1 phase 187.1 degrees 
Booster cavity 2 position (start) 2.9 m 
Booster cavity 2 gradient 18 MV/m 
Booster cavity 2 phase 130.0 degrees 

 
The polarized electron injector beam dynamics is studied 

by ASTRA code [8]. The multi-parameters of the injectors 
are optimized to achieve the required beam emittance. The 
optimized parameters are shown in Table 1 and achieved 
the optimized parameters from ASTRA at z = 5.5 m from 
the cathode are following: transverse normalized emittance 
is 1.5 mm mrad; the longitudinal emittance is 252 mm 
keV/c and the rms energy spread is about 0.6%. The simu-
lated results are shown in Fig. 3: (a) the normalized beam 
emittance and rms beam size along the beam line from 
cathode to z = 5.5 m; (b) the beam average energy and rms 
energy spread along the beam line; (c) the beam transverse 
distribution (d) the beam x trace space distribution and (e) 
the beam longitudinal phase space at z = 5.5 m.  

HIGH BUNCH CHARGE ELECTRON IN-
JECTOR DESIGN FOR e-COOLING ERL 
The injector for the e-cooling ERL requires high bunch 

charge, high repetition rate and high-quality CW operation 
mode specially. For electron cooling ERL injector, the 
QWR SRF photocathode gun is considered especially for 
high bunch charge. Currently, for example BNL 112 MHz 
quarter wave resonator (QWR) SRF gun, the bunch charge 
can be as high as 10.7 nC [9-10]. The “green” cathode is 
most promising for high average current electron source 

due to the high QE and high efficiency laser technol-
ogy [11]. However, the SRF gun technology is still under 
development. To achieve the required beam parameters, 
one promising method is to enhance the field gradient at 
the cathode. For BNL QWR SRF cavity, the max field gra-
dient in the gun cavity is about 20 MV/m. From simulation 
studies, if the max field gradient can reach 30 MV/m, 
which will make the injector easy to satisfy the beam re-
quirements, which is also pursued from LCLS-HE injec-
tor [12, 13]. Other critical parameters are the low emittance 
and small energy spread, which should be cared from be-
ginning of the beam dynamics design. 
 

 

 

 
Figure 4: The high bunch charge electron injector based on 
the QWR SRF photocathode gun. (a) the injector layout, 
(b-c) the QWR SRF gun and field map and (d-e) the two-
cell 650 MHz SRF cavity and field map. 

(a) 

(b) (c) 

(d) (e) 

 

 
Figure 3: The beam dynamics simulated results of the 
polarized electron injector with the Table 1 parameters 
and Fig. 1(a) layout. 

(a) (b) 

(c) (d) (e) 
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The high bunch charge electron injector based on the 
QWR SRF photocathode gun is shown in Fig. 4: (a) the 
injector layout;(b-c) the QWR SRF 162.5 MHz cavity field 
map and (d-e) the two-cell 650 MHz SRF cavity field map 
which are simulated with POISSON SUPERFISH. The 
two cell 650 MHz SRF cavity design is the same with the 
reference [14], which is suitable for high average current 
acceleration and long bunch length, which is required from 
e-cooling purpose. A third harmonic cavity 1950 MHz cav-
ity is used for flatting the RF accelerating voltage and make 
the energy spread lower. The solenoids fields are same with 
the one shown in Fig. 2(d).  
 
Table 2: The QWR SRF Gun-based Injector Parameters 
and the Corresponding Layout Shown in Fig. 4(a) 

Parameters Values 
Gun field gradient  -30.0 MV/m 
Gun cavity frequency 162.5 MHz 
QWR Gun phase 75.04 degrees 
Laser transverse size xyrms =0.78 mm 
Laser longitudinal length flat top, 60 ps 
Bunch charge 4000 pC 
Solenoid1 position (peak) 0.1 m 
Solenoid1 field -7.82E-02 T 
Solenoid2 position (peak) 1.3 m 
Solenoid2 field -4.00E-03 T 
Buncher position (peak) 0.6 m 
Buncher field gradient -8 MV/m 
Buncher phase 350 degrees 
Booster cavity position (start)  2.2 m 
Booster cavity gradient 8.0 MV/m 
Buncher/Booster frequency 650 MHz  
Booster cavity phase 230 degrees 
3rd harmonic cavity gradient -15.0 MV/m 
3rd harmonic cavity frequency 1950 MHz  
3rd harmonic cavity phase 108.2 degrees 

The beam dynamics of the QWR SRF gun-based injector, 
which is shown in Fig. 4(a), is studied with the code AS-
TRA. The multi parameters are optimized to achieve low 
emittance and energy spread for the high bunch charge. 
The optimized parameters and the results are shown in Ta-
ble 2 and Fig. 5. With these parameters, the achieved trans-
verse normalized emittance is 2.1 μm, the longitudinal 
emittance is 124.94 keV/c mm and the rms energy spread 
can be reached 12 keV/c (0.3%). 

CONCLUSIONS AND DISCUSSIONS 
The preliminary considerations and designs of polarized 

electron injectors for EicC and high bunch charge electron 
injector for the ERL e-cooling with beam dynamics simu-
lation studies are presented in this paper. All the technology 
related to the designs are well within reality except the 
30 MV/m in the QWR SRF cavity out of the state of art, 
which still needs more cavity design and experimental 
studies. More detailed simulation and experimental pre-re-
search of the both injectors will be taken in the near future. 
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DESIGN OF A CONDUCTION-COOLED 2.856 GHz Nb3Sn SRF CAVITY AND
COMPACT CRYOMODULE FOR ELECTRON ACCELERATOR*
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Abstract
This  paper  introduces  the  design  of  a  conduction-

cooled  Nb3Sn  2.856 GHz  cavity  and  compact
cryomodule.  The  cryomodule  incorporates  a  single-cell
Nb3Sn cavity for electron beam acceleration, featuring a
dual-function  ring  that  serves  as  both  a  conduction
cooling  interface  and  a  tuner,  along  with  thermal
shielding  to  efficiently  maintain  cavity  cooling  and
magnetic  shielding  to  minimize  exposure  to  external
magnetic  field.  Nb3Sn  cavities  have  shown  higher
efficiency at 4 K compared to pure niobium cavities when
cooled using a conduction cooling system. This increased
efficiency  makes  them  suitable  for  more  compact  and
cost-effective  accelerators.  Conduction-cooled  SRF
cavities,  operating  at  4 K,  do  not  require  large-scale
helium refrigerator systems,  enhancing the compactness
and  efficiency  of  accelerators.  Currently,  a  conduction
cooling  cryomodule  is  under  optimization  process.  The
study includes a thermal study of the conduction cooling
system,  magnetic  shielding  considerations,  the  tuner
system design, and preliminary measurement results.

INTRODUCTION
Superconducting  radio-frequency  (SRF)  cavities  are

essential  components  in  modern  particle  accelerators,
enabling efficient  acceleration of charged particles  with
minimal  energy  loss.  Traditionally,  SRF  cavities  are
constructed from high-purity niobium and are cooled with
liquid helium to reach superconducting states. However,
the  development  of  Nb₃Sn  (niobium-tin)  conduction-
cooled cavities represents a significant advancement over
pure  niobium,  offering  several  advantages  in  terms  of
operational temperature, thermal stability, and efficiency.

Nb₃Sn  has  a  higher  critical  temperature  (Tc ~  18 K)
compared to niobium (Tc ~ 9.2 K), allowing operation at
higher  temperatures,  such  as  4.2 K,  With  a  critical
temperature  of   (twice  that  of  Niobium),  enables  RF
cavities to operate at  4 K with the same BCS losses as
Niobium at  2 K [1].  This  thermal  efficiency allows for
conduction-cooled  systems  powered  by  cryocoolers,
removing  the  infrastructure  requirements  and
complexities  associated  with  liquid  helium  [2].  This
feature  dramatically  reduces  cryogenic  infrastructure
costs and complexity [2].  These properties make Nb₃Sn
conduction-cooled  cavities  a  strong  candidate  for  next-
generation  particle  accelerators.  They  are  particularly

suited for compact systems and energy-efficient designs.
As a result, they offer significant potential for advancing
accelerator technology.

This  paper  explores  the  design  and  addresses  the
challenges  associated  with  the  development  of  a
conduction-cooled Nb3Sn cavity. A beam acceleration test
of a Nb3Sn superconducting cavity will be conducted at
t-ACTS,  RARiS,  Tohoku  University,  with  the  cavity
operating  at  the  S-band  frequency  of  2856 MHz.  A
conduction-cooled  cryomodule  using  a  GM  cryocooler
has been developed for this purpose. In the tests, a 200 W
RF  amplifier  will  drive  the  cavity  at  an  acceleration
gradient of 20 MV/m, achieving an acceleration voltage
of 1.05 MV per cell. The 20 MeV electron beam will gain
~1.0 MeV,  with  the  energy  gain  measured  via  beam
position changes in the dispersion section [3].

2.856 GHz CAVITY DESIGN
The  2.856 GHz  cavity  design  was  scaled  from

1.3 GHz  Tesla  shape  design  as  shown  in  Fig.  1.  CST
Studio [4] was used for the simulation calculations.

2.856 GHz Cavity Design

Figure 1: Schematic design of 2.856 GHz cavity.

Table 1 summarizes the electromagnetic RF parameters
of the 2.856 GHz cavity for an accelerating gradient of
20 MV/m.  The  Table  1  provides  key  insights  into  the
cavity's performance, aiding in the design and evaluation
process for integration with the linac system. The Epk/Eacc

and Bpk/Eacc  ratios  are  similar  to  1.3  GHz  Tesla  shape
cavity parameters. Figure 2 illustrates the electromagnetic
field profiles of the 2.856 GHz cavity for the fundamental
accelerating mode, TM010.

______________________________________________
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Table 1: Cavity RF Parameters for Eacc = 20 MV/m

Parameter Unit Value
Frequency [GHz] 2.856
Voltage [MV] 1.050
Eacc [MV/m] 20.000
Q0 1x1010

R/Q [Ω] 109.600
Epk [MV/m] 35.788
Bpk [mT] 84.454
Epk/Eacc 1.789
Bpk/Eacc [mT/MV/m] 4.223

2.856 GHz Cavity Fields Profiles

Figure 2: Electromagnetic fields of the 2.856 GHz cavity
in  the  TM010 mode:  the  top  shows  the  electric  field
distribution, while the bottom displays the magnetic field
distribution. 

Figure 3 shows the electric field distribution along the
z-axis of the 2.856 GHz cavity at an accelerating gradient
of  20 MV/m.  Furthermore,  the  surface  magnetic  and
electric  fields  across  the  cavity,  from  end  to  end,  are
calculated and presented in Fig. 4. 

Figure 3: The electric field distribution along the z-axis of
the  2.856 GHz  cavity  at  an  accelerating  gradient  of
20 MV/m.

Figure  4:  Top is  the  blue line along which the surface
fields  were  calculated.  middle  is  the  surface  magnetic
field  distribution  and the bottom is  the  surface  electric
field distribution.

2.856 GHz CAVITY’S CRYOMODULE
DESIGN

The  cryomodule  is  composed  of  several  critical
components  designed  for  high  performance.  The
2.856 GHz cavity is surrounded at its equator by a dual-
function ring that functions as both a conduction cooling
system  and  a  frequency  tuner.  Cooling  is  achieved
through a  cryocooler  with  a  capacity  of  approximately
1.8 W at  4.2 K.  A  magnetic  shield  minimizes  external
magnetic interference by reducing the ambient magnetic
field to below 0.5 mG, while a thermal shield connected
to  the  cryocooler’s  first  stage  ensures  effective
temperature regulation. Figure 5 shows a cross-sectional
view of the cryomodule, and Fig. 6 provides a detailed
depiction  of  the  beamline  components,  including  the
conduction cooling/tuning system and cavity-end bellows,
demonstrating  their  integration  and  functional
arrangement.  The  cryomodule  has  an  overall  length  of
approximately 600 mm.
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Figure 5: Cross-sectional view of the cryomodule.

Figure 6: Beam-line of 2.856 GHz cavity cryomodule.

THERMAL STUDY FOR THE
CONDUCTION COOLING SYSTEM OF

THE CAVITY
The  conduction  cooling  system  utilizes  a  ring

surrounding the cavity equator shown in Fig. 7, which is
thermally connected to the second stage of the cryocooler
head. Copper with a Residual Resistivity Ratio (RRR) of
300  was  used  in  the  thermal  simulations  conducted  in
ANSYS [5] to evaluate system performance. A heat load
of  1.5 W  applied  to  the  cavity  equator  resulted  in  a
temperature rise of ΔT = 1.6 K, demonstrating effective
thermal  management  and  conduction  efficiency.  The
temperature  distribution  under  1.5 W  heat  load  is
illustrated in Fig. 8.

Figure 8: The temperature distribution under 1.5 W heat
load.

VACUUM VESSEL FOR 2.856 GHz 
CAVITY

SS400 vacuum vessel with a thickness of 11 mm can
reduce the external magnetic field (earth magnetic field
roughly  equal  to  0.5 G)  to  less  than  65 mG.  SS400
material  has  a  relative  magnetic  permeability  of
approximately 1000.

After  the  vessel  fabrication,  demagnetization  process
maybe needed to minimize residual fields in vessel.

MAGNETIC SHIELDING FOR 2.856 GHz
CRYOMODULE

The  magnetic  shielding  system  is  designed  to
significantly reduce the external magnetic field, initially
around 65 mG, to less than 0.6 mG as shown in Fig. 9.
This  is  achieved  through  a  double  shielding  approach.
Local magnetic shielding consists of a multi-layer shield
with  a  thickness  of  1  mm,  applied  inside  the  thermal
shield,  which  can  reduce  the  external  field  to
approximately 3 mG. Global magnetic shielding involves
covering the interior of the vacuum vessel with a similar
1 mm multi-layer shield to further reduce magnetic field
at  cavity  region  from  3 mG  to  less  than  0.6 mG.  The
simulated earth magnetic field is assumed that its strength
is  0.5 G,  pointing  from  north  west  to  south  east.  The
magnetic  shield  material  used  in  the  simulations  is  a
standard  high-permeability  material  with  a  maximum
relative  permeability  of  90,000,  ensuring  effective
suppression of magnetic interference.

591.00mm

Figure 7: The conduction cooling system utilizes a ring
surrounding the cavity equator.
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Figure  9:  The  magnetic  shielding  effectiveness  for  an
external  magnetic  field  of  0.5  G,  with  a  1  mG  filter
applied. 

TUNING SYSTEM FOR 2.856 GHz CAVITY
The  tuning  mechanism  works  by  compressing  the

cavity equator with the conduction cooling ring, allowing
for  precise  adjustment  of  the  cavity's  frequency.  The
tuning  system  integrates  both  slow  and  fast  tuning
mechanisms  for  precise  control.  A  stepper  motor  is
employed  for  slow  tuning  adjustments,  while  a
piezoelectric actuator handles rapid tuning changes. These
components  are  supported  by  a  G-10  C-shaped  clamp,
which securely holds the motor and piezoelectric actuator
in  place.  Additionally,  a  G-10  slider  frame  facilitates
vertical movement of the motor as illustrated in Fig. 10.

Figure 10: Frequency tuner system of the cavity.

PRELIMINARY MEASUREMENT
RESULT OF TUNING SYSTEM

As the 2.856 GHz cavity has not yet been fabricated, a
1.3 GHz cavity was used to evaluate the performance of
the  proposed  tuning  method  as  shown  in  Fig. 11.
Preliminary  results  revealed  that  reducing  the  cavity's
circumference  by  1 mm  led  to  an  increase  in  cavity
frequency  of  approximately  100 kHz.  Additionally,  the
relationship  between  the  tuning  range  and  frequency
change  was  found  to  be  nearly  linear,  indicating
predictable  and  precise  tuning  behaviour  as  shown  in
Fig. 12.

Figure  11:  A  1.3  GHz cavity  surrounded  with  a  tuner
copper  ring  and  room  temperature  frequency
measurement setup. 

Figure 12: Preliminary measurement result of tuning test
applied for a 1.3 GHz cavity.

CONCLUSION AND PATH-FORWARD
2.856 GHz  cavity  design  has  been  finalized  and

fabrication  process  is  ongoing.  Cryomodule  design  has
been completed. Conduction cooling system is capable of
cooling down cavity to 4.2 K. Combination of local and
global  magnetic  shielding  scheme  shows  that  it’s  very
promising to minimize external  magnetic field to lower
than 0.5 mG. Tuner system will be tested to validate the
performance reliability and robustness. The vibration of
the cryocooler head is a major concern. Microphonics will
be  assessed and addressed if  necessary.  Thermoelectric
currents  are  also  a  significant  issue,  and  they  will  be
investigated, minimized, and mitigated as required.
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INVESTIGATING PERMANENT MAGNET RESILIENCY TO RADIATION
– A STUDY AT JEFFERSON LAB’S CEBAF∗

R.M. Bodenstein† , C. Decker, K.E. Deitrick, B.R. Gamage, J.F. Gubeli, D. Hamlette, M. Janak,
J. Meyers, B. Mosbrucker, E. Nissen, J. Samari, S. Shriner, M. Smith, N. Wilson

Thomas Jefferson National Accelerator Facility, Newport News, VA, USA
S.J. Brooks, Brookhaven National Lab, Upton, NY, USA

Abstract
Jefferson Lab is currently studying the feasibility of an

energy upgrade based on FFA technology. The concept will
use a pair of permanent magnet-based multipass recircu-
lation arcs to increase the total number of passes through
the current linacs. The increased number of recirculations
will increase the final achievable nominal energy to over
20 GeV. No existing Fixed Field Alternating Gradient (FFA)
machines have ever approached the energy levels proposed
for this upgrade. This raises concerns as to the radiation
hardness of the permanent magnet materials to be used. The
lab has therefore provided a two-year Laboratory Directed
Research and Development (LDRD) grant to study the per-
manent magnet materials in a radiation environment similar
to those in which they will operate. Samples of permanent
magnet materials (namely neodymium iron boron and samar-
ium cobalt) will be installed around the CEBAF facility in
a variety of different radiation environments, along with
appropriate dosimetry. Over time, as allowed by the CEBAF
operational schedule, we will measure the magnetic degra-
dation and radiation doses at each location. We will then
use this data, along with data from other similar studies, to
extrapolate the degradation these materials may experience
over time when operating in the upgraded CEBAF facility.

BACKGROUND
Jefferson Lab is currently performing an energy upgrade

feasibility study, referred to as the FFA@CEBAF study, the
goal of which is to increase the energy of the Continuous
Electron Beam Accelerator Facility (CEBAF) from a nomi-
nal 12 GeV electron beam to over 20 GeV using fixed field,
alternating gradient (FFA) permanent magnet arcs [1]. The
permanent magnets proposed for the upgrade have not been
tested in a radiation environment similar to those expected to
be present in the upgraded CEBAF machine. Furthermore,
the specific type of permanent magnet material to be used in
the FFA magnets has not yet been decided, so a comparative
study is also important, as it will aid in the assessment of
the materials. Placing samples and assemblies of samples of
selected permanent magnet materials in different radiation

∗ Authored by Jefferson Science Associates, LLC under U.S. DOE Contract
No. DE-AC05-06OR23177. The research described in this work was
conducted under the Laboratory Directed Research and Development
Program at Thomas Jefferson National Accelerator Facility for the U.S.
Department of Energy.

† ryanmb@jlab.org

regions of the operational 12 GeV CEBAF will allow us to
gather data, which when combined with with simulations,
external studies, and calculations, will allow us to evaluate
the radiation hardness, and thus the lifetime, of the materials
to be used for the FFA arcs.

The work being performed in this LDRD project is in-
tended to provide input into the overall design prior to the
manufacture and purchase of the FFA magnets. While ra-
diation resiliency tests have been performed elsewhere, the
results often only cover a very small part of the parameter
space required to gain a full understanding of the impact of
radiation on permanent magnet materials. Please see Ben
Shepherd’s work [2] for a comprehensive survey on simi-
lar studies that have been performed, including resources
and references. These studies will contribute to ongoing
worldwide studies of permanent magnet degradation due to
radiation exposure.

PLANS AND METHODOLOGY
This section will describe the plans and methodology for

our work, including setup, acquisition of data, and simula-
tions.

Radiation Environment Characterization
To determine the accumulated doses that our samples will

be exposed to, we needed to determine where to place them
and get preliminary dose measurements. The first step was
to map the CEBAF machine in likely installation locations,
and measure the integrated doses. Then, we will install at
a variety of locations which will give a range of different
doses and radiation profiles. The following list summarizes
the work.

• Dosimeters (optichromic rods and optically stimu-
lated luminescence (OSL) area monitors) were placed
around the CEBAF accelerator based on historical radi-
ation data, institutional knowledge, and estimates from
known beam physics in the regions. Figure 1 shows
where dose information was gathered, and where per-
manent magnet samples will be installed.

• Integrated dose rates were determined by dosimeter
readings after known exposure periods ranging from
two to six weeks.

• The NDX system (Neutron Dose Rate Meter with Ex-
tended Capabilities [3], Fig. 2) will be utilized to pro-
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Installed/analyzed Dosimetry

Location to install samples

Figure 1: Sites around the CEBAF facility where dosimetry was tested (red squares), and where samples will be installed
(circled squares).

NDX Detector

Figure 2: An NDX detector located in the warm region
between two cryomodules in the CEBAF tunnel enclosure.

vide real-time and archived data on neutron and gamma
radiation levels in specific locations.

Magnet Selection and Preparation
When choosing which permanent magnet (PM) materials

and grades to use, we needed to consider which would be
likely candidates for use in the FFA@CEBAF arcs. We also
wanted to find at least one grade which was used in similar
studies, to see if there is a level of repeatability in the results.
As such, the study prioritizes NdFeB grade N42EH, followed
by SmCo33H, as the primary magnet materials, based on
the initial prototyping designs by S.J. Brooks [4]. NdFeB
N52SH and SmCo35 are included for comparative analysis
as well.

We chose two sample sizes (shown in Fig. 3) to use for
this study.

Figure 3: The two magnet sizes used for these studies, sepa-
rated with a plastic spacer, and taped for safety.

• For single-sample tests: 1.5 in × 0.75 in × 0.25 in
(38.1 mm × 19.05 mm × 6.35 mm)

• For pair assembly tests: 1.5 in × 0.5 in × 0.25 in
(38.1 mm × 12.7 mm × 6.35 mm)

Upon arrival, quality control tests and standardized mea-
surement protocols were established.

Reverse-Flux Demagnetization Studies
An important factor which affects the demagnetization

of permanent magnets in Halbach magnet assemblies is
how the fields from the magnet wedges interact with each
other [4, 5]. The sensitivity to demagnetization is related
to the strength of the reverse H-field, running antiparallel
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to the magnetization direction. Figure 4 shows a color map
of sensitivity to demagnetization (due to radiation or heat)
for one of the Halbach designs produced by S.J. Brooks at
BNL [4]. Brooks’ work shows that the sensitivity to demag-
netization in a Halbach magnet is given by a field antiparallel
to the direction of magnetization, −𝜇0𝐻 ⋅ 𝑀/|𝑀|. In Fig. 4
the black regions indicate fields of 0 T to 0.5 T, green rep-
resents up to ≤ 1 T, yellow up to ≤ 1.5 T and red is > 1.5 T.
Magenta indicates parallel field. In this map, the orange/red
and yellow areas are most sensitive to demagnetization, the
black is slightly sensitive, and the magenta is not sensitive
to demagnetization.

Figure 4: Demagnetization sensitivity map [4].

To approximate these regions in our study, we built pair
assemblies. A diagram describing the assemblies is shown
in Fig. 5. In this figure, the topmost image is a single mag-
net sample. The next image down consists of two magnet
samples arranged so that the total field points in the same
direction as it did in each sample. To approximate the paral-
lel field regions, two of these pair assemblies are arranged
so that the fields are parallel. To approximate the intermedi-
ate regions of sensitivity, one set of pairs is aligned so that
the total field is perpendicular with respect to the original
direction. Finally, to approximate the antiparallel fields, two
pairs are aligned so that the fields are antiparallel.

Measurement Techniques
This study aims to look at the overall field degradation

from permanent magnets. Given that some magnets are
expected to experience almost no degradation in the lower-
radiation environments, precise measurements are required.
To better accomplish this, we will be performing point mea-
surements at several locations on each sample, pair, or as-
sembly, as well as integrated measurements for the magnet
samples, pairs, and assemblies.

To take accurate and repeatable measurements, as well as
minimize human error and decrease the required time for
measurements, we plan to use the following equipment and
setups.

Sample:

Pair of samples:

2 pairs of samples 
with parallel fields:

2 pairs of samples with 
perpendicular fields:

2 pairs of samples with 
antiparallel fields:

Figure 5: Design of the pair assemblies used to approximate
the various regions shown in Fig. 4.

Measurement Rig
Pair Assembly Tray

Single Sample Tray

Figure 6: 3D printed mounts and measurement rigs. Each
site will have one single sample tray and two pair assembly
trays.

• A high-precision Teslameter (Senis 3MH6 with a C-
type, three component Hall Probe [6]) with 0.005 %
digital accuracy is employed for point measurements at
several locations for each sample, pair, or pair assembly.

• A precision Helmholtz coil (Magnetic Instrumentation
Model HCP w/Rotator and Model 2130 Digital Fluxme-
ter [7]) is utilized to measure the integrated magnetic
field.

• A mobile measurement setup has been developed to fa-
cilitate in-situ measurements during accelerator down
times, minimizing the need to transport potentially ac-
tivated materials. This consists of two non-magnetic
carts to carry our devices, a data acquisition laptop,
an uninterruptible power supply, and a bar code/QR
code scanner to quickly read and record sample and
dosimetry identification.

• 3D printed mounting systems were designed for both
magnets and the Teslameter probe to ensure accurate
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Figure 7: Example of planned sample placement locations in a recirculating arc. The circled areas are where dosimetry was
placed to test for dose.

and repeatable measurements and minimize human er-
ror [8]. Examples of these assemblies are shown in
Fig. 6. The trays are used to mount the samples and
sample assemblies, as well as dosimetry. The measure-
ment rigs contain slots, where the Hall probe can be
inserted to measure the same place on the sample each
time.

Data Collection Strategy
Data will be collected during accelerator maintenance

and down times. The standard plan at CEBAF is to have
a scheduled maintenance day every two weeks. Not all of
these will allow for Restricted Access (where personnel can
access the tunnel and use the lifts for equipment), but most
at least allow for Controlled Access (where personnel can
access the tunnel, but the lifts cannot be used). Sometimes,
only half of the machine is in Restricted while the other half
is in Controlled. During Restricted Access, we plan to take
in-situ measurements of the magnets, as well as swap out
dosimetry. During Controlled Access, we will only swap
out dosimetry.

If there is an unscheduled down time, and the machine
access is changed to Restricted, measurements may also
be taken during these times, assuming adequate time and
personnel availability.

There are currently 30 planned locations for installation
of samples. Twenty of these are in the recirculating arcs,
with one set of three plates at each energy arc in two places.
An example of the placement location of these is shown in
Fig. 7. Aluminum arms will be placed into the upright struts
and held approximately parallel to the beamline. These are
usually 45 cm to 50 cm away from the beamline, though the
value can change slightly.

Another ten sites will be located on tripods around the
rest of the tunnel enclosure. Most will be located in close
proximity to the cryomodules near NDX detectors. Some
will be in the entry labyrinths to get very low dose data.

The sites are also distributed so that we can access an
equal number of them on each half of the CEBAF enclosure.

This is done so that at least fifteen sites can be accessed if
either half of the machine is in Restricted Access.

It is expected that measurements will need to be staggered,
as despite all attempts to speed up the process, careful mea-
surements still require several minutes per plate. Depending
on how long the Restricted Access lasts, we may not be able
to read all of the plates at each access. Careful documen-
tation will help us to be sure that we are reading all of the
samples adequately by the end of the next physics run cycle.

Simulation Studies using BDSIM
To extrapolate the magnet degradation over time and

higher-doses, we must understand the magnets’ expected
doses in our current machine, as well as the operating condi-
tions (temperature, beam energy, deposition of secondaries,
etc…). To do this, we will simulate the magnets in a variety
of energies, positions, situations, and assemblies.

BDSIM (Beam Delivery Simulation) [9] is a program
which uses GEANT4 [10] to simulate both the transport of
particles in an accelerator, as well as the interaction of the
particles with the accelerator materials. It is well-suited for
the purposes of this project, allowing for importing beam-
lines directly, as well as detailed custom shapes and materials.
This will allow us to compare the data we gather to the sim-
ulations, and use this to extrapolate the overall degradation
for the samples, the assemblies, and for our FFA@CEBAF
magnets.

Our study is currently focusing on translating our current
CEBAF beamlines from elegant [11] to BDSIM. As they
are translated, results will be compared to doses that are
read from dosimetry and other diagnostics in the machine.
For more details on this work, please see B.R. Gamage’s
work [12].

After the appropriate sections of the current CEBAF ma-
chine are simulated, detailed studies of dose rates on our
samples will begin, including the geometries and materials
of the samples, placement in the enclosure, and contributions
from secondaries produced by the beam.
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The upgraded design sections of FFA@CEBAF will also
be translated into BDSIM from Bmad [13]. This will allow
investigation into radiation dosages expected at equivalent
locations, and will be used in our extrapolation models.

CONCLUSION
This LDRD project is mostly on-schedule to install all

of the magnet samples and assemblies by the end of the
long scheduled accelerator maintenance period, or shortly
thereafter. Our protocols have been tested and refined, and
data taking is expected to commence in early 2025.
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SUMMARY OF ERL2024 WORKING GROUP 1, BEAM DYNAMICS AND
INSTRUMENTATION∗

J. S. Berg† , Brookhaven National Laboratory, Upton, NY, USA
A. Fomin, University of Paris-Saclay, CNRS/IN2P3, ICJLab, Orsay, France

Abstract
Working Group 1 of the ERL2024 Workshop was devoted

to beam dynamics and instrumentation. Optimization tech-
niques played a prominent role in the session, and were ap-
plied to injector design and machine operations. There were
presentations on designs of future ERLs, including the beam
dynamics studies required to verify machine performance.
We heard about simulation techniques for beam breakup
instability and injectors lines. In many of the presentations,
measurements played an important role, and in particular
one presentation focused on techniques for simultaneously
measuring accelerating and decelerating beams in an ERL
return loop.

OVERVIEW
The beam dynamics and instrumentation working group

encompassed a wide range of topics. There were presenta-
tions on machine optics design, both for machines that are
yet to be operated [1–6] and for existing machines [7, 8].
Many of those studies used advanced optimization tech-
niques [3–8], often inspired by modern machine learning
techniques, frequently but not exclusively applied to the
injectors of the ERLs [3–8]. While injectors are often simu-
lated with multiparticle tracking codes to incorporate space
charge forces, one presentation showed that computationally
efficient fast envelope tracking methods could match the
accuracy of multiparticle tracking simulations [9].

Multiparticle beam dynamics simulations are important
for ERL design. Clearly the space charge effect must be
considered in injector design, and a large number of presen-
tations described simulations of this phenomenon [1,2,4–9].
Presentations also showed simulations of the beam breakup
instability [1, 10] and coherent synchrotron radiation [2].

There were presentations on instrumentation in operat-
ing ERLs [11–13]. In some cases optimization techniques
were combined measurements to improve machine perfor-
mance [11] or calibration [13].

ADVANCED OPTIMIZATION
We heard about optimization techniques being used for

both machine design and tuning. These included the use of
genetic optimization [3, 5–8], Bayesian techniques [4, 11],

∗ This manuscript has been authored by employees of Brookhaven Science
Associates, LLC under Contract No. DE-SC0012704 with the U.S. Depart-
ment of Energy. The United States Government retains a non-exclusive,
paid-up, irrevocable, world-wide license to publish or reproduce the pub-
lished form of this manuscript, or allow others to do so, for United States
Government purposes.

† jsberg@bnl.gov

Figure 1: Merge dogleg, simulated with ASTRA [14] for
BriXSinO [15,16] after optimization with GIOTTO [3].

Figure 2: cERL injection line through just downstream of
the main linac. Labeled points show where performance
criteria were evaluated during the optimization process [8].

and a more traditional local minimization based on Newton’s
method [13].

Injector Design
Injector design was the application to which optimization

techniques were most frequently applied.
Rossetti Conti and colleagues developed a tool for ge-

netic optimization called GIOTTO [3] that is tailored to
accelerator lattice design applications. Unlike traditional
multi-objective genetic optimization routines that scan a
wide parameter space and attempt to find a Pareto front,
GIOTTO creates a single fitness function, that is based on
a sum of Lorentzian functions representing the objectives,
optimizes that single function, and tends to lead to searching
in a desired direction in the parameter space. Using AS-
TRA [14] as the underlying tracking engine, they presented
results of applying their software to the BriXSinO [15,16] in-
jector [3]. Optimizations were done for the gun through the
end of the injector cryomodule, and for the achromatic merge
dogleg (Fig. 1). To accomplish the latter, a post-processor,
RotnSlice, was implemented to GIOTTO to handle physical
coordinate system rotations and thus better enable dispersion
optimization. GIOTTO is also capable of optimizing target
parameters at multiple locations in the beam line.
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Figure 3: Results of optimization of the SEALab SRF gun
for energy and bunch length [4]. Results are shown for early
and late cycles in the optimization process.

Tanaka and collaborators applied multi objective genetic
optimization to the cERL [7] injector line. cERL has oper-
ated in a number of different modes: a single-pass FEL, a
recirculation mode, and a CW mode, with beam parameters
and requirements different for each mode. Optimizations,
using GPT [17] as the underlying tracking code, were per-
formed for each configuration to find the desired beam set-
tings for each [8]. Simultaneous optimization of all variables
and all criteria turned out to be ineffective, so a sequence
of optimizations was performed, each using criteria at a
different point in the machine (Fig. 2): first just after the
injector cryomodule, then just after the merge, and finally
downstream of the main linac. Including the latter point
in the optimization process differentiated this study from
most others. They compared measurements with the GPT
simulations, after using model-based tuning, with mixed
results. Further research to better understand discrepancies
is an important direction for future work.

Brookes discussed modeling and optimization of the
SEALab SRF gun [18], comparing results from an ana-
lytic model to results from a simulation with ASTRA [14].
SEALab has a number of different operating modes, each
requiring specific beam properties. She applied a multi-
objective Bayesian optimization process to optimize for en-
ergy and bunch length (Fig. 3) [4]. Brookes also highlighted
how a surrogate model could allow for estimation of ob-
servables for a range of input parameters that would be far
more rapid than multi-particle simulations while still being
more accurate than analytic models [19]. This approach
enables real time machine optimization during operations.
A surrogate model for the gun is currently being trained.

Monaghan presented the application of multi-objective ge-
netic optimization techniques to the PERLE injector [5,6,20].
Various laser profile options were examined in this optimiza-
tion (Fig. 4) [5]. The optimization process is improved by
allowing required constraints to be violated in early gen-

Figure 4: Some transverse and longitudinal laser profile
distributions used for the optimization of the PERLE injec-
tor [5, 20, 21].

erations of the optimization, with the amount of allowed
violation reduced in later stages, eventually to zero [6].

Machine Operation
Optimization techniques were also applied in machine op-

eration. Bayesian optimization was applied to cERL when
operating with undulator vacuum chambers [22], allowing
the machine to reach 600 µA CW current [11]. The machine
was optimized both for high current and low losses. Since
this was done during operation, it was important to avoid
beam loss that would lead to interlock, so a safe parameter
space was first determined, then the optimization was per-
formed within that parameter space. The optimization was
performed by monitoring losses at multiple locations in the
ring (Fig. 5), with the optimization process simulating the
process that would be performed when tuning by hand.

For cavity phase and amplitude calibration of the main
linac cavities in CBETA [23], a more traditional least-
squares optimization was used [13]. One cavity in the linac
was powered at a time, its phase was scanned over a full
360°, and arrival time was measured at the end of the linac.
The measurements for all cavities were simultaneously fit
to a model based on a field map for the cavities to deter-
mine the cavity amplitude calibration factors, phase offsets,
and the injection energy. The data fit well to the model and
provided accurate calibrations (Fig. 6), though errors were
dominated by systematic uncertainties. Derivatives of the
model were computed to improve the speed and reliability
of the algorithm.

MACHINE DESIGNS AND BEAM
DYNAMICS STUDIES

There were presentations on the designs and simulation of
two proposed ERLs. For the Electron-Ion Collider [24], an
ERL is used for the electron beam that is needed for strong
hadron cooling of the hadron beam. Figure 7 shows the
layout of the ERL and the hadron beam line. The electron
beam energy will vary between 55 and 150 MeV, depending
on the hadron beam energy being cooled. An ERL is needed
to handle the high electron beam power and to minimize
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Figure 5: cERL layout, showing loss monitor readings at several locations before and after optimization [11].

Figure 6: Time of flight measured at the end of the main
linac in CBETA when only the first cavity is powered, and
scanned in phase at two different voltages [13]. Curves show
the fit of the model to the data taken when scanning all 6
cavity phases.

radiation. The design of that ERL was described [1]. A
section is incorporated containing three separate beamlines
allowing them to control time of flight for different beam
energies without changing the layout; Bates bends are incor-
porated in the return loop to further manage time of flight,
in particular because there are two separate accelerating sec-
tions in the return loop (Fig. 7). Simulations of the beam
breakup instability were performed, and those simulation
results are informing choices for the cavities to be used in
the linac. The individual linac cavities had a slight energy
imbalance; this is not necessarily a problem, but future work
may try to improve this.

The PERLE [25] lattice design update was presented for
several commissioning stages [2]. The lattice was reconfig-
ured to improve behavior for the Fabry-Perot cavity, creating
more physical space and improving the beam properties at
that location. The merger was reconfigured and tuned to bet-
ter control 𝑀56 and beam size. 𝑀56 control through changes
in arc focusing was studied. The impact of instability in RF
power amplitude and phase was examined, demonstrating
a tolerance of 2.5° in phase and 0.5 % in amplitude [26]
(Fig. 8). The tradeoffs were described for choosing bunch
length to balance the emittance increasing effects of RF
curvature and coherent synchrotron radiation [25]. Field
errors and injector laser offset were studied to determine
their impact on beam losses.

A study of the impact of bunch filling patterns on the beam
breakup instability (BBU) in ERLs was presented [10,27].
BBU simulations were performed using an in-house tracking
code that uses transfer matrices between cavities then excites
higher order modes (HOMs) and kicks the beam with them.
Studies were presented for PERLE [25], demonstrating a
strong dependence of threshold current on the filling pattern
(Fig. 9). The impact of the filling pattern on the BBU current
threshold depends on the HOM being driven, though it was
found that two modes appeared to be dominant. For certain
filling patterns, coherent BBU excitation between cavities
occur more easily.

Multi-particle tracking is usually used for low energy
space charge simulations in the injector of an ERL, but one
presentation [9] demonstrated that accurate results could
be obtained with moment-based methods. The moment-
based code TRANSOPTR [28] was compared with the multi-
particle tracking code GPT [17], and nearly identical results
were obtained for the beam envelopes (Fig. 10) for the early
portion of the ARIEL e-LINAC [29]. Good agreement was
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Figure 7: The layout of IR2 of the Electron-Ion Collider [24], showing the hadron line (topmost line in the figure), the
electron line, with a detail of the primary ERL components at the bottom [1].

Figure 8: Beam loss as a function of RF gradient variation
in the PERLE [25] 250 MeV configuration [26].

also found for the first 6 m of the cERL injector. The sim-
ulation was compared with measurements, and there was
agreement within about 20 %.

INSTRUMENTATION
While instrumentation was relevant in several talks, one

talk directly discussed instrumentation for multi-turn ERL
operation [30] at S-DALINAC [31]. Their goal was to non-
destructively and simultaneously measure the accelerated
and decelerated beams in an ERL return loop. One de-
vice was a 6 GHz TM110 cavity (twice the fundamental
frequency), which they successfully used to measure an
accelerated beam. The second was a wire scanner mea-

Figure 9: BBU threshold current for different PERLE filling
patterns [10].

surement, where they measured beam profiles of both the
accelerated and decelerated beams (Fig. 11).
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Abstract
Since the postulation of the ERL principle by Maury

Tigner in 1965, there have been many ERLs in operation.
At the current time, there are three operational SRF ERLs:
cERL (Japan), CBETA (USA) and S-DALINAC (Germany).
The next generation of ERLs is under construction with
bERLinPro (Germany), MESA (Germany) and PERLE
(France). There are future projects, thinking about using an
ERL, e.g.: at the TRIUMF e-Linac (Canada) and BriXSino
(Italy).

INTRODUCTION
In working group 5 (WG5) session, we organize the facil-

ity report at ERL2024 workshop. There are 8 talks in WG5
at ERL2024 workshop. In this report, we will overview our
WG5 talks.

ERLS IN OPERATION
cERL

Compact ERL (cERL) at KEK has been dedicated to
R&D for industrial applications as a test facility since 2017,
such as the EUV-FEL project for the future lithography light
source [1–3]. In FY2023 commissioning, we demonstrated
the high current CW operation with a low electron charge,
and IR-FEL demonstration with energy recovery at a high
electron charge, respectively.

For a high-current CW operation, it is critical to reduce the
radiation level, in other words, the signals of the photomulti-
plier loss monitors should be reduced by beam tuning with a
low-current burst operation. The locations of the loss moni-
tors are shown in Fig. 1. In 2023, we successfully operated
at approximately 1 mA beam current after installing the two
undulators with small beam losses, which are achieved by
manual optics tuning with the beam loss monitor. However,
predicting the beam halo and tail formation is difficult, there-
fore, we introduced the Bayesian optimization to minimize
all the signals simultaneously. Figure 1 shows an example
of machine learning, in which the two collimators are used
as variable parameters. For evaluating machine learning,
the collimator tuning is demonstrated without manual tun-
ing from a bad condition, in which the maximum current is

limited to 0.14 mA. It works well and finds successfully a
condition for 0.6 mA and almost 1 mA step by step.

We tried IR-FEL demonstration with energy recovery
while the first light in 2020 was observed without energy re-
covery. It is challenging because the injection energy should
be small to transport the merger and dump chicane. We
succeeded in observation of the IR-FEL signal and energy
recovery although the transmittance is very low.

In addition, the preparation is underway to realize 10 mA
operation by intensifying the power supply of the electron
gun and the radiation shield of the collimators. We plan the
regenerator FEL scheme to improve the IR-FEL intensity.

Figure 1: Top: Location of the loss monitor with high sen-
sitivity for low current beam tuning. Bottom left: Trend
of the evaluation function and the loss monitor response
during the Bayesian optimization. Bottom right: Aver-age
beam current and the area monitor during the high current
operation.

CBETA
CBETA [4], the Cornell-BNL ERL Test Accelerator

(Fig. 2) is a 4-pass energy recovery linac built at Cornell Uni-
versity [5]. It accelerated beam to 150 MeV in four passes
through the linac, and was capable of being configured for
fewer accelearting passes if desired. It used a single fixed
field alternating gradient (FFA) return arc for all four design
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Figure 2: CBETA layout

Figure 3: Orbits in the CBETA FFA return arc during 4-pass
operation.

energies. The FFA return loop was constructed from perma-
nent magnets [6]. Individual splitter lines were needed to
connect the linac to the FFA return arc for time of flight and
𝑅56 control as well as lattice function matching. CBETA
ended operations in 2020, but is still intact and could resume
operation if funding were to become available. Potential
applications of interest would be studies related to cooling
for an electron-ion collider and/or a CEBAF energy upgrade
which shares design similarities with CBETA, or construc-
tion of a bypass line for generating radiation through inverse
Compton scattering.

CBETA was operated in 1-pass mode with currents as
high as 70 𝜇A. Excellent energy recovery efficiency was
measured in the individual cavities [7]. It was then recon-
figured to operate in 4-pass mode. Beam was accelerated
in 4 linac passes to 150 MeV, then decelerated and deliv-
ered back down to the 6 MeV injection energy and into the
beam stop [8]. The machine behavior was in many ways
as predicted in our modeling: the linac phases needed for
energy recovery agreed well with predictions, and the phase
advances in the FFA return arc cells agreed with calculations.
The individual orbits could be simultaneously corrected for
all passes in the return arc (Fig. 3).

The machine faced numerous challenges, some of which
were overcome and some which will need to be addressed
in future operations. Phase and amplitude jitter in the main
linac created early difficulties, but were significantly im-
proved during operations [9]. However, a slow drift in RF
amplitude continued to present difficulties. Compact split-
ter lines had issues with crosstalk between lines, hysteresis,
beam alignment, and motion of sliding joints for time of
flight control. In 4-pass operation, about half of the beam
was lost in one of these lines. Microbunching at high bunch
charges and beam halo in the injector were observed.

S-DALINAC
The superconducting Darmstadt linear accelerator

S-DALINAC is in full operation since 1991 at the Institut für
Kernphysik at Technische Universität Darmstadt [10]. The
accelerator is mainly developed and operated by students
and serves as important building block for the hands-on
education of the future generation of accelerator scientists.
The S-DALINAC can be operated as an ERL since 2016
besides the conventional acceleration scheme serving var-
ious nuclear-physics experiments, see Fig. 4 and Table 1
for details on the parameters. The S-DALINAC achieved
one-turn [11] and two-turn energy recovery [12]. There
are also upcoming ERL-related projects at TU Darmstadt:
The next step would be a three-turn ERL mode. A study
on this scheme was done and shows a promising, first lon-
gitudinal solution [13]. As overall goal, an ERL should
serve as a sustainable driver for an experiment. Especially
collider applications can benefit a lot from an ERL. At the
S-DALINAC, a laser beam will be collided with the electron
beam. A setup for laser Compton backscattering is under
commissioning [14]. The contribution TUO03 of this con-
ference [15] gives an overview of the facility with a focus
on the ERL activities.

ERLS UNDER CONSTRUCTION
bERLinPro

In end of 2020 the ERL facility bERLinPro [16] accom-
plished the project phase by finalizing the building, setup of
all technical infrastructure and installation of all major com-
ponents of the warm machine. In summer 2021 also the final
part of the beamline vacuum system with the recirculator was
closed and assembled under ISO5 cleanroom conditons (see
Fig. 5), as all of the machine to allow to preserve the high
level particulate free environment for proper operation of the
SRF cavity systems of photo-injector, booster module of the
injector line and any future linac installation [17] in the main
recirculator. In 2024, the cryo-plant underwent a first com-
plete test cooldown and in the following, the installed SRF
photo-injector was also successfully cooled down, followed
by an RF test in May this year. The field level reached will
allow so far an energy of the beam up to 2.1 MeV, whereas
the modified TTF-III couplers will limit the average beam
current to about 10 mA. However, pulsed operation might
also allow to study the 1.3 GHz beam repetition rate regime
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Figure 4: Layout of the facility S-DALINAC.

Table 1: Parameter list of the S-DALINAC. The values
achieved during the one- and two-turn ERL run are given.

Parameter Value

Design energy 130 MeV
Beam current at 130 MeV 20 µA
Frequency 2.9972 GHz
Duty cycle cw

Particles Unpolarized/polarized
electrons

Operating temperature 2 K

One-turn ERL
Energy gain injector 2.5 MeV
Energy gain main linac 20.0 MeV
Beam current (initial) 1.2 µA
Energy-recovery (90±0.3)%first main linac cavity

Two-turn ERL
Momentum injector 5 MeV/c
Max. momentum 2xERL beam 41.61 MeV/c
Beam current range up to above 7 µA
Energy-recovery full main linac up to 87%

with the high power laser system. Table 2 gives an overview
of the originally planned beam parameters in the column
ERL and the range, which can be studied with the current
setup making use of the flexibility of the laser and SRF sys-
tems. Growing of high quantum-efficiency photo-cathodes
and research for improved recipes is being continued and
first results were presented here [18]. It was chosen, to start
beam commissioning with a newly developed NaKSb cath-
ode, as it behaves more robust with respect to lifetime and the
handling steps prior to the transfer into the SRF gun. In fall
to winter 2024, the beam commissioning program with the
injector will start exploring the full parameter space of the
SRF gun cavity to study beam properties from the UED [19]
towards high power ERL regime. It is planned to install the
Booster module towards the end of 2025 to thus allow full
injector operation. As a Linac is currenty not funded, we are

Table 2: bERLinPro/SEALab Parameters in Planned ERL
Mode and for the Injector Studies

Parameter ERL Injector/UED

Beam energy (MeV 50 6.5-10/2
𝐼avg (mA) 100 6-10/0.0025
Laser freq. (MHz) 1300 50, 1300
RF freq. (MHz) 1300 1300
𝜖norm (mm mrad) 1 (0.6) 0.6/0.03
𝜎t (ps) 2 (0.1) 0.02-2
Bunch charge (pC) 77 0.05-400

Figure 5: Currently installed bERLinPro injector line viewed
from the local beam dump and part of the recirculator. The
beam merger is in the center, where injector and recirculator
cross pathes.

focussing on developing more sustainable SRF technologies
within the EU Horizon funded iSAS [20] program, as e.g.
ferro-electric fast reactive tuner and coated cavities to secure
funding for future prototyping for bERLinPro.
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MESA
The Mainz Energy-recovering Superconducting Accel-

erator (MESA) is an electron accelerator currently under
construction at the Institute of Nuclear Physics at Johannes
Gutenberg University Mainz, Germany [21]. MESA is
designed as a superconducting multi-turn energy recov-
ery linac (ERL), capable of delivering high-intensity, low-
energy electron beams for precision electron scattering exper-
iments, pushing the limits of the Standard Model of particle
physics [22].

The accelerator system includes a polarized electron gun
and a high-current unpolarized gun, a normal-conducting
pre-accelerator that boosts particles up to 5 MeV, and a super-
conducting recirculating main accelerator. The core of the
main accelerator consists of two ELBE/Rossendorf-type cry-
omodules, each housing two XFEL/TESLA cavities, capable
of providing an energy gain of 25 MeV per cryomodule [23].
The overall layout of MESA is illustrated in Fig. 6.

Solenoid Magnet

Liquid Hydrogen Target

Tracking Detectors Integrating 
Cherenkov
Detectors

Shielding P2

MAGIX

DarkMESA

Gas Jet Target

Dipole

Quadrupole

TPC-based 
Focal Plane
Detectors

Scintillating Crystals

Light Guides

Photo-
Multipliers

Figure 6: MESA layout, currently under construction at
the Institute for nuclear physics of the Johannes Gutenberg
Universität Mainz. Three main experiments, MAGIX, P2
and DarkMESA are shown.

MESA offers two operational modes the external beam
mode and the energy recovery mode. The beam parameter
can be found in Table 3.

In the external beam mode (non-energy recovery), a
155 MeV polarized electron beam with a beam current of
up to 150 µA CW will serve the P2 experiment [24]. The P2
experiment aims to perform a highly precise measurement of
the electroweak mixing angle and has the potential to detect
new physics beyond the Standard Model. The beam will be
dumped after the experiment.

The energy recovery linac (ERL) mode features a twice-
recirculated electron beam reaching 105 MeV with a beam
current of 1 mA CW. After interaction with the internal target
of the MAGIX experiment, the beam will be decelerated
twice to recover its energy [25]. The MAGIX experiment,
featuring a versatile spectrometer, will support a wide range
of research, from nuclear astrophysics and precision proton
radius measurements to searches for dark matter.

Table 3: MESA Main Parameters

Parameter Value

General
Time structure CW
Operating frequency 1300 MHz
Norm. emittance ≤ 1 µm

Injector
Source, energy DC, 100 keV
RF-cavities Normal conducting
Operating temperature ≈300 K
Output Energy 5 MeV

Main accelerator
RF-cavities superconducting
Operating temperature 1.8 K
Cryomodules 2
Energy gain per CM passage 50 MeV
Accelerating Field 12.5 MeV/m
Cavity quality factor 1.25 × 1010

cavity passages EB/ER-mode 3/2+2
Max. dipole field in Acc. < 0.7 T
Max. quadrupole field in Acc. < 10 T/m

EB-mode
Beam current 150 𝜇A
Beam energy 155 MeV
Beam power 23.25 kW
Spin polarization > 0.85
Luminosity ≈ 2.3 × 1039 s−1cm−2

ER-mode
Beam current 1000 𝜇A
Spin polarization -
Beam energy 105 MeV
Beam power 105 kW
Luminosity > 1 × 1035 s−1cm−2

Currently the accelerator is under construction, with the
main components already on site and within installation.
The electron source achieved a first 100 keV beam in April
2024. First beam on target is expected within the Q4 2025.

PERLE
Recently, several notable facts highly impacted the

PERLE project progress and its future plans.
First, the acquisition in January 2024 of the PERLE elec-

tron source within a collaboration agreement with Research
Instruments (RI-GmbH) company. An all-equipped load-
lock DC gun, with its HV systems and a connected Photo-
cathode Preparation Facility (PPF). Starting the installation
(cf. Fig. 7) of this first important system in the site allocated
to PERLE is a significant step in the project progress. Some
related systems (laser, vacuum) are already acquired, others
(command & control, diagnostics…) are under development
or purchase. The aim is to have the first electrons by end
2025.
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Figure 7: Installation of the DC gun HV system (A), and
the Photocathode Preparation Facility- PPF (B) in the site
allocated to PERLE (the IGLOO) at IJCLab.

The European iSAS project kick-off (April 2024), in
which, the PERLE cryomodule (CM) will be manufactured
and tested over the next 4 years. The CM and related equip-
ment designs (cavities, HOM couplers, power couplers,
beam line absorbers, magnetic shielding …) will be fully
optimized to maximize its efficiency. Several collaborators
(CERN, ESS, INFN-Milan, CEA) are involved in these devel-
opments. The design effort for SRF systems is progressing
very well: The dressed cavity design is now completed, the
damping scheme defined and the call for tender for the 4
SRF cavities will be lunched beginning of November. Fur-
ther studies are ongoing to optimize the magnetic shielding,
the cryogenic distribution, the power coupler adaptation and
assembly, the integration of beam line absorbers… Vacuum
vessel, space frame and thermal shielding of the CM are
already available.

Afterward, in June 2024, there was the approval of the
”ERL4ALL” project within the CNRS call ”Projet à Risque et
Impact- RI2 ”. Funds were allocated to finance the PERLE
injection line in the next 4 years. A first demonstration
phase started in October (t0) for 15 months with a Go/No Go
milestone: Production of the first electrons with the electron
source. A second development phase: will be dedicated to
finalization of the injection line + diagnostics line.

Discussions between IJCLab and Helmholtz Zentrum
Berlin (HZB) are ongoing in order to recuperate the cry-
oplant of BESSY VSR by end 2026. The studies shown that
this equipment is well dimensioned for PERLE (250 MeV
version) needs.

With all these acquisitions, an additional effort still to
be done to complete the funding of the 1-turn ERL phase
of PERLE, an important milestone toward the realisation
of the 250 MeV version of PERLE (3-turn ERL with one
Cryomodule). The optic design of PERLE 1-turn is thought
in a way to allow a relatively easy upgrade to the following
phases.

FUTURE PROJECTS
TRIUMF e-Linac

In addition to the 520 MeV cyclotron, the TRIUMF e-
Linac is a new primary beam driver of the Advanced Rare
Isotope Laboratory (ARIEL) project to generate rare iso-
tope beams (RIB). Prior to the full ARIEL implementation,
the e-Linac supported several scientific programs, including
FLASH [26] and terahertz (THz) light production, among

others. To improve overall stability and reliability, vari-
ous hardware upgrades have been implemented as shown in
Fig. 8 [27]. Furthermore, the sub-millimeter longitudinal
beam size has demonstrated significant potential for using
the e-Linac as a source of THz radiation. Instrumentation
has been set up downstream of the accelerator module to de-
tect THz light emissions. Additionally, a study is underway
to incorporate a magnetic compressor and an SRF photo-
gun to generate more intense THz light, opening the door to
broader future applications.

BriXSino
BriXSinO, an ERL demonstrator being developed at

INFN will operate in the energy range of 20–45 MeV with
average current of 5 mA, 225 kW. It is the first ERL to
adopt the original recirculation scheme proposed by Maury
Tigner, also known as the ”dog-bone” configuration. In
this two-pass, two-way operation mode, the main linac ac-
celerates the beam in one direction, recirculates it via an
arc, and decelerates it in the opposite direction, recovering
energy. For BriXSinO injector we employed a non-cutting-
edge 250–350 kV DC gun coupled to an innovative setup
of dual sub-harmonic bunchers [28]. This innovative de-
sign enables precise control over space charge effects and
non-linearities, crucial for optimizing 6D beam brightness
and preserving emittance, considering the very low injector
energy of 4.5 MeV with relevant bunch charge up to 200 pC.
The machine will be capable of driving Inverse Compton
Scattering (ICS) and THz Free Electron Laser (FEL) ex-
perimental stations in the recirculation ring. The injector
has been funded in 2023 and the preliminary tests at INFN-
LASA will be carried out at the end of 2025. The next
scenario will be to proceed with the request of the fundings
to complete the machine.
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CONCLUSION
We briefly summarize 8 facilities report. First we show

three ERL facilities, such as cERL (KEK), CBETA (Cor-
nell University), and S-DALINAC (Technical University of
Darmstadt) in operation. Second, three ERL facilities, such
as BerlinPro (HZB), MESA (Mainz University) and PERLE
(IJCLab) under construction are shown. Finally, TRIUMF
e-linac (TRIUMF) and BriXSino (INFN) are presented for
future ERL projects. We hope that ERL technologies will
be more improved in these facilities.
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