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PLASMA-INDUCED COLLECTIVE EFFECTS IN MUON IONIZATION
COOLING

K. Yonehara*, Fermilab, Batavia, USA

Abstract

Muon ionization cooling is a critical process that deter-
mines the achievable beam brightness and overall perfor-
mance of a muon collider. In this study, we investigate col-
lective effects induced by high-intensity muon beams inside
the absorber, effects that have not been included in previous
ionization cooling simulations. We show that beam-induced
plasma can neutralize the beam space-charge field, while
the self-generated azimuthal magnetic field can introduce
additional beam focusing through a z-pinch-like mechanism.
We also demonstrate that sufficiently high plasma densities
may modify the stopping-power rate. The implications of
these plasma-induced phenomena for ionization cooling per-
formance are discussed.

INTRODUCTION

Muon ionization cooling is a key process that establishes
the achievable beam brightness, including beam intensity
and beam size at the interaction point of a muon collider.
Ionization cooling occurs when a muon beam traverses
an absorber, losing momentum through ionization while
external focusing magnets and RF cavities compress the
six-dimensional beam phase space. The RF cavities subse-
quently restore the lost kinetic energy. The overall process is
conceptually analogous to a thermodynamic cycle, in which
the focused beam in the absorber behaves similarly to an
isothermal compression step.

Simulation studies have demonstrated that ionization cool-
ing can reduce the phase-space volume of muon beams by
10° without significant decay loss [1]. At the beam densities
required for collider operation, collective effects induced
by the beam may become significant. These effects have
not been explicitly included in previous cooling simulations.
In this paper, we analytically examine possible collective
phenomena, such as beam-induced plasma formation and
associated self-generated magnetic fields, and evaluate how
they may modify the beam dynamics within an absorber.

IONIZATION COOLING FORMALISM

Emittance Evolution

The evolution of the normalized emittance can be derived
from the derivative of the normalized phase-space volume,

de, de dBy
=By— +e—~—. 1
ds By ds T ds M

The first term represents emittance growth from stochastic
processes (heating), while the second term corresponds to
emittance reduction associated with ionization energy loss
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(cooling). For the transverse normalized emittance, one

obtains
dey _ ﬂylg‘ o — En d_E
O gE\ds )

ds 2

(@)

where BAX is the transverse betatron function and o is the
rms multiple scattering. Equation (2) shows that small Sy,
reduced multiple-scattering oy, and a large stopping-power
rate (dE /dx) all contribute to achieving lower beam emit-
tance.

Stopping Power Rate

The stopping cross-section can be written as

S:/T(b)d(r, 3)

where b is the impact parameter, 7'(b) is the energy trans-
ferred in a collision at b, and do is the differential cross-
section. For Coulomb scattering, the differential cross-
section in terms of b is
do =2nb - db
ejes dT 4)
myv2 T2’

where e and e, are the charges of the incident and target
particles, m, is the target mass, and v is the velocity of
the incident particle. Integrating over the allowed range of
energy transfer gives

Tnax

) &)

S=4r

2,2
eves [1
172 [ ln(TZ)

mov? |2

Tinin

where T, and T,,;;, correspond to the maximum and min-
imum energy transfer. T}, represents a head-on collision
with a target electron, while T},;, reflects the mean excita-
tion energy of atomic electrons of the target particle. The
logarithmic term is known as the Coulomb logarithm.

The stopping-power rate is then

dE

< I > =S-N, 6)
where N is the number density of the absorber. Includ-
ing relativistic and quantum corrections yields the Bethe
stopping-power formula. For muon ionization cooling, the
typical muon momentum is around 200 MeV/c, and the
stopping-power rate becomes

_d_E =KZ 21 (2m.c*B>y?
dx

—— | =l

Aag 12"\ P
where K = 0.307075 MeV mol~! cm?, Z and A are atomic
number and mass of the absorber, z is the charge number of

Wmax) —/32] , (D
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the incident particle, m, is the electron mass, and 5 and y
are the Lorentz factors. The maximum transferable energy
in a single collision is

212 622
Winax = e 57y 5> ®)
L+2y(me /M) + (me /M)
and the mean excitation energy of atomic electrons is
Zif,' . hVi
I= —, 9
o 0

where M is the mass of the incident particle, and f; is the
transition probability for the i-th excitation state. The accu-
racy of the formula is typically a few percent.

Electron Density and Temperature

The electron density and temperature of the beam-induced
plasma can be evaluated analytically. The electron-ion pair
production energy (W;) has been observed for various mate-
rials. Therefore, the electron density is

_dE/dx
=

Ne

(10)

The energy distribution of ionized electrons is provided

€= / E-P(E)dE

z
=/K—ﬁiE.dE.
A B2 E?

(1)

Then the temperature of the ionized electrons is estimated
from

_ €
=0

where kg is the Boltzmann constant.

T, (12)

Space Charge Effect
The longitudinal space charge field is obtained by solving

2
(72 5 o =22,
r? £0y?

13)

where py (r) = A(k) exp(=r?/20°?) [2n0? is the beam den-
sity, and A(k) ~ Qz/02 exp(—z%/20°2) where Q is the total
charge. The boundary condition, ¢ (r = rp) = 0, is applied,
where ry, is the beam pipe radius. The on-axis potential is

then
A(k)
2wepy?

o1 (0) = F(koy, krp), 14)
where F is a form factor. In the long-wavelength limit, e.g.
ko, < 1, the form factor approaches F — 1+ 21In(rp/0y).

Therefore, the longitudinal electric field is

r z 22
1+ 2ln(0_—b)} = exp(——z). (15)

r Z ZO'Z

eQ

2regy?

E.(z) ~
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The transverse space charge field is also derived from the
Poisson equation,

1o(00\__»r
ror\ or] &
, (16)
a¢ 1 " ’ ’ ’
- r—==-— p(r)r'dr'.
or &0 Jo
The corresponding transverse electric field is
E, (r) = _6_¢
or
a7)

A[l_ex _i}
2megy?r P 202)]°

The azimuthal magnetic field is induced by the beam
current,
pol (r)

Bt = o

wo [
= — / J.(r")2rr' dr’,
2nr Jo

(18)

where the current density J, = Bcp(r). Using eqgs. (17) and
(18), the transverse Lorentz force due to the space charge is

fr = q(Er _ﬁCBg) :qEr(l _ﬁ2) — q’yEzr

19)

Equation (19) indicates that the transverse space charge force
is suppressed by 1/y? and becomes small at high beam
energies.

CHARGE NEUTRALIZATION AND
PLASMA Z-PINCH

The plasma density and temperature generated by a muon
beam incident on an absorber are evaluated using eqgs. (10)
and (12). For example, consider a 200 MeV/c muon beam
with bunch intensity 102, rms bunch length 0.1 ns, and rms
beam radius 1 mm is injected into liquid hydrogen. The
estimated plasma density is n, ~ 3 - 10'® cm™ and the
plasma temperature is 7, ~ 5-10° K. These ionized electrons
rapidly thermalize through collisions with neutral hydrogen
molecules. The corresponding time constant is typically
1-10 ps [2].

On the other hand, the time constant for electron charge
recombination (e.g. e + H; — H>) is of order us because
charge recombination via binary collision is a low probability
process [3]. As a result, electron-ion mixture persists over
the time during which the muon beam traverses the absorber.
The space charge fields in eqgs. (15) and (17) act on the
ionized electrons and shift their spatial distribution so as to
neutralize the beam charge, while the azimuthal magnetic
field in eq. (18) still exists. This configuration is analogous
to a plasma z-pinch, in which the self-generated azimuthal
magnetic field compresses the charge-neutralized plasma
column [4]. In this case, J;(r) in eq. (18) is replaced by a
Gaussian current distribution, yielding

1 r2
Bg(r) = % |:1 - eXp(—zO_z)] .
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Figure 1: Simulated By as a function of o,..

Figure 1 shows the calculated By, which exhibits the ex-
pected linear dependence Bg o r atr < o7

The focusing strength of the beam-induced magnetic field
is evaluated as

K= q dBy(r)
p dr
ol [_1—ep(-r2/207) | exp(-r/202)
"~ 2np r2 a? .

ey

This suggests that By introduces an additional, self-
generated focusing force that is proportional to the beam cur-
rent density. In this regime, the self-field behaves effectively
as an embedded, plasma-induced quadrupole component.
For example, consider a muon beam near the final cooling
stage with bunch intensity n,, = 10" per pulse, pulse length
0.1 ns, and beam spot size o = 0.001 m. The correspond-
ing current I = 1.6 x 107" x 10'2/1071° = 1.6 x 103 A.
The focusing strength then

qHol

2npo?

K ~ ~ 240 m~2. (22)

The associated transverse betatron function is 68, =
VK-1 ~ 0.065 m, which corresponds to approximately 10-
20% of the betatron function generated in the cooling lattice.

For r > 1.60, the derivative of By becomes negative,
implying a weak defocusing force in the beam tail. This
suggests that the beam tail is defocused by By. A detailed
simulation study is needed to determine whether the net
plasma focusing is beneficial or detrimental for ionization
cooling.

STOPPING POWER MODIFICATION

The presence of a beam-induced plasma can also modify
the stopping-power rate. In this case, the minimum energy
transfer is determined by the plasma oscillation frequency
rather than atomic excitation. The modified stopping-power

rate is
2
<_d_E> -k [m(TM‘”‘) —ﬂz] G
plasma ﬁ th
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Figure 2: Simulated net stopping power rate with various
X-

where w), is the plasma oscillation frequency.

nee?
wy = _—.
P\ eom,

The absorber material is partially ionized. We introduce
x to denote the fraction of plasma electrons. The number of
bound electrons is then, n?°*"¢ = (1- y)n,, and the number

= xn.. The net stopping-

(24)

e
of plasma electrons is nb "™

power rate is

dE dE dE
IR o s v I
X | net X | Bethe X plasma

Such plasma-induced modifications to stopping-power have
been experimentally observed [5].

Figure 2 shows the estimated stopping-power rate for var-
ious plasma fractions y. It should be noted that the plasma
fraction in a nominal cooling channel is y ~ 10~7. The cor-
responding change in the stopping-power rate is negligible.
If the fraction becomes large, e.g. xy ~ 0.01, the stopping-
power rate increases by ~ 1 %. This is favourable for ioniza-
tion cooling. High plasma densities can be achieved using
established ionization techniques. In conventional plasma
wakefield accelerators, a high-power laser is used to ionize
gaseous hydrogen. Pre-forming the plasma by using an in-
tense proton beam is another option. A more detailed study
is planned.

CONCLUSION

Possible collective effects in muon ionization cooling have
been evaluated using analytical models. A beam-induced
plasma is expected to form in the absorber, leading to partial
charge neutralization and the generation of a self-induced
azimuthal magnetic field. This field introduces an additional
focusing component analogous to a plasma z-pinch, poten-
tially enhancing the effective focusing strength. The plasma
chemistry in the absorber has been considered to manipulate
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the plasma density and temperature [2, 3]. Further simula-
tion studies have been proposed to quantify these effects in
realistic cooling channels [6].

The stopping-power rate can also be modified by the pres-
ence of plasma electrons. Although the plasma fraction
in a nominal cooling channel is small (y ~ 1077), exter-
nally pre-ionizing the absorber using either a high-power
laser or an intense beam could increase y to 1-10% level,
resulting in a measurable increase in stopping-power rate.
These collective effects may provide new opportunities to
enhance ionization cooling performance. Numerical simu-
lation studies are planned to further evaluate and validate
these models.
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K. M. Yan!, H. Zhao!, L. X. Zhao'!, Y. B. Zhou!

Mnstitute of Modern Physics, CAS, Lanzhou, China
2 University of Chinese Academy of Sciences, Beijing China

Abstract

The High Intensity heavy-ion Accelerator Facility
(HIAF) is a mega scientific infrastructure in China. It con-
sists of a superconducting electron cyclotron resonance ion

source (SECR), a superconducting heavy ion linac (iLinac),

a fast-ramping rate synchrotron (BRing) and six experi-
mental terminals. One major task is to study atomic physics
with internal targets in the spectrometer ring (SRing). An
electron cooler was designed and constructed in SRing to
boost the internal target experimental luminosities and
compensate for energy losses. In this paper, the current sta-
tus of the cooler was presented.

INTRODUCTION

HIAF is a new accelerator complex hosted by the Insti-
tute of Modern Physics (IMP) Chinese Academy of Sci-
ences (CAS) [1]. It is designed to provide intense primary
heavy ion beams and produce rare secondary isotopes for
nuclear physics, atomic physics and application sciences.
The project was proposed in 2011 and approved in 2015.
The construction began in 2018 and the first beam com-
missioning was completed successfully on October 28,
2025. An aerial view of the HIAF campus is shown in Fig-
ure 1.

Figure 1: Aerial view of the HIAF project campus.

SRing is one the of six terminals in the HIAF project. It
was designed with different operation modes. The isochro-
nous mass spectrometer (IMS) mode is used to measure
short-lived nucleus mass. The internal target mode is used
for experiments on the gas target and the electron target.
The normal mode is used for ion/isotope accumulation.
The electron cooling method is used to improve luminosi-
ties for the last two modes.

The HIAF accelerator layout is shown in Figure 2. A typ-
ical operation mode can be described as following. Ions

* Work supported by National Natural Science Foundation of China
(Grants No. 12475162)
1 Email address: maolijun@impcas.ac.cn.
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provided by SECR and iLinac are accumulated and accel-
erated in BRing, then be extracted and transferred in HFRS.
Secondary beam (highly charged ions or isotopes) can be
produced by bombarding a target with the primary beam.
The secondary beams (isotopes or highly charged heavy
ions) will be injected into SRing and stored for experiments.

In the future, a deceleration

low-energy highly-charged ions for atomic physics.

c"l&/ Target
i

Figure 2: HIAF accelerator layout.

The electron cooler in SRing is a classical magnetized
DC cooler [2]. The maximum electron energy and current
are 450 keV and 2.0 A, respectively. The cooler was de-
signed based on the existing cooler installed in HIRFL-
CSRe at IMP, which was made by collaboration with BINP
in 2004. The total cooler assembling was finished in May
of 2025. A primary commissioning with few hundreds

milliamperes electron beam

cessfully. A photo of the cooler assembled in the tunnel is

shown in Figure 3.

Figure 3: HIAF electron cooler.
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cavity will be used to prepare
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at 200 keV was achieved suc-
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BASIC DESIGN FEATURES

The basic parameters of the SRing cooler are listed in
Table 1. Calculations of electron cooling effects were per-
formed with an ion beam of 800 MeV/u 2*8U°*" for the de-
sign work of SRing electron cooler. The initial RMS emit-
tance and momentum spread are 5.0/2.0 1 mm-mrad and
5x10, respectively. The intra-beam scattering is included
as the major heating effect. As shown in Figure 4, the ion
beam emittance and momentum spread are effectively de-
creased within the first 10 seconds, then slowly approach
equilibrium because cooling the particles in tail is difficult.

Table 1: Basic Parameters of SRing Cooler

Parameters Value
Maximum acceleration voltage 450 kV
Voltage ripple <5.0x107
Cathode radius 1.5cm
Maximum electron current 20A
Gun solenoid field 4.0 kGs
Cooling solenoid field 1.5 kGs
Collector solenoid field 2.0 kGs
Effective cooling length 7.4 m
Vacuum 2.0x10!
Total power consumption 700 kW

0.0005 F T 3
0.0004 -
a
S 0.0003 |
0.0002 -

0.0001

- Ver.

Hori.

Emittance (um)

0 1 1 1 1
0 10 20 30 40 50

Time (s)

Figure 4: Momentum spread and emittance versus time
with electron cooling of 800 MeV/u U%?* beam.

A longitudinal magnetic field homogeneity better than
10 in the cooling section is obtained by pancake structure
of the solenoid. The magnetic field axis of coils was meas-
ured independently. All coils were installed in the solenoid
with a defined sequence according to its field axis data. A
compass probe with a laser system is used to measure the
field homogeneity. The position and angle of each coil in
the solenoid were adjusted in the measurement. Finally, a
homogeneity of 4x107 was obtained for all solenoids in the
cooling section. The measurement results of one solenoid
are shown in Figure 5.

SRing is a heavy ion storage ring that demands an oper-
ating vacuum of 10"!! mbar. The vacuum system has simi-
lar structure as the straight section in SRing. Ion pumps and
titanium sublimation pumps are used to create ultra-high

MOB3
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vacuum conditions. NEG coating technology was applied
to the vacuum chamber in the cooling section. Figure 6
shows that a vacuum of 1.4x107!! mbar was obtained in the
cooling section.

X107

) 0 500 1000 1500 2000 2500
z[mm]

Figure 5: Magnetic field homogeneity measurement and
transverse field angle before/after adjustment.

vacuum of 1.4x101! mbar

Figure 6: Vacuum of 1.4x10"!! mbar in cooling section. A
slow increase in pressure could be attributed to the cath-
ode outgassing.

An electron gun with a thermionic cathode is manufac-
tured which is like the guns from BINP. An oxide cathode
coated BaSrCa(COs) on the surface of Ni base is used [3].
The diameter of cathode is 29 mm. The maximum electron
emission current density up to 1.3 A/cm? with the temper-
ature of 800°C was achieved at a test bench. After the in-
stallation of the gun, degassing of the cathode was carried
out during the vacuum baking process. Following the bake-
out, cathode activation was performed once the vacuum
level reached 2x107!! mbar. The perveance of the electron
gun was found to be lower than the design value in the be-
ginning. To thoroughly remove contaminants from the
cathode surface, form a uniform cathode emission layer,
and achieve a stable and optimal operational state, an ex-
tended conditioning process was conducted on the HIAF
electron cooling cathode. During conditioning, the cathode
was continuously heated, and an electron beam current of
40-70 mA was maintained. As the process progressed, the
beam current gradually increased and eventually stabilized.
Figure 7 illustrates the daily variation in the electron gun

perveance throughout the conditioning process.
15

if WW*WM

/%
1 / / /
=——

0 0.02 0.04 0.06 0.08
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Figure 7: Electron gun perveance increases in commission-
ing process.
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HIGH VOLTAGE SYSTEM

The high voltage system is the key part of the cooling
system. A 450 kV high voltage power supply was designed
based on a cascade transformer [4]. The gun and collector
power supplies with control units are put on the high volt-
age terminal. The system consists of 15 transformers. An
auxiliary coil on each transformer is used to drive the reg-
ular -40 kV high voltage section. The main coil on each
transformer is used to transmit the electrical energy up to
30 kW from the ground to high voltage terminal. The res-
onant frequency around 20 kHz was selected depends on
the parameters of inductance and capacitors. Figure 8
shows an energy efficiency with different numbers of
transformers. The resonant frequency is close to 20 kHz by
adjusting the compensative capacitors.

—Tsere
f—5seres
——8series
f——10series
b— 15series|

resonant
,/ frequency

EEEREEE B o
12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
f(kHz)

Figure 8: Cascade transformer test bench (left) and the
resonant frequency measurement (right).

The stability and ripple are the most important require-
ment for the high voltage system. Proportional-Integral-
Derivative (PID) control is used to compensate the temper-
ature influence. Figure 9(a) shows the stabilities with and
without PID control within 72 hours. It is clear to see that
an oscillation caused by room temperature can be sup-
pressed efficiently. In addition, a 30 nF capacitor was used
in the high voltage section to reduce the ripple. The meas-
ured ripple of the high voltage at 400kV is shown in Figure
9(b).

Voutput=400kV

10ppm

output voltage (V)
Voltuge Stability (V)
Seobbonraad

00 05 10 15 20 25 1000 2000 3000

time (sec) Time (hr) Count

(a) (b)

Figure 9: The output voltage versus time with/without PID
control (a) and the ripple measured by oscilloscope (b).

The SF6 gas is used as an electrical insulator in the high
voltage tank. A dependence of the total current on the out-
put voltage was measured without load, as shown in Figure
10. Here the total current means the sum of output current
of 15 high voltage sections. In the very beginning, the cur-
rent increases linearly with the voltage, the slope is deter-
mined by the internal resistance. Once the voltage exceeds
a critical point, the current increases significantly. It de-
pends on the pressure of SF6 in the tank. A stable operation
of 400 kV was obtained with the pressure of 2.2 bar, as
shown in Figure 10. After installation of the cooler in the
tunnel, a commissioning of electron cooler was done with
the energy from few keV to more than 200 keV. Figure 11
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shows the control panel for the 102 keV, 208 mA electron
beam during commissioning.

Figure 10: The leakage current versus the output voltage
with different gas pressure.

[
e e o e ¢
DD oD D

Figure 11: A control panel during the cooler commission-
ing.

CONCLUSION

The first beam commissioning with '*0%" was completed
in HIAF successfully. The electron beam for cooling in
SRing was also ready for operation. An electron cooling
experiment was expected in the beginning of 2026.
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Abstract

Ion implantation is an accelerator-based technology used
to create defects and introducing impurities into solid ma-
terials. A research and development study is currently un-
derway toward ultrahigh-precision single-ion implantation
using laser-cooling techniques at Takasaki Institute, Na-
tional Institutes for Quantum Science and Technology. To
achieve this, we incorporate a linear Paul trap as an ultra-
cold single-ion source, where trapped ions can be made
“Coulomb-crystallized” through Doppler laser cooling. In
our scheme, nitrogen or silicon ions, useful for ion implan-
tation to create color centers in materials, are sympatheti-
cally cooled through Coulomb collisions by co-trapping
them with laser-cooled calcium ions to form a two-compo-
nent crystal. These cold ions are then selectively extracted
from the trap to be accelerated and focused through a 50-
kV electrostatic bipotential-lens system. Our goal is to
achieve beam focusing for ultrahigh-precision implanta-
tion on the order of 10 nm. The implanter system has al-
ready been assembled, and the commissioning is currently
ongoing to enable single-ion extraction using a Coulomb
crystal. In these proceedings, we describe the scheme for
selective ion extraction and nanobeam focusing based on
multiparticle simulations and briefly report recent progress
in system implementation.

INTRODUCTION

Improving the focusing and targeting precision of
charged-particle beams is an important aspect of accelera-
tor technology. One example is so-called “microbeam
(nanobeam) irradiation”, where the transverse spot size of
the beam on a target is focused to the micrometer (nanome-
ter) scale. This technique is often employed for pinpoint
irradiation in MV-class electrostatic accelerators [1]. In this
beam-irradiation method, the beam generated from such a
high-energy accelerator is strongly collimated to reduce its
effective emittance before final focusing on the target.
(Note that this process is not beam cooling as the phase-
space density of the beam is not increased.) With fine tun-
ing of the collimator apertures and stronger final focusing,
the spot size can, in principle, be further reduced. However,
it would be practically more difficult to control single-ion
irradiation reliably because of the stochastic nature of ion
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transmission through collimators in conventional beam-
formation methods.

A different approach to obtaining low-emittance beams
is beam cooling. Among several cooling methods applica-
ble to fast heavy-ion beams, Doppler laser cooling is the
most promising since the lowest attainable temperature is
in the mK range [2, 3]. In such an ultralow-temperature
state, it is expected that a crystalline-ordered beam, whose
emittance is extremely low, can be formed [4, 5]. Although
the longitudinal beam temperature of around 1 mK was at-
tained in early laser-cooling experiments [6], transverse
cooling to the mK range has not yet been realized (except
in very low-beam-energy cases using a circular Paul trap
[7]). This is mainly because it is practically quite difficult
to maintain high lattice periodicity for avoiding resonance
crossing, to accomplish three-dimensional laser cooling,
and to compensate for dispersive effects in large-scale stor-
age rings [8].

As a possible method to generate a three-dimensionally
ultralow-emittance beam and control single-ion motion re-
liably, we consider the use of a linear Paul trap (LPT) for
several following prominent reasons. It is relatively
straightforward to form an ion Coulomb crystal, an ordered
state in au ultralow-temperature limit, by applying Doppler
cooling to trapped ions [9]. Attainable normalized emit-
tance is on the order of 107" m-rad or less [10-12]. It is
possible to observe the existence of a small number of ions
in a crystal and to manipulate them individually under
wide-range operating conditions for extraction from the
LPT [11-14]. Furthermore, two-component crystals can be
formed via sympathetic cooling of various ions co-trapped
with laser-coolable ions.

Recently, we have proposed an ultrahigh-precision sin-
gle-ion implanter for the application of quantum technol-
ogy [15, 16]. In the following, we present the scheme of
single-ion irradiation and nanobeam formation using a
Coulomb crystal and report on the progress of ion-trap ex-
periment performed at QST Takasaki Institute.

SINGLE-ION IMPLANTER
We have fabricated a compact ion-implanter system with
an LPT at QST Takasaki Institute. As shown in Fig. 1, it
mainly consists of an external ion source where various im-
plantation ions (such as N and Si) can be generated, an LPT
where a two-component Coulomb crystal is formed by la-
ser cooling of Ca* ions (Doppler limit: 0.5 mK) and single-
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ion extraction is controlled, and electrostatic bipotential
lenses (BPLs) for nanobeam formation.

External ion source

Linear Paul trap

Bipotential lenses

Quadrupole bender Gate elgdi&odes 1st 2nd Target
> P HH -] w_ 005
Ionization & ﬂ o | — | 00 nn
cooling lasers

-
D‘ Einzel lens  Ca dispenser

DWien filter
Gaion  Einzel

SOU'I’CE gs AD

Figure 1: Schematic view of the implanter system. A Cou-
lomb crystal is prepared in the “crystallization region”
(6 mm in length) between two Gate electrodes A and B for
controlled extraction. The external ion source and the trap
are placed on a 50-kV high-voltage platform. Ions ex-
tracted from the trap are accelerated and focused on the
grounded target through two electrostatic BPLs.

Crystallization region

== Target for ion production

Alow-energy (~1 keV for singly-charged ions) ion beam
generated by sputtering using a primary Ga liquid-metal
ion source is transported to the LPT through a Wien filter,
a quadrupole bender, and several Einzel lenses. The beam
is properly decelerated due to the electric potential differ-
ence when entering the LPT, and then captured by control-
ling the Gate voltages for the axial confinement. The
trapped ions are sympathetically cooled with laser-cooled
Ca" ions to form a two-component crystal. Once a crystal
with a desired spatial configuration is formed, the extrac-
tion process is initiated by manipulating the voltages of
Gate electrodes A and/or B. In this manipulation, single
ions can be selectively extracted from the LPT to the target.
The extracted ions are accelerated via the two BPLs to
form a nanobeam on the target. For this acceleration, the
ion source and LPT are insulated on a 50-kV high-voltage
platform. For details of the system, see Ref. [15].

ION-SELECTIVE EXTRACTION

Detailed multiparticle simulations were performed to re-
veal the feasibility of selective extraction of sympatheti-
cally-cooled ions and nanobeam formation of extracted
ions. To control singe-ion irradiation (implantation), we
have investigated two possible ejection schemes [12, 15].
One is the fast ejection, and the other is the slow adiabatic
ejection. Here, we briefly mention the former scheme using
a string crystal.

We form a two-component string crystal as shown in
Fig. 2 where an implantation ion (here, N*") is settled at the
exit side (at the rightmost side) within the crystal. Other-
wise, the lighter nitrogen ion, which can move faster than
Ca' ions, is easily heated up due to random collisions when
passing by them in the extraction process. Experimentally,
the location of the nitrogen ion within the crystal must be
changed by modulating the trapping axial potential and fre-
quency detuning of cooling lasers.

Once the desired crystal configuration is formed, the
ejection process is initiated; here, the voltage Va of the
Gate electrode A is quickly switched off and on so that only
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the leading N** ion can exit from the Gate A, while subse-
quent slow Ca* ions are reflected to the LPT by the poten-
tial barrier generated again. This was confirmed by multi-
particle simulations, as shown in Fig. 3. Switching Va at a
proper timing is necessary for ion-selective ejection. From
the results of many independent simulation runs of this sin-
gle-ion ejection, it has been found that a beam of ejected
ions has a normalized root-mean-square (rms) emittance of
3 x 1071 m-rad, which is one order of magnitude higher
than the best cases of Si* (instead of N?*) and a shell crystal
[15]. A possible reason of this emittance degradation is the
fact that the efficiency of sympathetic cooling of N?* is
lower due to differences in the mass-to-charge ratio from
Ca*, the number of ions and the crystalline structure.

100 100
O Ca’
509 o N 50
g 0 o o o i 0 8
= BN
-50 -50
-100+ \ \ \ \ -0
-200 -100 0 100 200 -100 -50 0 50 100
z [um] x [um]

Figure 2: Spatial distribution of a three-ion two-component
string Coulomb crystal. The z-coordinate represents the di-
rection of the trap axis while x and y are the transverse di-
rections perpendicular to z. The trapping conditions are as
follows: RF voltage applied to quadrupole rods V. =
10 V, DC voltage applied to two Gate electrodes V, =
Vg = 0.2V, and the driving frequency f. =2 MHz. For
sympathetic cooling of an N** ion, two Ca” ions are Dop-
pler-cooled by a single axial laser with a peak saturation
intensity of 0.1 and detuning of =72 MHz.
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Figure 3: Temporal evolution of the axial position z of the
three ions in Fig. 2 during the fast ejection process. The
origin of the abscissa is the time when the Gate electrode
A is promptly switched off. Only the leading N** ion is
ejected from the LPT toward the target while the two fol-
lowing Ca" ions are reflected backward after the Gate A
voltage V, is raised up to 0.5 V at 30 ps.

NANOBEAM FORMATION

Cold single ions extracted from the LPT are transported
to the target through the two BPLs to form a nanobeam. We
have optimized an operating condition of the BPL voltages
as follows: Extraction electrode voltage Vext=—2.5 kV, gap
voltages of the two BPLs G1 = 12.5 kV, and G2 =35 kV,
which enables 50-kV acceleration with a sufficiently long
working distance of about 80 mm. Note that the final en-
ergy is 100 keV on the target for doubly-charged ions.
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Figure 4 shows the on-target spatial and phase-space dis-
tribution of N?* ions accelerated after the fast ejection in
Fig. 3. An rms spot size of 18 nm is achieved although the
phase-space shape is slightly deformed due to the lens ab-
erration. Note that a smaller on-target spot size (below
10 nm) is attainable in the above-mentioned cases of Si*

and a shell crystal [15].
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Figure 4: Ion distributions at a focal point. The kinetic en-
ergy of the N?* ions is 100 keV. Results of 100 independent
simulations on the single-ion extraction are plotted.

ION-TRAP EXPERIMENTS

Our single-ion implanter (Fig. 1) is now in a commis-
sioning stage. We have so far confirmed what follows [16]:
Doppler cooling of Ca* ions and formation of various Cou-
lomb crystals, sympathetic cooling, extraction of laser-
cooled ions from the LPT and its detection, generation of
Si ion beams using the Ga ion source and its transport to
the target through the LPT, and bipotential acceleration of
an ion-source beam. Recent results on ion-trap experiments
are briefly reported here.

The LPT is axially segmented into three regions for effi-
cient capture of ions delivered from the external ion source,
the ionization of Ca atoms, and the formation of a Coulomb
crystal. The minimum distance from the trap axis to quad-
rupole rods is 3.0 mm. The axial length of the crystalliza-
tion region is 6.0 mm.

Laser lights of four different wavelengths (390 nm and
423 nm for ionization of neutral Ca atoms, and 397 nm and
866 nm for Doppler cooling of Ca* ions) are all introduced
along the trap axis from the upstream side of the system
(see Fig. 1). Typically, the total power of the 397-nm Dop-
pler-cooling laser is 1~2 mW, and its spot size is 0.9 mm at
the crystallization region without tight focusing, which are
sufficient for cooling a cloud of initially hot ions and ob-
serving laser-induced fluorescence (LIF).

Various structures of Coulomb crystals were formed by
Doppler cooling of Ca* ions, depending on the number of
ions and focusing strength, as shown in Fig. 5. The experi-
mental observations have been well confirmed by the mul-
tiparticle simulations.

The extraction of laser-cooled ions from the LPT was in-
vestigated recently. We have succeeded in the fast extrac-
tion of an entire string crystal and slow single-ion extrac-
tion by the manipulation of the Gate voltages finely [17].

SUMMARY

A nanobeam-formation scheme using a Coulomb crystal
has been investigated toward the realization of an ultra-
high-precision single-ion implanter at QST Takasaki
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Institute. The detailed simulation results show that it is pos-
sible to extract sympathetically-cooled ions selectively
from the LPT and form a nanobeam by the BPLs at 100
keV.

According to the multiparticle simulation results, a com-
pact single-ion implanter with the LPT and the laser cooler
has been fabricated. Now, we are mainly conducting the
ejection experiments of cold ions using a Coulomb crystal
toward the nanobeam formation and single-ion irradiation.
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Figure 5: LIF images of *°Ca* Coulomb crystals observed
in the LPT (left panels) and corresponding multiparticle
simulation results (right panels). (a) A four-ion string, (b)
an 18-ion single shell, and (c) a three-layered shell (~300
ions). The trapping conditions are as follows in all cases:
Vie=20V,V, =Vz =1.0V,and f,y = 1.91 MHz.
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HADRON BEAM COOLING CONCEPT AND
COOLER DESIGN STATUS FOR THE EIC *

A.V. Fedotov®, D. Kayran, S. Seletskiy
Brookhaven National Laboratory, Upton, NY, USA

Abstract

Cooling of hadrons in Electron Ion Collider (EIC) is crit-
ical to achieve EIC design parameters and performance. In
this paper we summarize current strategy of hadron beam
cooling application for the EIC starting with providing
strong cooling of proton beam emittances at injection en-
ergy and potential subsequent cooling at the top collision
energies. We will then discuss requirements, challenges
and design status of RF-based electron cooler for 23.8 GeV
proton energy.

INTRODUCTION

The Electron-Ion Collider (EIC) project is presently un-
der design at Brookhaven National Laboratory (BNL); a
layout of the EIC is shown in Fig. 1. Collisions occur be-
tween the hadrons in the Hadron Storage Ring (HSR) and
the electrons in the Electron Storage Ring (ESR) [1].

In order to achieve the design emittances of the hadron
beam, hadron beams will be injected into the HSR and
cooled to the target emittances at injection energy of pro-
tons of 23.8 GeV. After the target emittances are achieved,
the HSR will be ramped to the collision energy.

Cooling of protons at 23.8 GeV will be done using con-
ventional electron cooling technique which requires
12.5 MeV electron accelerator. The design of such Low-
Energy Cooler (LEC) is based on the RF-accelerated elec-
tron bunches, similar to the LEReC [2] approach, but
scaled to higher energy.

Cooling of heavy ions at collision energies is planned
using stochastic cooling technique [3].

Presently, no cooling of protons at collision energies is
implemented. However, such high-energy cooling of pro-
tons can be considered as future EIC upgrade.

HIGH-ENERGY COOLING

A robust cooling of protons at collision energies in the
EIC could significantly increase luminosity in the EIC.
However, designing of such High-Energy Cooling (HEC)
system for protons is one the most challenging problems in
modern accelerator physics.

Recently, significant efforts were devoted to design of
such HEC system using stochastic cooling approach but
employing electron beam itself as a pick-up, amplifier and
kicker, which can extend this technique to much higher
bandwidth than possible with conventional microwave
technology. A conceptual design study of such an approach

*Work supported by the US Department of Energy under contract No.
DE-AC02-98CH10886.
tfedotov@bnl.gov
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based on the micro-bunched Coherent Electron Cooling
amplifier was performed [4].
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Figure 1: The layout of the Electron-Ion Collider (EIC).

One of the alternative approaches is to use a well-estab-
lished technique of electron cooling. With such a tech-
nique, the cooling rate drops quadratically with energy
which makes its extension to high energies challenging.
However, the drop of cooling rate with energy can be com-
pensated by an increase in the phase-space density of elec-
tron bunches, length of the cooling section and by precool-
ing of hadron beam at lower energies, as cooling rate
strongly depends on the divergence of the hadron beam.

Since electron cooling technique has several decades of
experience one can provide estimates of the cooling rates
and requirements of needed electron beam parameters with
very high degree of certainty. What remains is to design
required electron accelerator.

Several approaches using conventional electron cooling
for the HEC system were considered in the past [5-8]. Most
recent R&D studies at BNL were devoted to two ap-
proaches: 1) Storage Ring-based Electron Cooler [9] and
2) ERL-based Electron Cooler [10].

While R&D on the HEC continues, immediate focus for
the EIC is on the design of the Low-Energy Cooler (LEC).

THE LEC REQUIREMENTS

The LEC design is based on the non-magnetized cooling
approach with zero magnetic field on the cathode and no
magnetic field in the cooling region [11]. The layout of the
LEC accelerator is shown in Fig. 2.
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To maximize the cooling power and to preserve trans-
verse distribution of hadrons under cooling, the electron
beam rms velocity spreads are chosen close to those of the
hadron beam. At injection energy in the EIC with y=25.4,
the proton beam with bunch intensities N=2.8x10'! will
have rms longitudinal momentum spread of about
op=7x10". The requirement for the rms momentum spread
of electron beam are < 4x10*. For the rms normalized
emittance of the proton beam around 2 pm and 150 m min-
imum beta function in the cooling section, the hadron beam
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rms angular spread in the lab frame is 0.023 mrad. This
gives the requirement for the total electrons angular spread
in the cooling section to be around 0.025 mrad.

The total angular spread of electrons in the cooling sec-
tion has several contributions, with the dominant contribu-
tions coming from electron beam emittance and electron
beam space charge. As a result, special efforts are being
made to develop proper electron beam transport to and
through the cooling section to ensure that requirements on
angular spread are satisfied [12].

180° Dipole

RF diagnostics line Spectrometer

with Deflecting cavity

Extraction line

Linac section

______________________________________

transport
NOT TO SCALE
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Cathode 591 MHz dump RF ;
o cavity

transport Laser NCRF cavities
High-power 197 MHz
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Figure 2: The layout of the LEC accelerator (not to scale).
Table 1: Electron Beam Parameters in the in cooling region should be kept below 1 Gauss-cm. A

Cooling Section

25.38
Charge per single electron bunch, nC 1.0

Relativistic gamma

Number of bunches in macrobunch 3

Total charge in macrobunch, nC 3
Average current, mA 74

RMS normalized emittance, pm <15
Angular spread, prad <25
RMS energy spread <4x10*
RMS bunch length, cm 4

Beta function, m 150
Length of cooling sections, m 160

With the friction force maximum being located close to
the longitudinal rms velocity spread of the electrons, one
gets a requirement for matching electron and beam ener-
gies to better than the rms velocity spread, which for our
parameters is about 3x10. Energy stability of the electron
beam should be better than this, at about 1x10* rms. See
all parameters in Table 1.

The largest contributions to the angles in the cooling sec-
tion come from the electron beam emittance and the space
charge of electron and proton beams. In addition, to keep
the transverse angle of the electron beam trajectory
<10 prad an integral of residual transverse magnetic field
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shielding of residual magnetic field to such level will be
provided by several concentric cylindrical layers of high
permeability alloy [13]. Some cooling section space will
be taken up by short solenoids (to control angular spread
due to the transverse space charge of electron beam), steer-
ing dipoles and beam position monitors to keep the electron
and ion beam in close relative alignment.
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Figure 3: Cooling of protons at y=25.38, with decoupled
transverse motion. Horizontal emittance (top curve, blue)
and vertical emittance (bottom curve, orange).

In simulations shown in Fig. 3, we assumed the total an-
gular spread of the electrons in the cooling section to be
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25 prad. Both horizontal and vertical emittances are being
cooled to slightly different values due to different IBS rates
in the two planes. For optimum cooling performance, cool-
ing should be provided in both transverse planes simulta-
neously, because the vertical cooling rate is affected by the
horizontal angles as well. However, if stability of such
cooled proton bunches becomes a problem one can provide
heating of the horizontal emittance while cooling verti-
cally, as the goal of the LEC is to achieve small emittance
in the vertical plane only, as shown in Fig. 4, for example.

3

2.5

1.5 ey

emittance, rms normalized

0.5

0 1000 2000

Time [sec]

3000 4000

Figure 4: Cooling of protons vertical emittance (bottom
curve, orange) while heating of the horizontal emittance
(top curve, blue).
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Figure 5: Three electron bunches (blue) spaced by 5.1 ns
placed on a single proton bunch (orange dashed line: single
RF harmonic; green solid line: double RF harmonic).

To mitigate space-charge effects during cooling the sec-
ond harmonic RF will be used to produce flattened distri-
bution of proton bunches (green curve in Fig. 5) with peak
current reduced by about factor of two compared to a single
harmonic RF (orange curve in Fig. 5). With the second har-
monic RF and emittances at the end of cooling shown in
Fig. 3, space-charge tune shifts for proton beam are esti-
mated to be 0.06 and 0.11, for the horizontal and vertical
planes, respectively.
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The 197 MHz repetition rate of electron bunches, corre-
sponding to 5.1 ns spacing, allows us to place three elec-
tron bunches with 1.0 nC charge each (as shown in Fig. 5)
on a single proton bunch to provide total required charge
of electrons of 3 nC per proton bunch.

ELECTRON ACCELERATOR

Electron beam will be generated by illuminating a multi-
alkali CsK2Sb photocathode with green light (532 nm)
from a laser. The photocathode is inserted into a DC gun
with design operational voltage of 350-375kV. The
197 MHz laser will produce bunch trains with individual
electron bunches of about 400 ps full length at 24.6 MHz
bunch train repetition frequency. The bunch train repetition
rate will be the same as the repetition rate of proton
bunches in the HSR at injection energy.

After the gun, an electron beam is accelerated in the
197 MHz linac to the final kinetic energy of 12.46 MeV.
The 3™ harmonic RF cavities are used for energy correc-
tion. An additional 24.6 MHz RF cavity is used to correct
energy spread due to the beam-loading for the macro-
bunch of electrons which consists of three electron bunches
separated by 5.1 ns. Main parameters of electron accelera-
tor are given in Table 2.

After acceleration to 12.46 MeV kinetic energy, an elec-
tron beam is transported to the cooling section in the HSR
ring, merged with proton beam, cools protons by propagat-
ing together over 160 m of cooling section, turned around
and transported to the high-power beam dump.

Simulations of electron beam dynamics show that re-
quired electron beam parameters can be achieved with suf-
ficient safety margin [12].

Table 2: Parameters of Electron Accelerator

DC gun voltage, kV 350-375
Final electron kinetic energy, MeV 12.46
Laser repetition frequency, MHz 197
Bunch train repetition frequency, MHz ~ 24.6
Main RF frequency, MHz 197
Number of 197MHz NCREF cavities 17
Voltage per 197MHz RF cavity, kV 850
Energy correction RF frequency, MHz 591
Voltage per 591MHz cavity, kV 380
Number of 591MHz cavities 4
Number of 591MHz deflecting cavities 1
Voltage of deflecting cavity, kV 150
Number of 24.6MHz cavities 1
Voltage of 24.6MHz cavity, kV 10
Average electron current, mA 74
Final beam dump power, kW 922
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CHALLENGES

Stable long-term operation of the gun with 74 mA aver-
age current is challenging. An ongoing R&D is presently
underway to establish such operation.

Extracting 12.46 MeV electron beam with 74 mA current
requires 922kW beam dump. Spreading of electron beam
inside such beam dump requires special consideration.

The attainment of required low energy spread in the elec-
tron bunch relies on RF gymnastics. A tight requirement on
impedance budget requires detailed wake fields simula-
tions and special design of every vacuum element includ-
ing instrumentation devices. Quality of electron beam
should be preserved through the entire beam transport and
long cooling section.

The achievement of very low transverse angular spread
for the electron beam should be addressed by a proper
beam transport and design of the cooling sections. The re-
quired electron angles in cooling section are about factor
of five smaller than achieved in LEReC, which sets strict
requirements on the design of the cooling section.

SUMMARY

A robust cooling of protons at collision energies in the
EIC could significantly increase luminosity in the EIC. De-
signing of such high-energy cooling system for protons is
very challenging.

While R&D on the high-energy cooling continues, im-
mediate focus for the EIC project is on the design of 12.5
MeV Low-Energy Cooler (LEC), based on the RF acceler-
ation of electron bunches. The LEC is being designed to
provide strong cooling of protons at the EIC injection en-
ergy of 23.8 GeV. Various challenges are being addressed
by a proper physics and engineering design.
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Abstract

The Electron-Ion Collider (EIC) requires a high-energy
cooler to maintain excellent beam quality and achieve high
luminosity throughout long collision stores. To meet this
requirement, the EIC project has adopted a novel approach
known as Coherent Electron Cooling (CeC)—referred to as
Strong Hadron Cooling (SHC)—which can provide rapid
cooling rates at high energies. The SHC relies on an Energy
Recovery Linac (ERL) to provide the intense, high-quality,
and low-noise electron beam essential for the cooling process.
This talk will overview and summarize the design progress
of the Strong Hadron Cooler for the EIC. We will discuss
key aspects of the project, including cooling physics, main
parameters, the ERL design, risk mitigation strategies, and
remaining challenges. Successful outcomes in foundational
R&Ds could pave the way for a future proposal to implement
SHC as an upgrade to the EIC, unlocking its full luminosity
potential.

INTRODUCTION

Hadron Beam cooling is essential for substantially reduc-
ing the emittance of the proton or ion beams and preserving
these parameters throughout the beam store in the EIC to
maintain the average luminosity nearly equal to its peak value
of 1.03 x 103 s™! cm™2 for e-p collisions at a center-of-mass
energy (E.p,) of 105 GeV.

Due to high particle densities, conventional stochastic
cooling systems for the EIC’s proton beams require a 10- to
100-fold increase in bandwidth to provide the cooling rates
needed to suppress IBS-induced emittance growth and the
corresponding luminosity reduction.

Two primary hadron cooling systems are planned for the
EIC: a Low-Energy Cooler (LEC) for hadrons at the injection
energy of 24.5 GeV, and a high-energy cooler to maintain
luminosity at collision energies of 100 GeV and 275 GeV.
The latter is the main Strong Hadron Cooling (SHC) system
for the project [1, 2]. This report, follows more detailed
design report [3], summarizes the design progress of the
SHC.

EIC HIGH ENERGY COOLING
REQUIREMENTS AND ROADMAP

The EIC SHC is essential for the EIC to achieve a lumi-
nosity of 1 x 103* cm=2s~!. The key cooling requirements
are:

*

wange @bnl.gov
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* Counteract longitudinal and transverse emittance
growth during long stores. The cooling time must be
less than or equal to the emittance growth time from
all diffusion sources. The dominant source is Intra-
Beam Scattering (IBS), with longitudinal and horizon-
tal growth times of 2 h to 3 h. The beam-beam diffusion
time is approximately 5 h in the vertical plane.

 Provide cooling at top energies (275 GeV for protons,
as well as 100 GeV and 41 GeV).

* Ensure the cooling section hardware fits within the
available space in the IR-2 tunnel.

* Accommodate various ion species, including protons,
3He, and heavy ions up to gold.

Following a 2020 review, CeC was selected as the primary
method for the EIC’s high-energy cooler, referred to as SHC
in the EIC.

During the 2023 design phase, it became clear that a
conventional electron cooler was a desirable addition at the
injection energy. This cooler would be integrated into the
same ERL to achieve the required beam emittances at lower
energies (e.g., the 24 GeV injection energy) and provide a
potential path for a 41 GeV storage cooler. Consequently,
the EIC hadron cooler scope was updated to include both an
SHC and a low energy conventional electron cooler (LEC).

By 2025, significant technical risks associated with the
high-energy cooling system remained unresolved, and lu-
minosity studies indicated that even with the SHC scenario,
the projected average luminosity would be less than half of
the ultimate requirement [4]. Consequently, due to these
unresolved risks and performance limitations, the design
efforts for advanced high-energy cooling—including both
SHC and the storage ring cooler designs, were terminated
within the EIC project scope. The mitigation of remaining
risks is now being pursued by resources outside of the main
project.

STRONG HADRON COOLING DESIGN

The design study for microbunched electron cooling in-
cludes the following activities:

* Cooling Physics Modeling: Develop and apply physics
models and simulation codes to represent the cooling
process accurately.

* Cooling Section Design: Engineer the lattice, mag-
nets, and diagnostic systems for the complete cooling
section.
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* Luminosity Performance Modeling: Integrate the
cooler model into full collider simulations to project
and optimize the machine’s luminosity.

* ERL Design: Develop the complete design for the
ERL, including RF systems, magnets, and beam dy-
namics.

* Critical Component R&D: Conduct targeted research
and development for key enabling technologies, such
as the high-current electron gun and the amplification
system.

The schematic drawing of the SHC facility as well as
hadron beamline is shown in the Fig. 1. It consists of Energy
Recovery Linac, electron-hadron overlap section, Injector
Cooler(precooler) bypass beamline.

Modeling Development and Main Parameter Table

We start modeling the process of microbunched electron
cooling(MBEC) by treating the electrons and hadrons as
rigid Gaussian discs of charge, with transverse sizes equal
to the relevant beam sizes. Detailed expressions and deriva-
tions are provided in [2,5].

An improvement to this paradigm is to use a hybrid model
which continues to consider the electrons as discs but treats
the hadrons as point particles with arbitrary transverse offsets
in the modulator and kicker. This requires only a change
to the electron-hadron interaction terms, as detailed in [5].
Later, 3D simulation codes were developed and compared
with hybrid model, shows reasonable agreements.

Optimal parameters for cooling 275 and 100 GeV protons
were obtained using a multi-objective genetic optimizer fol-
lowed by manual fine-tuning, and are displayed in Tab. 1.
Since the cooling force depends on the local electron current,
it is desirable to have a flat-top electron current distribution,
which we approximate as a 4th-order supergaussian.

Microbunched electron cooling leading to a factor of
roughly 2 improvement in average luminosity. This cooling
method works well at cooling the core of the bunch, but
does not do a good job of cooling the tails, since those parti-
cles overlap less frequently with the cooling electron bunch
and have large actions, leading to large delays relative to the
wake wavelength and sampling of the nonlinear region of the
wake. This contributes to continued particle loss and emit-
tance growth. Detailed luminosity modeling is presented in
this workshop.

Hadron Beamline Design

The Insertion Region 2 (IR2) of the Hadron Storage Ring
was selected to host the cooling systems, which include a Pre-
Cooler operating at injection energy (24 GeV) and a SHC
system operating at top energies (100 GeV and 275 GeV).
The beam optics was matched to meet the SHC requirements.
The hadron lattice have met both 275 GeV and 100 GeV Hor-
izontal and longitudinal cooling. Minor adjustments to the
optics can rebalance H/L cooling rate. A vertical cooling
lattice can be achieved by using skew quadrupole between
dipole in the middle section.
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Cooling Section Design

The cooling section consists of three parts: Modula-
tor,Amplifier and Kicker , with a diagram shown in Fig.
1.

The amplification section consists of three chicanes to
turn the energy modulation into a density modulation. The
electron bunch longitudinal space charge will increase the
beam energy spread and lengthen the bunch length when
through the cooling section if their Rsg is not zero and cause
the microbunch slippage. This slippage of the modulated
micro-bunches will misalign with the same hadrons at the
kicker section. One of the methods to solve this problem
is reversing sign of Rs¢ in one of chicanes in the amplifica-
tion section and achieve a the total Rs¢ = 0 [6]. To avoid
anti-cooling, the chicane’s Rsg, - Rsg, - Rse, > 0, because
the hadron chicane provides a positive Rss. We have de-
signed chicanes with embedded quadrupoles. It can tune
the Rs¢ in large range without change the path length. We
also evaluated the CSR enhanced microbunch through the
chicane. The enhancement factor for microbunching due to
CSR s less than one. To achieve the sufficient stability of the
longitudinal alignment, the chicane dipole field stabilization
must be better than 5e — 6, CSR caused longitudinal shift
140 nm and longitudinal space charge caused shift 56 nm.
These noise requirements are very challenging.

It is also necessary for the energy spread in the electron
beam to be properly controlled. We see that an electron
chicane of strength Rs¢ multiplies the impedance by a factor
of exp[—(kRss0)?/2], where k is the wavenumber and o,
is the electron energy spread. If o, is much larger than
the design, it will wash out the wake features necessary for
cooling, while a too-small o, will introduce high-frequency
noise into the electron beam, saturating the amplifier.

Another potential challenge is the higher-order path length
delays to the electrons. An electron with transverse actions
Jx and J, traveling between points 51 and s, receives phase-
averaged delays. We have found that, despite their short
lengths, the large Courant-Snyder gammas in the electron
chicanes result in those elements providing extra delays to
the electrons on the order of the wake wavelength, signifi-
cantly smearing out the wake function. We addressed it by
increasing the beam size through the cooling section. All
these effects of cooling wake smearing have been included
in the cooling model.

Energy Recovery Linac Design

A design effort was undertaken at JLab, BNL, and Xelera
to specify parameters of an Energy Recovery Linac (ERL)
located at the 2 o’clock straight of the EIC that can achieve
the SHC requirements for the EIC [7]. The primary re-
quirements are high average current up to 100 mA used for
pre-cooling the injected HSR beam at 24.5 GeV, and cooling
at the hadron beam collision energy of 275 and 100 GeV.
The injection and collision beam energies imply required
electron beam energies from the ERL of 13, 150 and 55 MeV.
The electron beam energies at collision are called modes
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Figure 1: Representative diagram of the ERL with the cooling section at the 2 o’clock straight.

A (150 MeV) and B (55 MeV) respectively. The main ERL
design challenges are the relatively low beam energy and
high average current which make the machine susceptible
to various beam instabilities and losses. Operability also is
a challenge in that the machine will have to switch between
injection cooling and cooling at collision energy. Multiple
talks discussed ERL design in this workshop [10, 12]. Here,
we discuss the challenges may impact on cooling perfor-
mance.

At the end of the Linac, the initial electron beam slice
energy spread was non-uniform and too low, which would
cause amplifier saturation. A laser heater section is pro-
posed to increase the uncorrelated energy spread and make
it uniform. The required 1.1 kW laser is feasible [9]. The
long-wavelength noise (1 um) generated by the heater is not
amplified by the amplifier and will not impact cooling.

Maintaining low initial electron beam noise is critical for
effective SHC. Shot noise within the electron beam can
be amplified by microbunching instabilities, particularly
at short wavelengths. This amplified noise can obscure
the intended hadron-induced modulation signal, thereby de-
grading the cooling rate. We performed high-fidelity 3D
macroparticle tracking simulations of the shot noise evolu-
tion using the IMPACT code [11]. These simulations, which
used the real number of electrons, followed the accelerator
layout shown in Fig. 1 .

The results show a long-wavelength relative current modu-
lation (4 ~ 280 um) at the linac exit. This wavelength is well
outside the amplifier’s operational frequency range and thus
will not be amplified. After filtering out this modulation,
the remaining relative RMS current fluctuation is approxi-
mately 7.5 x 10™*. This level is consistent with the expected
noise from a smooth beam distribution, suggesting that the
initial high-frequency shot noise is not significantly ampli-
fied through the accelerator. Detailed results are presented
in[11].
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Major Components R&D

Longitudinal Alignment Measurement A significant
challenge for the CeC is aligning the hadron and electron
beams longitudinally to within the 1 pm to 10 pm wake wave-
length over a 100 m path. Measuring the cooling effect di-
rectly is too slow (hours) for feedback. A proposed fast
diagnostic involves measuring changes in proton radiative
power in a downstream dipole [8]. This signal indicates
alignment on a sub-second timescale. However, it requires
developing a novel, highly sensitive detector for nW-level
radiation in the 1 um to 30 um wavelength range, which is a
significant R&D effort. For 275 GeV, the 5 um to 8 um sig-
nal is detectable with commercial HgCdTe photodetectors.
For 100 GeV, the 30 um signal requiring non-commercial
Si:As BIB detectors at 4 K. An alternative is using optical
parametric amplification (OPA) to convert the IR signal to a
visible wavelength using a nonlinear crystal (e.g., PPLN or
AgGaSe,). Significant R&D is needed, particularly for the
100 GeV case, to either develop the BIB detector system or
a prototype wavelength conversion system.

High Current Electron Source SHC requires a high-
brightness electron source capable of a 100 mA average cur-
rent, which is beyond the state of the art.

The selected approach is a high-voltage DC (HVDC) gun,
leveraging LEReC and polarized source expertise. The R&D
goals include delivering a 98 mA beam at > 500kV and
achieving a long operational lifetime. Novel features focus
on cathode cooling, a high-voltage inverted feedthrough, and
advanced K2CsSb photocathodes to increase lifetime [13].

SUMMARY AND OUTLOOK

From 2020 to 2024, the EIC strong hadron cooling collab-
oration made significant progress in designing a high-energy
cooler based on CeC. The design effort produced a compre-
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Table 1: Parameters for Longitudinal and Transverse Cooling at Store

Case 100 GeV 275 GeV
Modulator Length (m) 33 33
Kicker Length (m) 33 33
Number of Amplifier Drifts 2 2
Amplifier Drift Lengths (m) 49 49
Proton Parameters

Protons per Bunch 6.9¢10 6.9¢10

Fit Proton Bunch Length (cm) 7 6
Proton Fractional Energy Spread 8.5¢e-4 6.0e-4
Proton Emittance (x/y) (nm) 30/2.7 11.3/1
Horizontal/Vertical Proton Betas in Modulator (m) 16.6/16.4 21.0/19.6
Horizontal/Vertical Proton Dispersion in Modulator (m) 0.0036/0.096  0.0019/0.067
Horizontal/Vertical Proton Dispersion Derivative in Modulator  0.030/-0.0099  0.030 / -0.0049
Horizontal/Vertical Proton Betas in Kicker (m) 16.6/16.4 21.0/19.6
Horizontal/Vertical Proton Dispersion in Kicker (m) 0.0036/0.096  0.0019/0.067
Horizontal/Vertical Proton Dispersion Derivative in Kicker -0.030/0.0099 -0.030/0.0049
Proton Horizontal/Vertical Phase Advance (rad) 3.227/4.72 3.162/4.44
R56 in Proton Chicane (mm) 4.2 0.95
Electron Parameters

Electron Bunch Charge (nC) 1 1
Equivalent Gaussian Electron Bunch Length (mm) 12 9.4
RMS Electron Bunch Length (mm) 9 7
Electron Peak Current (A) ~ 10 ~ 13
Electron Fractional Slice Energy Spread le-4 5.9¢e-5
Horizontal/Vertical Electron Betas in Modulator (m) 20/20 21.4/21.4
Horizontal/Vertical Electron Betas in Kicker (m) 29.7/14.1 79/7.9
Horizontal/ Vertical Electron Betas in Amplifiers (m) 12.0/12.0 49/49
R56 in First Electron Chicane (mm) 23.3 12.0

R56 in Second Electron Chicane (mm) -16.7 -6.7

R56 in Third Electron Chicane (mm) -18.2 -6.8
Cooling Times

Horizontal/Vertical/Longitudinal Initial IBS Times (hours) 2.0/4.0/2.5 20/-/29
Horizontal/Vertical/Longitudinal Beam-Beam Times (hours) 20.0/5.0/- 20.0/5.0/-
Horizontal/Vertical/Longitudinal Initial Cooling Times (hours)  1.9/4.7/3.3 1.0/13.5/1.5

hensive, which is essential for maintaining and improve high
luminosity at the EIC. The key achievement includes:

* Advanced Modeling and Simulation: Sophisticated
1D, 2D, and full 3D models were developed to under-
stand the cooling physics, including non-linear effects
and diffusion. A long-term luminosity evolution code
was also created, which incorporated effects like IBS
and beam-beam interactions.

* Comprehensive ERL Design: A preliminary design
for the ERL was established. This included solutions
such as a laser heater,uniform current generation, bunch
compressive using splitter, wakes evaluation. High-
fidelity tracking with the real number of electrons was
used to verify amplifier performance and show that
initial shot noise is not significantly amplified.

* Critical R&D Initiatives: R&D began on the most
challenging components. This includes the develop-
ment of a high-current, high-brightness electron gun
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and novel detectors for the sub-micrometer scale longi-
tudinal alignment.

While the design studies produced a conceptual framework,
we also realized the significant technical risks and perfor-
mance limitations such as even with a fully functional SHC,
the average luminosity would still fall short of the ulti-
mate EIC requirement. Furthermore, critical challenges
of beam stability, the high-current ERL operation, cooling
measurement instruments could not be fully retired within
the project’s construction timescale. Successful outcomes
in these foundational R&D areas could pave the way for a
future proposal to implement SHC as an upgrade to the EIC,
unlocking its full luminosity potential.

REFERENCES

[1] D. Ratner, "Microbunched electron cooling for high-energy
hadron beams", Phys. Rev. Lett. 111, 084802 (2013)

TUA2

19

@z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2026). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



@z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2026). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

ISBN:

(2]

(3]

(4]

(3]

(6]

(7]

TUA2

20

The 15th International Workshop on Beam Cooling and Related Topics, New York, USA

978-3-95450-267-7

G. Stupakov, "Cooling rate for microbunched electron cooling
without amplification", Phys. Rev. Accel.Beams 21, 114402
(2018)

E. Wang et al, "Electron Ion Collider Strong Hadron Cool-
ing design Summary", Tech. Rep.(Brookhaven National Lab.
(BNL), Upton, NY (United States), 2025).
doi:10.2172/2574160

W. E. Bergan, "EIC Luminosity Models for Various Hadron
Cooling Scenarios", in this workshop

W. F. Bergan et al., "Coherent electron cooling physics for
the eic", in Proc. IPAC’24. (JACoW Publishing, 2024)
doi:10.18429/]ACoW-IPAC2024-THYD1

E. Wang and M. Blaskiewicz, "Longitudinal space charge
kick in Coherent Electron Cooling", Tech. Rep.(Brookhaven
National Lab. (BNL), Upton, NY (United States), 2020).
doi:10.2172/1725767

E. Wang et al., “Electron Ion Collider Strong Hadron Cooling
Injector and ERL”, in Proc. LINAC 22, Liverpool, UK, Aug.-
Sep. 2022, pp. 7-12.
doi:10.18429/JACoW-LINAC2022-MO2AA04

ISSN: 2226-0374

(8]

(9]

[10]

(1]

[12]

[13]

JACoW Publishing

doi: 10.18429/JACOW-COOL2025-TUA2

W. F. Bergan, M. Blaskiewicz, and G. Stupakov, "Schottky
signal modification as a diagnostic tool for coherent electron
cooling", Phys. Rev. Accel. Beams 25, 094401 (2022).

E. Wang, J. Qiang, S. Benson, and W. Bergan, “Generating
Super-Gaussian distribution and uniform sliced energy spread
bunch for EIC strong hadron cooling”, in Proc. IPAC’24,
Nashville, TN, USA, May 2024, pp. 110-113.
doi:10.18429/JACoW-IPAC2024-MOPC23

K. Detrick et al. "Design of a Microbunched Electron Cooler
Energy Recovery Linac", in this workshop

J. Qiang, W. Bergan, and E. Wang, “Simulation of electron
beam transport through the coherent electron cooling ampli-
fication section using real number of electrons”, presented
at the IPAC’25, Taipei, Taiwan, Jun. 2025, paper WEPS015,
unpublished.

S. Setiniyaz et al., "Transverse BBU Suppression with Feed-
back for Energy-Recovery Linacs " in this workshop

Wang, Erdong, et al. "High average current HVDC electron
gun for EIC hadron cooling." , Jul. 2025.
doi:10.2172/2572417

TUA: High-Energy Cooling Applications |

High Energy Cooling Applications


https://doi.org/10.2172/2574100
https://doi.org/10.18429/JACoW-IPAC2024-THYD1
https://doi.org/10.2172/1725767
https://doi.org/10.18429/JACoW-LINAC2022-MO2AA04
https://doi.org/10.18429/JACoW-IPAC2024-MOPC23
https://doi.org/10.2172/2572417

The 15th International Workshop on Beam Cooling and Related Topics, New York, USA

ISBN: 978-3-95450-267-7

ISSN: 2226-0374

JACoW Publishing

doi: 10.18429/JACOW-COOL2025-TUA3

EIC LUMINOSITY MODELS FOR VARIOUS HADRON COOLING
SCENARIOS*

W. F. Bergan', Brookhaven National Laboratory, Upton, NY, USA

Abstract

We have developed a simulation to model the evolution of
proton and heavy-ion bunches stored in the Electron-Ion Col-
lider’s Hadron Storage Ring (HSR) over the course of several
hours, taking into account intrabeam scattering, the beam-
beam effect, and particle loss. This has enabled us to predict
how various cooling schemes, including microbunched elec-
tron cooling and microwave stochastic cooling, would impact
the collider’s luminosity. We discuss the details of this code
and show the luminosity evolution for various scenarios.

INTRODUCTION

The Electron-Ion Collider (EIC) is a new collider which
will be built at Brookhaven National Laboratory to probe nu-
clear structure through the collision of electrons with various
ion species. In order to improve luminosity, various cool-
ing scenarios are considered, including a low-energy cooler
to create initial flat hadron beams [1] as well as stochastic
and microbunched electron cooling at store to maintain the
beam emittance [2, 3]. Since not all of these systems may
be available at startup, it is desirable to have a simulation
code which will enable us to quantify the performance of
the various cooling systems and operational modes.

To achieve this goal, we have developed a long-term lu-
minosity model. This evolves a bunch of hadrons' over the
course of the several-hour store and uses this information to
compute changes in the luminosity. We discuss the details
of this model and the various physical effects included, then
show luminosity evolution for various physics cases.

MODEL DETAILS

Our model is an extension of the long-term tracking de-
veloped for studies of microbunched electron cooling [3].
We initialize a bunch of hadron macroparticles and then use
a small number of transfer matrices to transport them be-
tween a handful of key locations in the EIC’s hadron storage
ring (HSR), allowing the macroparticles to sample their full
phase space. We include both 591 and 197 MHz RF cavi-
ties to provide sinusoidal energy kicks to the hadrons each
turn. We manually add in the interesting dynamic effects,
including intrabeam and Touschek scattering, the beambeam
effect, and cooling, as will be described in the subsequent
subsections. In order to simulate many real turns in a small
number of simulated turns, we let each simulated turn repre-

* This work was supported by Brookhaven Science Associates, LLC under
Contract No. DE-SC0012704 with the U.S. Department of Energy.

T wbergan @bnl.gov

! We do not need to do anything special for the electron beam, since its
emittance is held constant by radiation damping and the bunches are
frequently replaced for polarization reasons [4].
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sent N >> 1 real turns by increasing coherent cooling kicks
by a factor N and incoherent kicks by VN.

Intrabeam Scattering (IBS)

We calculate intrabeam scattering rates using the formulas
in [5]. These are equivalent to the usual Bjorken-Mtingwa
formalism [6], but written in terms of elliptic integrals which
can be quickly evaluated using the methods of [7]. Due to our
explicit implementation of large-amplitude Touschek kicks,
as will be discussed later, we restrict the maximum mo-
mentum kick in the Coulomb logarithm to be the minimum
momentum kick we use for our calculations of Touschek
scattering.

As inputs to the IBS calculation, we require the optics
around the ring as well as information about the bunch dis-
tribution. The optics are simply sampled at 1000 equidistant
points of the HSR, with coarser sampling not giving any
advantage. The beam transverse emittances are calculated
by fitting the distributions of the particles’ transverse actions
to exponentials, and the bunch length and energy spread are
found by fitting the distributions of longitudinal position
and energy offset to Gaussians, with the longitudinal bunch
positions further constrained to lie within the central 591
MHz RF bucket. This allows us to focus our studies on the
core of the beam as opposed to the potentially large tails.

Once the IBS rates are calculated, we apply Gaussian ran-
dom kicks to each macroparticle in each of the 3 planes in a
zero-dispersion location. These kicks have mean 0 and stan-
dard deviation chosen to produce the correct heating rates.
Additionally, the sizes of the kicks to a given macroparticle
are scaled by the square root of the hadron’s local density rel-
ative to the average density in the 591 MHz RF bucket, since
we expect that the heating rate for an individual particle will
increase as it moves toward the core of the bunch.

Beambeam Effect

The beambeam effect results in an emittance growth in
the hadron beam due to the strong nonlinear force exerted
by the electrons. Since this is a complex phenomenon, we
simply assume a constant beambeam growth time of 20
hours horizontally and 5 hours vertically for protons and
no beambeam growth for heavy ions due to their smaller
beambeam parameter [4]. The implementation of the kicks
is the same as described for IBS in the previous subsection,
except that we do not perform the density scaling, since this
is not expected to be the case for beambeam.

Touschek Scattering

While IBS models the emittance growth due to many
small-angle scattering events, there is also a non-zero prob-
ability that a given hadron will receive a single large energy
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kick that will instantaneously cause a significant change in
its phase-space coordinates. The probability of receiving
an energy kick of a given size or larger is given by Eq. 41
of [8]. We see empirically that the probability of receiving a
kick of at least &, scales approximately as &,>. Letting the
initial momentum spread of the bunch be §, we calculate
the probability Py of receiving a momentum kick equal to
or greater than ¢p within a given timestep. Then, at each
timestep, we draw a random number in the range r € [0, 1)
for each macroparticle and give it a momentum kick of size
6 = £[-Pod3/In(1 — r)]' if [5] > 8o, with both signs
having equal probability.

Stochastic Cooling

Stochastic cooling is a well-developed method for cooling
low-density hadron beams [9] and has been successfully used
at a number of facilities, including the Relativistic Heavy
Ton Collider (RHIC) [10]. It uses pickups to measure the
positions of the particles in the bunch in 3 dimensions within
some bandwidth then uses a kicker to apply momentum kicks
to the bunch in order to correct the particle offsets.

We simulate the process directly in our code. At the
location of the transverse pickups, we create histograms
of the macroparticles’ longitudinal positions weighted by
either their horizontal or vertical positions. We filter this
through the 16 available cavity frequencies, equally spaced
between 5 and 8 GHz [10], and apply an appropriate gain
factor to obtain the kicks which we then apply at the kicker
location. In order to have the transverse offsets at the pickup
correspond to transverse angles at the kicker, we ensure that
there is a /2 phase advance between these locations. For
the longitudinal case, we have two pickups separated by
1/6 of a turn. We take the histogram of the longitudinal
macroparticle distribution at each location. Since the shift
in particle positions between the two pickups is due to their
energy offsets, taking the difference in these two distributions
gives us information about the momentum distribution of the
particles. We then filter this through the 16 available cavity
frequencies and apply the appropriate gain and phase shift
to get the kick we need to apply at the longitudinal kicker
1/6 of a turn after the second pickup.

Since the noise scales with the bunch population, we need
to be careful about how we perform the time and particle-
number rescaling. Letting Ap. be the coherent cooling kick,
Apy, be the diffusive heating kick, g be the amplifier gain,
N be the number of macroparticles, and T be the timestep
length, we have that Ap. o gT and Apj, « gVNT. There-
fore, if we increase the gain by some constant R and decrease
the number of macroparticles by this same factor R, we see
that it is equivalent to increasing the length of the timestep
by R, allowing an effective time rescaling [11].

Microbunched Electron Cooling

For the dense proton bunches planned to be stored in the
EIC, stochastic cooling will not work due to its limited band-
width. Coherent electron cooling is a method of cooling
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such dense proton bunches which operates by using a co-
propagating beam of electrons as both the pickup and kicker.
The protons provide energy kicks to nearby electrons, pro-
ducing energy fluctuations which are then amplified and
turned into density fluctuations. These provide energy kicks
to the protons which tend to fix their initial phase space
actions [12].

Microbunched electron cooling (MBEC) is a specific im-
plementation of coherent electron cooling which amplifies
the electron density fluctuations using the microwave insta-
bility [13]. Details of the design for the EIC can be found
in [3] and the references provided therein.

We once again simulate this process directly. We com-
pute the wake function which tells us the energy kick that a
proton receives in the kicker as a function of its phase space
coordinates in modulator and kicker. We also can compute
a diffusion term which tells us the size of the random kick
it would receive due to the wakes of the other protons and
due to noise in the electron beam. We then simply track
the proton macroparticles directly between the modulator
and kicker using the relevant transfer matrix and apply the
appropriate cooling kick and a Gaussian random heating
kick, with RMS value given by the diffusion term,. Further
details are given in [3].

Particle Losses and Initialization

In order to simulate particle losses, we define an ellipse
in the 6-dimensional phase space and eliminate particles
which fall outside the ellipse. Specifically, a macroparticle
with actions in the three planes equal to Jy, Jy, and J; is
removed if Jy /Jx max +Jy /Iy max + Iz /Jzmax > 1, where
the maximum transverse actions J ;qx and Jy, ;.4 are those
which would bring a particle to transverse coordinates 6
times the beam’s initial transverse size and J ;4 is defined
by the RF bucket. We use the full 197 MHz bucket for
the heavy ions, but limit the protons to stay within the 591
MHz bucket due to their larger sensitivity to the beambeam
effect [14].

In order to get a realistic distribution of particles filling
the RF bucket, we seed the particles longitudinally using the
rejection algorithm. We randomly place a trial macroparticle
within some area of z-pz phase space including the entire
RF bucket. It is then kept with probability (1 —J,/J; max)?,
so that macroparticles at the bucket center are always kept
and those near the edges are rarely retained. This is repeated
until the desired number of macroparticles has been seeded.

Beta-Function Rescaling

During the store, the emittances of the beam will change,
and so we adjust the beta functions at the interaction point
(IP) in order to maintain a number of constraints. First, we
must rescale the beta functions of the electrons so that their
beam size matches that of the hadrons. We also will have
forward detectors near the IP to measure particles which are
scattered at very small angles. In order to keep backgrounds
here low, we need to tightly constrain the divergence of the
beam at the IP. Therefore, if the hadron beam emittance
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would increase above its initial value, we increase the corre-
sponding beta function at the IP to maintain the divergence
equal to the initial divergence. Conversely, if the hadron
emittance is reduced (primarily due to cooling), we also
increase the corresponding beta function at the IP to avoid
needing to shrink the beta functions of the electron beam
below their initial values.

Since the hadron beam may have a non-Gaussian profile,
particularly due to the effects of cooling, we need to define
the emittance appropriately when evaluating the above con-
straints. Since we care about the tails for the divergence
constraint, we compute the emittance as the average of the
particle actions for that case, while we compute the emit-
tance using an exponential fit to the actions when evaluating
the other two constraints related to matching beam sizes,
since we care there mainly about the core of the bunch.

Crabbing

The EIC will collide electrons and hadrons with a 25 mrad
crossing angle [4]. Without any correction, the particles in
the two bunches will have poor overlap during the collision,
significantly reducing the luminosity. In order to help fix this
issue, we will install crab cavities which provide a transverse
kick to particles in the two beams as a function of their
longitudinal coordinate, effectively rotating the bunches so
that they collide head-on. However, during early operations,
we may not yet have any cavities for the electron beam and
only the 197 MHz cavities for the hadrons, which will have
a significant nonlinear x-z distribution.

Luminosity Evaluation

In order to evaluate the luminosity, we make use of Eq. 1
from [15], evaluated in the limit when the electron and
hadron beams have negligible transverse momenta,

L=2cfuy [ ddipuGp-Gy )

where c is the speed of light, f., is the frequency of bunch
crossings, and p. (X, t) are the densities of the hadrons and
electrons.

In order to evaluate this integral numerically, we use a
transfer matrix to bring the hadron bunch to the IP, back-
track them some distance upstream, provide a z-dependent
transverse kick to model the effect of the crab cavities, and
then track them as they move forward across the IP. We
assume that the electron beam is perfectly Gaussian, poten-
tially with a tilt due to the crab cavities. While tracking
the hadron macroparticles across the IP, we can analytically
determine the local electron density that each of them sees.
We then need only numerically integrate this over the time
that the hadron macroparticle is near the IP, average over the
macroparticles, and multiply by the relevant prefactors to
recover the instantaneous luminosity.

SELECTED RESULTS

We show here plots of luminosity and integrated lumi-
nosity for 3 potential operational modes, discussed in detail
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below. Since the experimentalists care about the integrated
luminosity over real time, ie, including the downtime be-
tween stores, we include plots of average luminosity as a
function of store length. This is computed by dividing the in-
tegrated luminosity up to that time by the length of the store
plus some amount of turnaround time to account for the time
needed to ramp down the machine, refill the hadrons, do low-
energy cooling, and ramp to collision energy. We addition-
ally set the luminosity to zero during the first 15-30 minutes
of the store, since this is the time when we would be filling
electrons and turning on the detector. However, the hadron
beam still deteriorates during this time. We assume that the
turnaround time is 1 hour for heavy ions without low-energy
cooling, 1.5 hours for heavy ions with low-energy cooling,
and 2 hours for protons, to account for the time needed for
low-energy cooling and the necessity of slowing down the
ramp due to the presence of the Siberian snakes [16]. For
the heavy ions, where we only have 290 electron bunches
to fill, we assume that filling the electrons and turning on
the detector takes 15 minutes, while we assume 30 minutes
for the protons, when we have 1160 bunches. We do not
directly simulate low-energy cooling, but simply adjust the
initial emittances of the beam.

For the first year of EIC operation, we are exploring the
use of heavy ions such as niobium which have charge-to-
mass ratios which will let us store them in the center of
the beampipe with the dipole magnets at their maximum
strength. We assume that only the 197 MHz crab cavities
are installed for the ions, and none for the electrons. Plots
of instantaneous and average luminosity are shown in Fig. 1
with and without low-energy cooling and/or stochastic cool-
ing. We see that the inclusion of each of these roughly
doubles the average luminosity.

We show in Fig. 2 luminosities for the highest energy
heavy ion collisions foreseen for the EIC, 110 GeV/u gold
colliding with 18 GeV electrons with or without stochastic
cooling. In this case, we assume that low-energy cooling
and all crab cavities are installed. Once again, we see that
stochastic cooling doubles the average luminosity.

Finally, we consider the highest luminosity case for the
EIC: 275 GeV protons colliding with 10 GeV electrons. We
show in Fig. 3 the luminosity for this mode with or without
microbunched electron cooling at store. Again, low-energy
cooling and all crab cavities are assumed to be operational.
We once again see that cooling at store doubles the average
luminosity we can expect.

CONCLUSION

We have developed a simulation program which allows
us to model the evolution of hadron bunches stored in the
EIC with a wide variety of physical effects included, and
in particular see the effects of stochastic cooling and mi-
crobunched electron cooling at store and the impact of the
initial emittances which could be achieved with a low-energy
cooler. For the parameters shown here, including cooling
either at injection or at store roughly doubles the average
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stochastic cooling increases the average luminosity from 0.5 to 1.2 x 1032cm™2s~!.
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Figure 3: Instantaneous (left) and average (right) luminosity for 275 GeV protons on 10 GeV electrons. We see that adding

microbunched electron cooling increases the average luminosity from 2.1 to 4.2 x 103cm=2s!.
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luminosity we can achieve, and including both quadruples ACKNOWLEDGMENTS
the average luminosity. While we have only included de-
tailed models of microbunched and stochastic cooling, we
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Abstract

Electron cooling at high energy requires large average
current in the cooling section (CS), which can be achieved
by reusing the same electron beam on many passes through
the CS. One of the options to realize such a cooling scheme
is to use an electron storage ring with electrons being
cooled by dedicated radiation damping wigglers. We will
discuss the conceptual design of the 150 MeV Ring Elec-
tron Cooler as a potential future application for the Elec-
tron Ion Collider.

INTRODUCTION

Cooling of protons in the Electron Ion Collider (EIC) [1]
at top energy (y = 293) to counteract the IBS-driven emit-
tance growth will be needed to achieve the design average
luminosity at EIC. Electron Cooling [2] can provide such a
capability.

Extending electron cooling to the high energies requires
substantial electron current in the cooling section. To relax
requirements to an injector, one can reuse the same electron
beam on multiple turns. In this paper we consider a multi-
turn electron cooling based on the Ring Electron Cooler.

In REC, electron bunches are stored in a dedicated stor-
age ring, and the same e-bunches are reused for the cooling
on multiple turns. The electrons' emittances are preserved
during the storage cycle by counteracting heating caused
by various scattering mechanisms with radiation damping
facilitated by dedicated damping wigglers.

The REC utilizes a non-magnetized RF-based electron
cooling, which was successfully applied at LEReC [3-6]
during RHIC operation in 2019-2021 runs.

RING ELECTRON COOLER

The Ring Electron Cooler must be compatible with the
EIC Low Energy Cooler (LEC) [7] and must share the
cooling section with the LEC.

While the LEC “precools” the protons at the injection
energy to the design emittances (Table 2), the REC’s pre-
serves the emittances at the collision energy by providing
horizontal and longitudinal cooling times of 2 and 3 hours
respectively.

REC Layout and Lattice

The REC layout is shown in Fig. 1. The REC lattice is
shown in Fig. 2.

The electron storage ring is a trapezoidal shape “race-
track” with the CS and damping wigglers occupy most it.

* Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-SC0012704 with the U.S. Department of Energy

T seletskiy@bnl.gov
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Figure 1: The Ring Electron Cooler layout.
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Figure 2: The Ring Electron Cooler lattice.

The cooling section is 170 m long. It is shielded by sev-
eral layers of p-metal, which provides at least factor of
1000 attenuation of ambient magnetic fields. The BPMs
and trajectory correctors are located every 12 m in the CS.

About one meter of electron dispersion in the cooling
section is needed to provide the required cooling times.

A wiggler section is opposite to the cooling section. It
contains 18 damping wigglers. The wigglers must provide
enough radiation cooling of the electron bunches to coun-
teract the effects of the electrons intra-beam scattering
(IBS) and beam-beam scattering (BBS) of electrons on
protons in the CS.

The arcs connecting the wiggler section and the CS con-
tain 10 m long straight sections with adjustable optics suit-
able for placement of injection and RF systems.

REC Parameters
The REC parameters are listed in Tables 1 and 2.
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Table 1: The REC Parameters (Electron Storage Ring)

Parameter Value Units
Relativistic y 293

Ring Circumference 426 m
CS length 170 m
Horizontal dispersion in CS 1 m
CS f-function (x,y) 180, 160 m
Momentum compaction -15-1073
Geometric emittance (x,y)  7.8,7.8 nm
Relative momentum spread 9.8 - 10~*
FWHM bunch length 34 cm
Charge per bunch 21 nC
Peak current 17.5 A
Number of bunches 140

Average current 2 A
Space charge tune shift x’'y  0.14, 0.14
Beam-beam parameter x’y ~ 0.04, 0.09
Number of wigglers 18

Wiggler field 2.4 T
Wiggler length 4.2

Wiggler gap 2 cm
Wiggler period 23 cm
Damping rate (X,y,z) 31,31,62 !
IBS rate (x,y,2) 31,31,48 !
BBS rate (x,y,2) 0.8,-03,12 s
Main RF frequency 98.6 MHz
Main RF voltage 50 kv
2" harmonic RF voltage 25 kV

Table 2: The REC Parameters (Protons in the CS)

Parameter Value Units
Relativistic y 293

Protons per bunch 6.9 - 101°
Geometric emittance (x,y)  11.3, 1 nm
Relative momentum spread 6 - 107*

rms bunch length 6 cm
CS f-function (x,y) 300, 700 m
Horizontal dispersion in CS 2.1 m
Cooling time (x,y,z) 2,4,3 hrs

The following sections explain various aspects of obtain-

ing the REC parameters.

More details of the REC design process can be found in

[8].
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COOLING OPTIMIZATION

The exact formulas used to calculate and optimize the
REC cooling rates are given in [8]. Here, we give a rough
scaling relations between the rate and beam parameters:

1 x

NeLcs (1)

Ene | Eni 2 2 2 2
yz(B—e +B_i)(£ne Be+eni Bi) J‘%e*’”&iJ”ze*’%i

While cooling rate drops quadratically with beam en-
ergy, it grows linearly with number of electrons N, and
length of the cooling section L.g. Smaller ion emittance
&ni» energy spread os; and bunch length o,;, as well as
smaller e-bunch phase space volume (defined by its emit-
tance &,,, energy spread og, and length o,,), farther in-
crease the cooling rate.

The proton bunch parameters are defined by the EIC de-
sign and are obtained by the LEC.

Electron bunch parameters in the REC are determined
by an equilibrium between the radiation damping rate
(Agamp) and the overall heating rate characterized by the
IBS rate (4;55), the BBS rate (1z55), and quantum excita-
tions (Cq = AgampEnat)> Where &4, is a natural emittance.
The equilibrium emittance is found from an iterative equa-
tion:

_ Arad*1Bs(€o1d) +ABBs(€01d) ©)

&
new
Adamp

A dedicated code [9] based on solving Eq. (2) was cre-
ated to find equilibrium electron beam parameters. The de-
tails of relevant calculations can be found in [8,10,11].

Optimal cooling requires redistribution of cooling dec-
rements between longitudinal and horizontal directions.
This is achieved by introducing electron and proton hori-
zontal dispersions in the REC CS [8, 12].

An iterative multiparametric optimization of cooling in
the REC comprises the following steps:

e Choosing field profile of damping wigglers.

e Solving Eq. (2) for equilibrium parameters.

e Choosing e- and p-bunches parameters in the CS.

e Checking resulting cooling rates, BBS rate and beam-

beam effect and beam lifetime.

e Optimizing the REC dynamic and momentum aper-

tures and adjusting the REC lattice.

An example of one of the steps on a final iteration is
demonstrated in Fig. 3. Here, the electron bunch f-func-
tions and horizontal dispersion in the CS are kept constant,
the longitudinal cooling time is kept at 7, = 3 hours and
for each combination of ions S-functions the horizontal
cooling time is minimized by varying ions' horizontal dis-
persion (D;) in the CS.

After each iteration the equilibrium e-beam parameters
were recalculated and the beam-beam effect on electrons'
emittance [13] was checked.

The red dot in Fig. 3 shows the choice of protons Twiss
parameters which maximize the cooling rate while keeping
tolerable BBS rate and beam-beam effect.

Optimization of dynamic and momentum apertures is
discussed in detail in [14]. The optimization includes
choosing a proper field profile for damping wigglers, fine-
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tuning a phase advance over the *‘wiggler-sextupoles
blocks", using two families of octupoles to reduce the non-
linear motion, and adjusting the betatron tunes. The result-
ing apertures of A, = 100y, A, = 90,,,and A5 = 0.5% are
shown in Fig. 4.
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Figure 3: Optimization of protons parameters in the REC
cooling section.
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Figure 4: Dynamic aperture at various relative momenta.

REC SYSTEMS

Damping Wigglers
The wigglers parameters are listed in Table 1. The wig-

glers are inclined with respect to the axis of the wiggling
section with an angle alternating in sign. This design
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produces dispersion in between the wigglers, which allows
placing sextupoles for controlling chromatic effect.
Wigglers have small D, and large D,. Thus, keeping
small 8, = 30 cm allows to minimize H-function, respec-
tively minimizing the IBS-driven emittance growth.
Figure 5 shows lattice and schematic layout of a part of
the wiggler section.
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Figure 5: Lattice and magnets layout in the wiggler sec-
tion.

A proper choice of wiggler field profile allowed us to
minimize their contribution to the REC chromaticity.
Details of the wigglers design are given in [8,15,16].

RF system

The REC is utilizing a double RF system. Its main pa-
rameters are given in Table 1.

The REC RF produces a flat-top electron bunch, thus re-
ducing its peak current and limiting the space charge ef-
fects. Simulations of beam dynamics with the REC double
RF are described in [§].
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Figure 6: The REC RF bucket.

To compensate for the radiation loss of 6 kV/turn, the
fundamental phase of the RF is shifted by 7.24 degrees.
The resulting RF bucket is shown in Fig. 6. It corresponds
to a flat-top e-bunch with FWHM length of 34 cm and
gs = 9.8 - 107%, as Fig. 7 demonstrates.
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Figure 7: Longitudinal phase space and distribution of
electron bunch in the REC RF bucket.

Injection System

The REC uses a top-off injection with a pulsed septum
delivering the injected beam, and a closed four-bump fast
kick moving the stored beam closer to the injected one (see
Fig. 8). The overall length of the injection system is 2.5 m.

Kicker

==
3 Pulsed septum

Figure 8: Schematic layout of the REC injection: 1 is an
undisturbed stored beam, 2 is a stored beam with kickers
on, 3 is an injected beam.

Kicker

Parameters of the injection magnets are listed in Table 3.

Table 3: The REC Injection System

Parameter Kicker Septum
Maximum field [G] 760 7000
Magnetic length [m] 0.2 0.38
Pulse shape trapezoid  sin
Rise/fall time [ns] 200 N/A
Flat-top duration [ns] 284 N/A
Wavelength [us] N/A 200
Repetition rate [Hz] 3-5

The injection time structure is driven by the beam life-
time, which is defined by the elastic scattering and is equal
to 16.2 s (for 0.5 nTorr residual gas pressure). The top-off
TUB: High-Energy Cooling Applications Il
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injection will be done into 1/5 of the ring with 3 Hz fre-
quency.

The initial injection will have a 5 Hz frequency. The in-
jector will provide 100 MHz trains of 28 bunches with
charge of 1.75 pC per bunch.

Parameters of the injected and stored beams in the injec-
tion section are listed in Table 4.

Table 4: Stored and Injected Beam Parameters

Beam Parameter Stored Injected
[-function at septum [m] 60 20
Geometric emittance [nm] 8 5

Bunch charge [nC] 21 1.75

Transverse phase space of injected and stored beams, as
well as transverse acceptance of the storage ring, are shown
in Fig. 9.

—— 1o of stored beam
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—— Acceptance of stored beam
—— 1o of injected beam
-- 30 of injected beam
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Figure 9: Injected and stored beams.

CONCLUSION

The Ring Electron Cooler is designed to cool the EIC
proton beam at the top energy.

Optimization of the REC parameters allowed us to re-
duce electron bunch charge and average current by a factor
of 2.3 as compared to [9], which helps with collective ef-
fects significantly. The space charge effect was farther re-
duced by employing a double RF system producing a flat-
top electron bunch.

The realistic lattice for the REC compatible with the EIC
Low Energy Cooler was developed and optimized. Good
dynamic and momentum apertures were obtained for the
lattice. The damping wigglers with realistic fields and op-
timized chromaticity contribution were developed.

Conceptual design of the injection system was devised.
A detailed study of collective effects in the REC is left for
future work.
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Abstract

In this contribution, we present two high power ultraviolet
(UV) laser systems and their integration for laser cooling
at the heavy ion synchrotron SIS100 at FAIR (Facility for
Antiproton and Ion Research).

The tunable continuous wave (cw) laser system operates at
257 nm, generated through two consecutive stages of second-
harmonic generation (SHG), is optimized for long-term sta-
bility and high UV output power. Employing elliptical fo-
cusing in the second enhancement cavity, an output power
exceeding 2.8 W in the UV could be demonstrated. Sta-
ble long-term UV generation is achieved at 2 W, ensuring
reliable operation for extended experimental runs.

The pulsed laser system, also based on two frequency con-
version stages, delivers more than 5 W of UV output power
at 257 nm with a tunable frequency range exceeding 3 THz.
The duration of the pulses is adjustable between 46—734 ps
with repetition rates of 1-10 MHz, enabling synchronization
with ion bunches.

Overall, we anticipate the use of three laser systems; the
two detailed here as well as a second pulsed laser provided
by the University of Dresden group. We present a scheme
for precise spatial, temporal and energetic overlap of the
three laser systems with the bunched ion beams.

INTRODUCTION

Laser cooling is a promising technique for achieving nar-
row longitudinal momentum distributions in relativistic,
bunched ion beams, which is essential for high-precision ex-
periments at modern accelerator facilities such as the heavy
ion synchrotron SIS100 at FAIR. For the SIS100, laser cool-
ing is the only intended beam cooling method.

In theory, relative longitudinal momentum spreads of
Ap/p = 1077 can be achieved [1]. Laser cooling has been
successfully demonstrated at the Experimental Storage Ring
(ESR) at GSI using both continuous wave (cw) and pulsed
laser systems individually [2,3]. For fast and efficient cool-
ing, three laser systems will be operated simultaneously [4].
The two pulsed lasers, with spectral widths of several hun-
dred GHz, will cover a broad range of ion velocities. The cw
laser, with an instantaneous linewidth of less than 1 MHz,
will cool the ions near their ideal velocity [5].

Reliable operation of these systems requires broad tunabil-
ity of the laser frequencies as well as high and stable output
powers in the green (514 nm) and UV (257 nm), as both
wavelengths can be used for laser cooling at the SIS100 [5].

* thomas.walther @physik.tu-darmstadt.de
TUC: Laser Cooling Session
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Figure 1: Simplified setup of the cw laser system.

The cw laser system (cf. Fig. 1) consists of an external
cavity diode laser (ECDL) emitting a fundamental wave-
length of 1028 nm. To avoid mode hops of the ECDL, a
polarization based locking scheme adapting the current is
implemented [6]. The infrared (IR) light is amplified in an
ytterbium doped fiber amplifier up to 37 W, which is only
limited by the fiber damage threshold.

Frequency conversion is employed to convert the IR light
into the green and then the UV spectral range. The first
second-harmonic generation (SHG) is realized in a spherical
enhancement cavity in a bow-tie configuration employing
a 15 mm long lithium triborate (LBO) crystal non-critically
phase-matched by temperature. With up to 95 % mode-
matching efficiency and a Pound-Drever-Hall (PDH) lock-
ing scheme [7] implemented using the open source soft-
ware PyRPL [8], an output power of 25.2(6) W at 514 nm
is achieved with conversion efficiencies up to 70 %. To en-
sure reliable operation, an automated relocking system is
embedded.
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Figure 2: UV output power of the elliptical focusing enhance-

ment cavity against the power of the fundamental green light.

The dots mark the measured data, the line the corresponding

theory according to Steinbach et al. [9]. The inset shows the
corresponding beam profile at 2 W in the UV.
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Figure 3: Long-term normalized power measurement of the
cw laser over 6 h with mean powers of 15 W in the green
and 2W in the UV.

The second enhancement cavity uses an elliptical focus in
a 10 mm long B-barium borate (BBO) crystal, which is one
of the most common nonlinear media for frequency conver-
sion into the UV spectral range. BBO crystals are prone to
irreversible degradation due to two-photon absorption (TPA)
scaling with the square of the intensity [10]. To decrease
this effect, we developed an elliptical focusing enhancement
cavity to reduce the intensity inside the crystal while main-
taining a high conversion efficiency [11]. The focus is 21 um
in the non-walk-off direction and 577 pm in the walk-off di-
rection of the BBO crystal. In addition, the BBO crystal is
heated to 150 °C and has a protective anti-reflective coating.
Hence an output power of 2.83(7) W in the UV spectral
range is achieved, as shown in the power slope in Fig. 2.
The measured data agrees with the theory for output powers
up to 2.2 W, the slight deviations for higher output powers
arise from thermal effects due to the high circulating power
in the cavity. The heating of the crystal and the output cou-
pler causes a slight misalignment of the cavity and thus a
loss of output power. Systems with a spherical focus regu-
larly experience degradation of the crystal with much less
power [12].

The strong elliptical focus in the BBO crystal results in
an elliptical beam profile in the UV spectral range. This is
compensated by cylindrical lenses (cf. beam-profile at 2 W
in the UV; inset of Fig. 2).

The long-term stability at high output powers is an essen-
tial characteristic of the cw laser system in order to ensure
reliable laser cooling. In the green spectral range, a stable
average power of 15 W with a standard deviation of 0.8 % is
maintained over about 6 h, as shown in Fig. 3 (normalized
data). Figure 3 shows the UV output of 2 W over 6 h. The
standard deviation is slightly higher compared to the green
spectral range with 3.5 % due to the decrease of power over
time. This decrease is caused by thermal dephasing caused
by the high circulating power in the cavity, as described
before. At 2.7h and 5.9 h the cavity performs an automatic
relock and the UV power increases as a result of the missing
heating effect. This behavior confirms the thermal effects
within the UV cavity and shows that the BBO crystal is not
degrading [13].

TUC3

32

ISSN: 2226-0374

JACoW Publishing

doi: 10.18429/JACOW-COOL2025-TUC3

PULSED LASER SYSTEM
DFB Seed Laser - - ~dBox
1030 nm CW Fiber Amplifier | AOI\I/\[/I (;LBZ ¥ om

1-10MHz & 46 - 734 ps

=| 1. Fiber Amplifier

WLM

[ 2. Fiber Amplifier -(ASE
Filte

3. Fiber Amplifier — PCF Fiber
4. Fiber Amplifier — PCF Fiber

1. SHG &
LBO Crystal

Figure 4: Schematic setup of the pulsed laser system.
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The pulsed laser system consists of a cw distributed-
feedback (DFB) laser diode allowing mode hop free tuning
over 3 nm with a central wavelength of 1029.6 nm by ad-
justing the temperature of the diode in combination with a
wavelength meter (WLM).

After a cw fiber amplifier stage, pulses are generated in a
Modulator Box (ModBox) using an acousto-optic modulator
and two electro-optic modulators driven by an arbitrary func-
tion generator (AFG). This setup provides adjustable pulse
durations between 46 ps and 734 ps with repetition rates
from 1 MHz to 10 MHz, with optimal operation at 112 ps
and 10 MHz [14]. The Fourier-transform limited pulses are
further amplified in four consecutive fiber amplifier stages,
two of which use photonic crystal fibers (PCF), to an aver-
age power of about 57 W of IR light at a repetition rate of
10 MHz, independent of the pulse duration. Two narrow-
band filters after the first pulsed amplifier suppress amplified
spontaneous emission (ASE).

Frequency conversion is performed in two single-pass
SHG stages. The first stage is a 15 mm long non-critically
phase matched LBO crystal, producing up to 34(1) W of
average green power, depending on the pulse duration at
10 MHz (see Table 1). In the second critical phase matched
SHG stage, averaged UV output powers of up to 5.3(1) W
can be obtained using a dual BBO setup implemented for
frequency tuning, whereas the setup with one 10 mm long
crystal leads to 4.1(1) W average power with an elliptical
focus of 25.5 umx 622 um to avoid degradation of the crystal.

Continuous tuning requires several adjustments through-
out the pulsed laser system [15]. When the wavelength
is tuned, the narrow-band filters for the ASE suppression
must be realigned, using a motorized stage operated in a
feed-forward control-loop.

Table 1: Output powers for different pulse durations of the
pulsed laser system with a fundamental IR power of approx-
imately 57 W and 10 MHz repetition rate.

Pulse Duration Average Power

514 nm 257 nm
734 ps 17.1(4) W 0.60(2) W
112ps 34(1) W 53(H)W
46 ps 30.409)W  2.10(5)W
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Figure 5: Normalized power in the IR, green and UV spectral
range when tuning the pulsed laser system over 3.4 THz in
the UV. The mean powers are 28.3 W in the green and 1.4 W
in the UV.

Since for the frequency conversion, both crystals are
phase-matched for a fixed wavelength, detuning leads to
a phase mismatch and therefore less output power. For the
non-critically phase-matched LBO crystal, the temperature
is adapted using a feed-forward control-loop based on the
measured IR wavelength, enabling a tuning rate of 0.02 nm/s
across the 3 nm range in the IR. In the second SHG stage,
the BBO crystal angle is actively optimized using a gradient
algorithm with the UV output power as the feedback signal.
With these adjustments, a tuning range of 3.4 THz in the UV
is reached while maintaining a stable output power over the
whole range (see Fig. 5). The UV power has a standard devi-
ation of 3.3 %, primarily caused by fluctuations of the green
power and the quadratic dependency of the conversion.

Beam displacement in the UV remains a challenge dur-
ing wavelength tuning due to the change of the angle of the
BBO crystal. A setup using two 7 mm long BBO crystals
with inverted optical axes (see Fig. 6) compensates the dis-
placement introduced by the first BBO crystal [16]. This
configuration not only leads to an improved beam stability
but also provides a maximum UV output of 5.3(1) W av-
erage power compared to 4.1(1) W obtained with a single
BBO crystal due to the higher effective crystal length.

Piezo

Actuator | PC

Figure 6: Schematic setup of the second SHG stage using
two BBO crystals to reduce the beam displacement during
frequency tuning of the pulsed laser.
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ALIGNMENT FOR OPERATION AT THE
SIS100

Efficient and effective laser cooling at the SIS100 requires
the simultaneous operation of three laser systems [4]. It is
crucial to align these laser systems in terms of energy, timing,
and space to achieve effective laser cooling. The photon
energy is set by tuning the frequency of the laser system
and then locking the system to a wavelength meter. Proper
timing between laser pulses and ion bunches is achieved
by driving the pulsed lasers with an AFG synchronized to
the bunching frequency. Finally, the three laser beams must
overlap spatially with the ion beam. This is particularly
critical at the SIS100, where even a small misalignment
causes significant differences in the beam position due to the
large distance of 60 m between the laser systems and the 22 m
long interaction zone. Therefore, the overlap of three laser
beams was characterized in a mock set-up in our laboratory,
using both green and UV light simulating the large distance
by folding the beam with the help of several mirrors. The
different wavelengths require different setups due to different
available powers and ion saturation intensities [1].

For either wavelength, two laser beams were combined via
polarization, while the third was overlapped geometrically at
a small angle of about 0.01°. The main difference lies in the
beam size in the interaction zone, so that for the UV spectral
range higher intensities can be attained. Figures 7 and 8
show the overlap regions of the lasers (pink) and the 22 m
long interaction zone with the ions (gray). The diameters of
the green laser beams matches the diameter of the ion beams,
which is about 1 cm, and cover almost the whole interaction
zone. The UV laser beams have a focus of 2-3 mm in di-
ameter in the interaction zone. Considering the long-term
stable output power of 2 W of the cw laser system, this leads
to an intensity of 64 W/cm? in the focus. The pulsed laser
system has a UV power of about 5 W leading to an intensity
of 160 W/cm? in the interaction zone. Higher intensities can
be reached by reducing the focus size in the interaction zone,
but the sweet spot between high laser intensity and a good

10} ' 1
= — Interaction Zone
g 5 . e
— e
§ \% RN SRt !""“"i-'.'.' . -
A e —
g — Laser 1 \§_
aa) 1ol — Laser 2

— Laser 3

25 30 35 40 45 50 55 60
Distance / m
Figure 7: Spatial overlap using three green laser beams. The
data and dashed lines mark the relative center position of
each laser beam, the solid lines mark the Gaussian beam
profile of each laser beam. Both were determined using a
WinCam. Note the different scales on x- and y-axes.
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Figure 8: Measured spatial overlap using three laser beams
in the UV. The measurement procedure was as described in
Fig. 7. Please note the different scales on x- and y-axis.

spatial overlap needs to be determined experimentally, since
the smaller the laser beams the worse the spatial overlap.

As well as the spatial overlap, the spatial stability of the
laser beams is important. Even though the pulsed laser sys-
tem has a reduced beam displacement with the dual BBO
setup, there are still fluctuations in the beam position due to
temperature fluctuation, air pressure variations and mechan-
ical movements. The fluctuations can be reduced using a
commercial active beam stabilization system by about 75 %
at a distance of 50 m in our mock setup [13].

CONCLUSION

The cw laser system provides high output powers in the
green and UV spectral range with long-term stability. In the
green spectral range, a standard deviation of only 0.8 % at an
average power of 15 W demonstrates highly stable operation.
In the UV spectral range, the long-term stability at 2 W with
a standard deviation of 3.5 % is only limited by thermal
effects due to the high circulating power in the cavity, rather
than by degradation of the BBO crystal. Using the elliptical
focusing enhancements cavity, a UV power of 2.83(7) W is
achieved without degradation of the crystal.

The pulsed laser system provides Fourier-transform lim-
ited pulses with adjustable pulse durations from 46 ps to
734 ps and repetition rates between 1 MHz and 10 MHz,
with optimal performance at 112 ps and 10 MHz. It gen-
erates about 57 W of IR power independent of the pulse
duration. Output powers of up to 34(1) W in the green and
5.3(1) W in the UV spectral range are reached. Addition-
ally, the system demonstrates a stable output over a tuning
range of 3.4 THz in the UV, reducing the beam displacement
employing a dual BBO setup with an active control.

Future work will focus on improving the long-term stabil-
ity of both laser systems. For the cw laser, this will require
reducing thermal dephasing further in the second enhance-
ment cavity. For the pulsed system, additional measures like
a different focus in the BBO crystal will be implemented to
enhance long-term output stability.
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Abstract

Schottky spectra of longitudinal bunched ion beams are
not as well studied as those of coasting ion beams. Much
less is known about what they actually exhibit and how this
should be interpreted. At the storage ring CSRe, we have
systematically studied the longitudinal dynamics of O%* ion
beams by means of Schottky analysis. Besides, a multi-par-
ticle tracking code using a differential equation model has
been developed to simulate the longitudinal Schottky spec-
tra of bunched ion beams. Based on the experimental and
simulation results, we propose a novel method to extract
the longitudinal momentum distribution from the Schottky
spectra of the bunched ion beams. In addition, we have sys-
tematically investigated the Schottky spectra of bunched
Kr*® ion beams both experimentally and by simulations,
and provide a detailed interpretation of the extremely
strong central peak caused by the coherent effect.

INTRODUCTION

In storage rings, longitudinal bunched ion beams are
produced by applying a sinusoidal voltage through an RF-
buncher, which longitudinally modulates the coasting ion
beams. This bunching process is essential for manipulating
the longitudinal properties of ion beams, such as accelerat-
ing or decelerating beam energy, reducing their longitudi-
nal spatial size, and achieving higher spatial density and
luminosity [1]. Nowadays, bunched ion beams have been
widely used for experiments at storage rings, such as

* Work supported by NSFC No. 12375152, No.11905269, the Center for
Advanced Systems Understanding (CASUS) which is financed by Ger-
many’s Federal Ministry of Education and Research (BMBF), and the
Saxon state government out of the State budget approved by the Saxon
State Parliament.
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precision laser spectroscopy experiments [2, 3] and colli-
sion experiments [4, 5].

In these experiments, a Schottky detector plays a major
role in measuring the longitudinal momentum spread of the
bunched ion beams [6], which is one of the most important
parameters for beam cooling and precision spectroscopy
experiments. However, Schottky spectra of bunched ion
beams are very complex, and many simulations have been
performed to understand such Schottky spectra. For in-
stance, Betz et al. theoretically analyzed the characteristics
of longitudinal Schottky spectra for bunched ion beams
recorded at the LHC [7]. Lasocha et al. provide a method
to extract the longitudinal and transverse bunch character-
istics in the LHC using Schottky-based diagnostics [8,9].
Boine-Frankenheim and Hofmann et al. simulated the
Schottky spectra of high-intensity bunched ion beams by
considering the influence of the space charge effects [10,
11]. Bussmann et al. simulated Schottky spectra of laser-
cooled weakly coupled ion beams in the equilibrium state
between heating due to intra-beam scattering and cooling
by a laser force [12]. Hasse and Danared et al. successfully
explained the anomalous reduction of the longitudinal tem-
perature and Schottky-noise power for the very weak ion
beam during the electron cooling process [13, 14]. Even
though these simulations provide the fundamental basis for
understanding the Schottky spectrum of bunched ion
beams, there are still some open questions, such as what
causes the greatly enhanced power of the central peak in
Schottky spectra and how to extract the momentum distri-
bution of the bunched ions from a Schottky spectrum.

In this paper, we present our experimental and simula-
tion studies to answer these open questions. Both O5+ and
Kr30+ ions were used to study the Schottky spectrum of
longitudinal bunched ion beams at the experimental Cooler
Storage Ring (CSRe) [15]. A multi-particle tracking code

TUD: Cooling Studies and Reports

Cooling Studies and Reports



The 15th International Workshop on Beam Cooling and Related Topics, New York, USA

ISBN: 978-3-95450-267-7

using the differential equation model was developed to
simulate the longitudinal Schottky spectra of stored
bunched relativistic ion beams at storage rings. Based on
the simulations, the coherent effect was systematically
studied, and a novel method was proposed to extract the
longitudinal momentum distribution from the Schottky
spectrum of the bunched ion beams.

EXPERIMENTAL SETUP

Laser cooling experiment of bunched O5+ ion beams
was carried out at the storage ring CSRe at the Institute of
Modern Physics (IMP) in Lanzhou, China [15]. The sche-
matic view of the laser cooling experimental setup and pa-
rameters is shown in Fig. 1. The beam energy is 275.7
MeV/u, corresponding to an ion velocity of about 64% of
the speed of light. The O5+ ion beams were longitudinally
modulated by a multi-harmonic RF-buncher. A counter-
propagating CW laser beam with a wavelength of 220 nm
was employed to resonantly excite the 2s1/2 - 2p1/2 tran-
sition of O5+ ions, and achieve laser cooling by combining
with the RF-buncher. The longitudinal Schottky spectra
were recorded by employing a Schottky resonator, as
shown in Fig. 1(a), to investigate the laser cooling process
and measure the momentum distribution of the laser-
cooled bunched O5+ ion beams.

(a)

(b) CSRe parameters
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Figure 1: (a) Schematic view of the storage ring CSRe,
showing the RF-buncher, the Schottky resonator, and the
laser beam. Schematic drawing of the Schottky resonator
is shown in the center of the figure. (b) Parameters for the
laser cooling experiment of O>* ion beams at the CSRe.

SIMULATION METHOD

The longitudinal motion of each individual ion in the
bunch can be tracked by using the following set of coupled
differential equations [16]:

§ =1, qeU, - (sin @ — sin @)

~ B%E (D

(p = Znhbfrevn6
where 9§ is the relative momentum difference of the ion
compared to the synchronous ion, f.., the revolution
frequency of the ion, f the the relativistic factor, £ the ki-
netic energy of the ion, ge the charge of the ion, Us the
effective bunching voltage, ¢ the rf phase of the ion, ¢,
the rf phase for a synchronous particle, h; the RF-bunch-
ing harmonic, 7 the slip factor. The momentum and phase
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at any time can be calculated by solving Eq. (1) with a
given initial momentum and phase distribution.

We have developed a simulation code based on the
multi-particle tracking method to simulate the longitudinal
Schottky spectra of bunched ion beams. The flow chart of
the simulation code is shown in Fig. 2. The first step is to
input all the parameters relevant to the storage ring, the ion
beam, and the RF-buncher. The second step is to initialize
the momentum and phase for each ion. These input param-
eters are based on the laser cooling experiment of O5+ ions
at the CSRe [15]. The third step is to solve the differential
equations (1) to obtain the momentum and phase for each
ion in each period until reaching the final period. Follow-
ing this, the phase space is divided into several sections
with equal intervals, and the number of ions in each section
is counted to obtain the phase distribution of all ions. Sub-
sequently, a Kaiser window is applied to reduce the spec-
tral leakage caused by the finite length in the time region,
and an FFT is performed to generate the Schottky spectrum
of bunched ion beams. Then the final result is output.

The simulation code is written in MATLAB, and the
simulation code is parallel to minimize the simulation time.
In the simulation, the ions number is chosen to be 50000,
the revolution number is 218 turns, and each revolution pe-
riod is divided into 211 parts for FFT. To decrease the fluc-
tuations caused by the random distribution generator used
in the simulation code, we averaged the simulation results
20 times.

Input Initialize Calculate the momentum and
simulation momentum phase in next period by solving
parameters and phase the differential equations

Final period reached?
Result Fast Fourier | | App!y Kaiser |
output Transform window

Figure 2: Flow chart of the simulation code for the longi-
tudinal Schottky spectrum of bunched ion beams.

Count the ions number
in each phase section

Based on this simulation code, we simulated the longi-
tudinal Schottky spectra of bunched O5+ ion beams with
different phase-space distributions, and the results are
shown in Fig. 3. The ion distributions in phase space are
shown in Figs. 3(al) & (a2). The synchronous oscillation
time amplitudes within the bucket are assumed to follow a
Rice distribution, which was proved in the previous exper-
iment [8]. The center value is chosen to be 0 ns, and the
standard deviations o are 0.5 ns and 2 ns, respectively. The
phases of the ions are randomly distributed from 0 to 2.
With the standard deviation o increasing from Figs. 3(al)
to (a2), the phase space density decreases, and the relative
momentum spread of the ion beams becomes broader, as
shown in Figs. 3(b1) & (b2). The corresponding simulated
Schottky spectra are plotted in Figs. 3(cl) & (c2). Multi-
bunches (33 bunches) in the storage ring, with all the ions
randomly distributed in these bunches, are used in the sim-
ulation. The observation frequency of the Schottky resona-
tor is chosen to be 242758 kHz, which is the 164th har-
monic of the revolution frequency (1.48 MHz) of the O5+
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ions in the CSRe. The Schottky observation frequency is
non-integer multiples of the bunching frequency, resulting
in the central peaks not coherently enlarged [17, 18].
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Figure 3: Simulated longitudinal Schottky spectra of
bunched O°" ion beams with different phase-space distri-
butions. (a) The distribution of the ions (red points) in
phase space, and the blue line is the separatrix of the RF-
bucket. (b) The relative momentum distributions of the ion
beams. (c) The corresponding simulated Schottky spectra.

SCHOTTKY SPECTRA OF LASER-
COOLED O% ION BEAMS

Systematic investigations of longitudinal dynamics of
the laser-cooled bunched ion beams are shown in Fig. 4.
Figs. 4(al)-(a3) are the experimentally measured Schottky
spectra. The width of the Schottky sideband distributions
clearly narrows as the laser gets closer to the center of the
bucket, as shown in these figures. Therefore, the momen-
tum spread of the ion beam also decreases in this process.
The simulated Schottky spectra shown in Figs. 4(b1)-(b3)
have a similar shape to the experimentally measured ones,
helping us understand the laser cooling process and the real
laser cooling effects for different cooling parameters.
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Figure 4: (a) Experimental measured Schottky spectra with
different laser positions. (b) Simulated Schottky spectra by
using the corresponding parameters in figure (a).

NOVEL METHOD TO EXTRACT THE
MOMENTUM DISTRIBUTION

Precise measurement of the longitudinal relative mo-
mentum distribution is extremely important in beam cool-
ing experiments since it will help achieve optimal cooling
effect and thus obtain better experimental results. The most
commonly used method in previous works [10, 19] was to
fit the envelope of the Schottky sidebands, normally using
a Gaussian fitting. The comparison between the relative
momentum distributions and the fitted envelope of the sim-
ulated Schottky sidebands is shown in Fig. 5. In Fig. 5(a),
the fitted envelope reproduces the relative momentum dis-
tribution fairly well, indicating that the envelope-fitting
method can provide a reasonable extraction of the relative
momentum distributions. When the relative momentum
distributions become broader, as shown in Fig. 5(b), the fit-
ted envelope is narrower than the relative momentum dis-
tributions, and this deviation is very significant. Conse-
quently, the envelope-fitting method is only suitable for
quick and approximate extraction of the momentum distri-
butions for bunched ion beams.
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Figure 5: Comparison of the envelope (black dash dotted
line) of simulated Schottky spectra (blue dotted line) and
the momentum distributions (red line) of bunched O%* ion
beams. A Gaussian fit is applied in these figures to illustrate
the envelope of the Schottky sidebands in a straightforward
manner. For direct comparison with the relative momen-
tum distribution, the upper horizontal axis of each spec-
trum is additionally labeled in units of longitudinal mo-
mentum. The Schottky spectra are from Figs. 3(cl) & (c2),
and the relative momentum distributions are from Figs.
3(bl) & (b2).

We propose a novel method to precisely extract the mo-
mentum distributions by calculating the total Schottky
power of each sideband [20]. The sketch map of this
method is shown in Fig. 6. By adding up the Schottky
power of all the points in each sideband, as shown in Fig.
6(a), a distribution between the total Schottky power of
each sideband and the relative momentum could be given
as shown in Fig. 6(b). Fig. 7 presents a comparison of the
calculated results and the corresponding actual relative mo-
mentum distributions used in the simulation. The close
agreement between these two curves demonstrates that the
relative momentum distribution of the bunched ion beams
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can be accurately described by the novel method we pro-
posed. Due to its simplicity and accuracy, it is the most
ideal method for extracting momentum spread, and there-
fore well suited for detailed studies of cooling dynamics
and for the optimization of cooling efficiency in future
beam cooling experiments. Here, we need to mention that
in real experiments, the non-cooled background ions and
the ions outside of the rf-bucket will also affect the meas-
ured Schottky spectra, and thus should be carefully taken
into account. Systemically studies of the influence of these
ions are in progress.
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Figure 6: The sketch map of the novel method we proposed
to extract the relative momentum distribution (b) from the
Schottky spectrum (a) of the bunched O* ion beams by
calculating the total Schottky power of each sideband.
Each Schottky sideband in figure (a) is summed and shown
as a blue point in figure (b).

Rel. momentum (x107)
183 -1.83 -091 000 091
0.03 -

(b)

Rel. momentum (x107)

-1.83  -0.91 0.00 091

0.10
(a)

1.83

——6=05ns ——~—oc=2ns

Momentum|

Momentum

0.08 |

0.06

0.04

0.02

0.00 =

2 -1 0 1 2 2 -1 0 1 2
Frequency - 242758 (kHz) Frequency - 242758 (kHz)

Schottky power (arb. units)

Figure 7: Comparison of the total Schottky power of each
sideband (blue dotted line) calculated from Fig. 3(cl) &
(c2) and the relative momentum distributions (red line) of
bunched O°* ion beams from Fig. 3(b1) & (b2).

COHERENT EFFECT OF LONGITUDINAL

BUNCHED Kr** ION BEAMS
The Schottky spectra of bunched ion beams has a very
puzzling phenomenon: the power of the central peak ex-
hibits significant variability, sometimes being orders of
magnitude higher than that of the sidebands, e.g. in the la-
ser cooling experiment of bunched O5+ ions at the storage

TUD: Cooling Studies and Reports

Cooling Studies and Reports

ISSN: 2226-0374

JACoW Publishing

doi: 10.18429/JACoW-COOL2025-TUD1

ring CSRe [15], while at other times, this difference is ab-
sent, such as in the experiments of bunched C3+ ions at
both the ESR and CSRe [12, 21]. A similar phenomenon
was observed in the stochastic cooling experiments at Fer-
milab [22] and RHIC [23], where the powerful central peak
only appeared on the rf-bunching frequency harmonics. To
interpret this phenomenon, systematic experimental and
simulation studies of Schottky spectra for bunched Kr30+
ion beams with an energy of 100 MeV/u were performed
at CSRe. The mean revolution frequency of the Kr30+ ions
in the CSRe was 1.00 MHz. The observation frequency of
the Schottky resonator was chosen to be the 240th har-
monic of the revolution frequency, while the RF-bunching
harmonics were 40, 42, 48, and 49, respectively.

We compared the temporal decay of the experimental
Schottky power of both the central peak and the sidebands
with the beam current, as shown in Fig. 8(a). In Fig. 8(al),
the observation harmonic is an integer multiple of the
bunching harmonic - a condition we refer to as the coherent
case. In this situation, the square root of the Schottky
power of the central peak and the Schottky power of the
sidebands exhibit nearly identical decay trends to that of
the beam current. This behavior confirms that the power of
the central peak scales with the square of the number of
ions (N2), while the sideband power scales linearly with N.
In contrast, when the observation harmonic is not an inte-
ger multiple of the bunching harmonic - the incoherent
case, as shown in Fig. 8(a2), the Schottky power of both
the central peak and the sidebands follows the same decay
trend as the beam current, indicating a linear dependence
on the number of ions (N).
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Figure 8: (al) The comparison of the decay tendencies of
the square root of the power of the central peak and the
total power of sideband peaks in the Schottky spectrum at
the bunching harmonic = 40 with respect to the beam cur-
rent over storage time, respectively. (a2) The decay tenden-
cies of the power of the central peak and the total power of
sideband peaks in the Schottky spectrum at the bunching
harmonic = 42 with respect to the beam current over stor-
age time, respectively. (bl) & (b2) Dependence of the
Schottky power for the central peak and the total power of
sideband peaks on the number of ions for different bunch-
ing harmonics. Here k is the exponent in N¥, where N is
the number of ions. Therefore, k = 2 means that the power
scales quadratically with the number of ions (P o N2),
while k = 1 means that the power scales linearly with the
number of ions (P o« N). The observation harmonic in
these figures is chosen to be 240.
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To further illustrate this behavior, we simulated the de-
pendence of the Schottky power of both the central peak
and the sidebands on the number of ions for both coherent
and incoherent cases, as shown in Fig. 8(b). In Fig. 8(bl),
where the bunching harmonic hb = 40 and the observation
harmonic is an integer multiple of hb, the power of the cen-
tral peak scales quadratically with the number of ions (N2),
while the power of the sidebands increases linearly with N.
In Fig. 8(b2), where the hb = 42 and the observation har-
monic is not an integer multiple of hb, the power of both
the central peak and the sidebands exhibits a linear depend-
ence on the number of ions (N). These results demonstrate
that the Schottky power of the central peak follows an N2
scaling only when the observation harmonic is an integer
multiple of the bunching harmonic. Otherwise, it scales lin-
early with N. In contrast, the sidebands always scale line-
arly with the number of ions, independent of the harmonic
relationship. More detailed results could be found in [24].

CONCLUSION

We have developed a multi-particle tracking code to sim-
ulate the longitudinal Schottky spectra of bunched ion
beams in storage rings. Based on the simulation results, we
propose a novel method to extract the longitudinal momen-
tum distribution from the Schottky spectrum of the
bunched ion beams by calculating the envelope of the total
Schottky power of each sideband. Unlike the previously
used methods, this is a very simple and precise way for
real-time monitoring of the momentum distribution during
beam cooling experiments at the storage rings. Besides, we
have systematically studied the dependence of the
Schottky power on the number of stored ions in different
bunching and observation harmonics. The greatly en-
hanced central peak phenomenon caused by the ‘coherent
effect’ is fully interpreted.
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Abstract

Electron and laser cooling are key techniques for improv-
ing the quality of stored beams in synchrotrons. This con-
tribution summarises the main advancements in electron
and laser cooling simulations and measurements at CERN,
with emphasis on benchmarked Xsuite models and on their
application to present and future facilities. On the electron—
cooling side, we present the implementation and validation
of the Parkhomchuk model in Xsuite and its application to
LEIR, ELENA, and to the design of the new AD electron
cooler. On the laser—cooling side, we discuss simulations for
the Gamma Factory proof—of—principle experiment in the
SPS. The interplay between cooling and intrabeam scatter-
ing (IBS) is addressed, and we outline operational scenarios
and open questions.

INTRODUCTION AND MOTIVATION

Beam cooling is routinely used in several CERN rings.
Stochastic and electron cooling provide the deceleration and
delivery of high-quality antiproton beams at the Antimatter
Factory (AD/ELENA) [1], while electron cooling in LEIR
is an essential component of the heavy—ion injector chain
feeding the LHC and fixed—target experiments [2]. Ongoing
initiatives such as the Gamma Factory proof—of—principle
(PoP) experiment in the SPS [3] create a unique opportunity
to test laser cooling at unprecedented energies. A unified,
predictive simulation environment is therefore needed to
study cooling and its interplay with heating mechanisms
such as intrabeam scattering (IBS) and space charge in a
consistent and quantitative manner.

Xsuite is the current production toolkit for beam dynam-
ics at CERN, gradually replacing a landscape of legacy
codes [4]. It provides a modern Python interface, supports
heterogeneous computational back-ends (multi-threaded
CPUs and GPUs), and follows an agile, community-driven
development model with frequent releases. The framework
hosts physics modules covering the full range from low-
energy hadron rings to high-energy lepton colliders, allow-
ing a wide variety of effects to be simulated within coherent
coordinates and conventions. This significantly simplifies
combining multiple physical mechanisms and accelerates
both the setup and execution of complex simulations.

For these reasons, electron and laser cooling have been
implemented directly within Xsuite, taking advantage of its
fast development cycle and existing heating modules (e.g.

* Work supported by Physics Beyond Colliders Study Group (PBC) and
partially supported by the European Union’s Horizon 2020 Research and
Innovation program under Grant Agreement No. 101004730 (iFAST)
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IBS). This enables realistic start-to-end studies of cooling
in operational and future CERN machines.

This work provides a concise overview of recent progress
in this effort and continues the developments presented in
Refs. [5-8]. A more detailed and comprehensive description
will be available in the PhD thesis of P. Kruyt [9].

ELECTRON COOLING IN XSUITE

All CERN electron coolers operate in the magnetised
regime, with relatively low-energy (< 30keV) DC elec-
tron beams (currents up to ~ 2.5 A) and longitudinal guide
fields in the range of a few hundred gauss (100 G to 750 G).
For this reason, the empirical Parkhomchuk friction-force
model [10] was implemented in Xsuite, after revisiting the
physics as implemented in BETACOOL [11], to ensure cor-
rectness and full documentation. A detailed re-analysis of
the BETACOOL source code revealed several issues: (i)
minor bugs in the handling of space-charge neutralisation;
(ii) an inversion of the sign convention for the electron-beam
rotation; and (iii) an undocumented coupling between the
rotation and the transverse electron temperature. The first
two effects have been corrected in the publicly available BE-
TACOOL source [12], while the third was not imported into
Xsuite, pending further theoretical clarification. Additional
details will be provided in [9].

The resulting Xsuite implementation was validated
against BETACOOL benchmarks using LEIR-like parame-
ters and scanning a wide set of cooler conditions, including
deliberately extreme—and sometimes non-physical—values
to stress-test the algorithms. An example is shown in Fig. 1,
where the cooling performance is compared over a scan of
the cooler magnetic field, probing different regimes con-
tained within the Parkhomchuk model. The agreement be-
tween the two codes is remarkable, with only minor devia-
tions attributable to statistical differences in the generated
particle distributions. These results provide confidence that
the Xsuite implementation is ready to replace BETACOOL
for magnetised electron-cooling simulations based on the
Parkhomchuk model.

ELENA, AD, AND LEIR APPLICATIONS

The validated Xsuite electron-cooling model has been
applied to several CERN accelerator rings.

For ELENA, Xsuite has been used to interpret both lon-
gitudinal and transverse cooling measurements, including
the characterisation of transverse cooling at the extraction
momentum of 13.7MeV cal. A detailed account of these
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Figure 1: Evolution of transverse beam emittance as a func-
tion of time in the presence of electron cooling in LEIR,
simulated with BETACOOL (dashed) and Xsuite (solid) for
various assumed values of the cooler magnetic field.

measurements and the corresponding simulations is given
in [9,13].

After more than forty years of operation, the AD elec-
tron cooler is being replaced by a new device designed at
CERN [7, 14]. The new cooler must ensure reliable op-
eration of the Antimatter Factory for the next decade and
beyond, while addressing known limitations of the present
system and integrating modern technologies. A key limi-
tation concerns the required magnetic-field quality, which
was assessed through dedicated Xsuite simulations docu-
mented in [9]. These studies provided quantitative guid-
ance for the cooler design and the tolerances associated with
magnetic-field errors, indicating a target field quality of or-
der rms < 1074, consistent with previous specifications
obtained from empirical formulas [7, 15].

In LEIR, studies to characterise the longitudinal cooling
were performed as a continuation of previous measurements,
documented in [16]. Longitudinal cooling-force measure-
ments follow a standard sequence: the circulating beam
is pre-cooled, a step is applied to the electron-gun voltage
(and hence to the electron energy), and the derivative of the
ion momentum evolution is inferred from the longitudinal
Schottky signal.

Figure 2 shows an example of the Schottky signal evolu-
tion during such a measurement. Two injections, spaced by
approximately 220 ms, are visible, followed by a pre-cooling
period after which the electron energy is abruptly changed,
and the ions are dragged towards the new equilibrium.

This procedure in LEIR has two intrinsic limitations: (i)
the actual electron-energy step is not instantaneous, as the
power-supply and system capacitance response have a finite
rise time; (ii) the momentum evolution inferred from Schot-
tky diagnostics has limited time resolution. To overcome
these limitations, Xsuite simulations were set up to model
the full transient, including the dynamic evolution of the
electron energy derived from the measured electron gun
voltage. The observable used for benchmarking between
measurements and simulations was the ion momentum at a
fixed time after the voltage step.
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Figure 2: Example waterfall plot of the longitudinal Schottky
power spectral density (PSD) as a function of the equiva-
lent electron kinetic-energy deviation AV and time. The
horizontal white line marks the moment when the electron
energy is changed by 17 V, while the red cross indicates the
reconstructed ion momentum deviation at a given time after
the voltage step.
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Figure 3: Example of longitudinal friction-force charac-
terisation in LEIR with Pb>**. The ion-beam momentum
deviation—expressed, as an equivalent electron-gun volt-
age deviation—measured 75 ms after the electron energy
is changed, is shown for measurements (blue points) and
Xsuite simulations (orange line) as a function of the applied
electron-gun voltage step.

First measurements with Mg’* showed limitations due
to incomplete pre-cooling and unmeasured beam parame-
ters [2]. Subsequent Pb>** studies achieved markedly im-
proved agreement once electron-beam neutralisation and
ion-optics constraints were measured or bounded as accu-
rately as possible. Figure 3 compares the measured friction-
force response with the corresponding Xsuite simulations
for the Pb>** case, showing excellent agreement. Details of
the measurement configuration and simulation parameters
can be found in [9].

During a measurement with Mg’*, an exotic fast runaway
was observed, as shown in Fig. 4: after the ion beam had
reached equilibrium with the new electron energy, the beam
suddenly increased in energy and was subsequently lost
on the machine aperture, without any change in machine
parameters.

This phenomenon was investigated using Xsuite by com-
bining the effects of electron space charge, machine dis-

TUD2

43

@z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2026). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



@z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2026). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

The 15th International Workshop on Beam Cooling and Related Topics, New York, USA

ISBN: 978-3-95450-267-7

10000
1750

1500 8000
1250
6000
1000

4000

Time [ms]

750

500
2000

Power Spectral Density (PSD)

250

-10 =5 4] 5 10 15 20
Momentum as electron AV [V]

Figure 4: Example waterfall plot of the longitudinal Schottky
power spectral density (PSD) in which a fast runaway was
observed with Mg’*. After an initial equilibrium is reached,
the ion-beam energy rapidly increases before the beam is
lost.

persion, orbit offsets, and transverse heating arising from
the intrinsic rotation of the electron beam. Although un-
realistically large dispersion would be required to fully re-
produce the measured behaviour, the simulations highlight
the importance of improved machine control and refined
modelling [9].

LASER COOLING AND THE GAMMA
FACTORY POP

The laser-cooling module in Xsuite solves optical Bloch
equations for macro-particles interacting with continuous-
wave and Fourier-limited pulsed lasers, including realistic
laser bandwidth, beam size, and timing effects [6, 8]. Multi-
threading and GPU back-ends are essential to cover the long
time-scales and the large macro-particle samples required
for these simulations.

The implemented module was benchmarked against
published continuous-wave laser-cooling experiments con-
ducted in Lanzhou [17,18] on an O°* beam at 275.70 MeV/u.
Figure 5 shows an example simulation using a zero-
emittance beam, illustrating that the laser—ion interaction
follows the excitation probability expected from the laser
parameters and interaction bandwidth.

To obtain realistic estimates matching the observed mag-
nitude of the momentum dips, a careful treatment of the
emittance-induced Doppler spread and of the laser—beam
overlap is required. Using realistic laser and optics param-
eters at the interaction point, Xsuite reproduces the main
experimental trends within the uncertainties of the experi-
mental conditions, as summarised in Table 1, in agreement
with independent simulation results reported in [18]. These
results give confidence in the Xsuite implementation, which
can therefore be used to explore other scenarios.

The Gamma Factory concept aims at producing intense
high-energy photon beams by exciting partially stripped ions
(PSIs) with lasers and exploiting the double Doppler boost
of the absorption and emission processes. The proposed
GF PoP experiment in the SPS would also provide the first
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Figure 5: Ion-beam momentum-deviation distribution be-
fore (orange) and after (red) 10* turns with excitation by a
CW laser, simulated in Xsuite. The expected Lorentzian
excitation-probability distribution is shown for comparison
(blue).

Table 1: Comparison of FWHM Ap/p dip generated in the
overall beam distribution from experiment [18], and Xsuite
estimate.

Exp. [18]
57x107°

Xsuite
[2x107%, 7x 107°]

FWHM Ap/p

demonstration of laser cooling at such high energies and is
a natural testbed for the laser-cooling capabilities developed
in Xsuite. In high-energy synchrotrons, laser cooling acts
primarily in the longitudinal plane, while transverse cooling
can be achieved by coupling the longitudinal and transverse
dynamics through lattice dispersion. Operationally, the in-
terplay between the optics functions, the laser—ion displace-
ment at the interaction point (IP), and the beam energy must
be carefully tuned to obtain the desired cooling rate in a
given plane. A full optimisation therefore involves exploit-
ing dispersion and transverse—longitudinal coupling, and
scanning over ion species, charge states, transition energies,
and available laser parameters — all of which can now be
performed with the developed module in Xsuite.

Figure 6 shows an example of the expected cooling perfor-
mance for selected ion species. A more exhaustive survey
of ion species, laser parameters, and optics configurations,
including predicted photon yields and spectra, can be found
in [8,9].

In parallel, studies are ongoing for the design of the
Fabry—Perot cavity that will eventually need to be installed
in the SPS, and a start-to-end scenario for the SPS PoP is
being assembled in Xsuite. This includes compatibility with
nominal SPS beams, steering margins with realistic correc-
tor strengths and apertures, and possible commissioning
sequences.

INTERPLAY OF COOLING WITH
INTRABEAM SCATTERING

IBS acts as a diffusive heating mechanism that slows down
the net cooling and sets a lower bound on the achievable
equilibrium emittances. In Xsuite, IBS and cooling can be
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Figure 6: Simulated evolution of transverse emittance as a
function of time under the effect of optimized laser cooling
conditions at the SPS Gamma Factory PoP for different
foreseeable ions.

combined consistently within the same tracking framework,
using the same optics and lattice descriptions employed in
other studies.

Figure 7 shows the evolution of the transverse emittance
and beam-energy spread under the effect of laser cooling in
the PoP experiment with Pb for different starting points with
IBS included, and — at the design starting point — with
and without IBS. The non-accessible region indicated in
Fig. 7 is computed by evaluating, on a grid in the (&x, o /p)
phase space, the IBS growth rates and the laser cooling rates
corresponding to the configuration optimised for the design
starting point. The contour is drawn when the local cooling
rate cancels out the local IBS growth rate, which is done
separately for both the longitudinal and horizontal planes.
Notably, full simulations that integrate both effects appear
to respect these boundaries.

Care must be taken, however, because laser cooling gen-
erally produces non-Gaussian beam distributions, which
can strongly affect the computation of the rms o, /p and
rms emittances, and can introduce numerical artifacts in
IBS calculations, whose models typically assume Gaussian
beams. For this reason, we report the 15-85% percentile
op/p values rather than rms quantities, as the percentile-
based measure was found to be significantly more robust.
Further details will be provided in [8, 9].

SUMMARY AND OUTLOOK

We have integrated and validated the Parkhomchuk mag-
netised electron-cooling model in Xsuite, which has been
benchmarked against BETACOOL and found consistent with
measurements in ELENA and LEIR, with electron space-
charge effects being essential to reproduce observed be-
haviour. The model was also used to provide specifications
for the new AD cooler field quality requirements.

Laser-cooling modules (CW and pulsed) are nearing com-
pletion for inclusion in an upcoming Xsuite release. The
present code has been used to validate SPS PoP performance
estimates, as well as to provide cooling estimates for future
ions that could increase the luminosity in operations of HL—
LHC.
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Figure 7: Evolution of transverse emittance and momentum
spread with IBS (orange) and without IBS (black) for dif-
ferent starting points. Each arrow corresponds to 10s of
cooling. The blue curves indicate locations in phase space
where the computed IBS growth rate balances the laser-
cooling rate.

The interplay between cooling and IBS has been studied,
suggesting the use of the percentile emittance metrics for
more accurate and physical predictions in combined cooling—
heating simulations. The unified treatment of cooling and
heating effects within a single supported framework will
provide a bright perspective for predictive simulation in
future applications. In this regard, the forthcoming SPS
PoP and the new AD cooler will provide further validation
opportunities after LS3.

A key motivation for this work is to support operational
decision—making for current and future CERN accelerators.
For the SPS GF PoP, a start—to—end scenario has been assem-
bled in Xsuite, including compatibility with nominal SPS
beams, steering margins with realistic corrector strengths
and apertures, and potential commissioning sequences. The
impact of different laser configurations, optics choices, and
ion species on both cooling and IBS can be assessed within
the same simulation framework. For the AD, the new cooler
design benefits directly from the field—quality tolerance stud-
ies, which translate into specifications for magnets and align-
ment. In ELENA and LEIR, the combination of measure-
ments and simulations enables data—driven optimisation of
cooler settings and provides a basis for future upgrades.

Xsuite now hosts production modules for magnetised elec-
tron cooling and for laser cooling with continuous—wave and
Fourier-limited pulsed lasers, and developments towards
chirped-laser support and extended IBS models are ongo-
ing [4,6].
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SIMULATION OF LONGITUDINAL ELECTRON COOLING OF 20 GeV
PROTON BEAM AT EicC*

X. D. Yang', He Zhao, Institute of Modern Physics, CAS, Lanzhou, China

Abstract

The longitudinal electron cooling processes of a 20 GeV
proton beam were simulated using a code at the Electron-
Ion collider in China. The longitudinal cooling time was
obtained for different parameter configurations of the stor-
age ring, proton beam, electron cooling device, and elec-
tron beam. From the simulated results, the longitudinal
cooling time of the 20 GeV proton beam is over 100 sec-
onds. The longitudinal cooling time can be shortened with
the help of proper configuration of the parameters.

INTRODUCTION

Based on the HIAF (the Heavy lon High-Intensity Ac-
celerator Facility, approved in 2015 in China), a high lumi-
nosity polarized Electron-lon Collider facility in China
(EicC) has been proposed to study hadron structure and the
strong interaction to carry out the frontier research on both
nuclear and particle physics.

EicC will be constructed in two phases, EicC-I and
EicC-IL. In the first phase, a proton beam with energy be-
tween 15-20 GeV will collide with an electron beam with
energy between 2.8-5 GeV. Both electron and proton
beams are polarized. The luminosity is expected to reach
2-4x10% cm2-s7l.

In the second phase, the energy of the proton will be up-
graded to 60—100 GeV, and the energy of the electron beam
will be increased to 5—-10 GeV, with luminosity expected to
reach 1x10%, The primary design and some initial param-
eters of EicC are found in Ref. [1].

To obtain the expected luminosity in the collider, the po-
larized proton beam will be cooled by various cooling
methods throughout the entire operational energy range.
Especially in the case of high-intensity energy proton
beams, the intra-beam scattering effect should be consid-
ered in the collider design. The transverse electron cooling
and intra-beam scattering were presented in the Ref. [2].
Some preliminary simulations of longitudinal electron
cooling are presented in this contribution.

SIMULATION OF ELECTRON COOLING

The longitudinal electron cooling time depends not only
on the lattice parameters of the storage ring, such as the
Betatron function, dispersion of the cooling section, pa-
rameters of proton beam including energy, initial emit-
tance, and momentum spread, but also on the construction
parameters of electron cooling device, including the
strength of magnetic field, the parallelism of magnetic field
in the cooling section, the effective cooling length, and the
parameters of electron beam, such as radius, density and
transverse temperature of electron beam. These parameters

* Work supported by NSFC No. 12275325, 12275323, 12205346.
T yangxd@impcas.ac.cn
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are determined by the storage ring and the technology lim-
itation, on the other hand, they are influenced and restricted
by each other.

Among these parameters, the first type of parameter de-
termines whether the proton beam under such parameters
can be cooled down, playing a decisive role. The second
type of parameter determines the length of cooling time for
the proton beam under such parameters, playing an optimi-
zation role.

Using the electron cooling simulation code SIMCOOL
[3, 4], the longitudinal electron cooling time of the proton
beam was extensively simulated in various parameters in
the EicC, including proton beam energy, initial transverse
emittance, and momentum spread. The influence of the
machine lattice parameters such as the Betatron function
and dispersion function the cooling time was investigated.
The parameters of the electron beam and cooling devices
were taken into account, such as effective cooling length,
magnetic field strength and parallelism in the cooling sec-
tion, and electron beam current.

The different performances in transverse and longitudi-
nal directions were observed compared with the traditional
low-energy electron cooling.

The variation of momentum spread over time does not
follow an exponential decay form, making it impossible to
fit the cooling time. During the fitting process, either the
decay curve does not match, or the final equilibrium value
does not match. It decays faster than the exponential decay.

The fitting can only be performed on the first half of the
data, while the second half corresponds to the scattering
process. The other time it takes for momentum spread to
reach its minimum.

As mentioned in the previous paragraph, the proton
beam was cooled in the transverse direction. The longitu-
dinal cooling process differs from the transverse one. Dur-
ing the initial cooling, the momentum spread drops rapidly
and then gets to the minimum. And then the momentum
spread starts to grow, rebounding from its minimum. The
proton beam was not cooled when the energy shift of the
electron beam was larger than a certain value.

In the longitudinal direction, due to the cooling hap-
pened first, and then scattering happened later. So only the
cooling part was fitted. The longitudinal cooling time was
replaced by the time when the momentum spread reached
its minimum.

Proton Beam Parameters

Typical longitudinal cooling processes are illustrated in
Figure 1 (left).

The right diagram of Figure 1 shows the longitudinal
electron cooling time as a function of the particle number
in the proton beam. In the case of other parameters that
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were fixed, the longitudinal electron cooling time de-
creases with the particle number in the proton beam.
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Figure 1: The momentum spread as a function of the time
(left). The longitudinal electron cooling time as a function
of the particle number in the proton beam (right).

Electron Beam Parameters

When the electron transverse temperature was 100 eV,
the magnetic field parallelism was 107, and the electron
beam current was 10 A, the proton beam was not cooled.
When the electron transverse temperature was 1 eV, the
magnetic field parallelism was 107, and the electron beam
intensity was 10 A, the proton beam was cooled.

Parameters related to the longitudinal direction play a
dominant role and are more sensitive to electronic cooling.
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Figure 2: The longitudinal cooling time as a function of the
electron beam current (left) and the transverse temperature
of electron beam (right).

To decrease the longitudinal cooling time, the current of
the electron beam and the length of the cooling section
were set as a larger value. The left diagram of Figure 2 pre-
sents the longitudinal cooling time as a function of the elec-
tron beam current. The right diagram of Figure 2 indicates
the longitudinal cooling time depends on the transverse
temperature of the electron beam. In the case of other pa-
rameters that were fixed, the longitudinal cooling time de-
creases with the increasing electron beam current and de-
creasing transverse temperature of the electron beam.

Magnetic Field Parameters

The left plot of Figure 3 shows the longitudinal cooling
time as a function of the magnetic field strength in the cool-
ing section, and the right plot of Figure 3 presents the lon-
gitudinal cooling time as a function of the parallelism of
the magnetic field in the cooling section. In the case of
other fixed parameters, the longitudinal cooling time de-
creases with the magnetic field strength in the cooling sec-
tion. The longitudinal cooling time decreases with the in-
creasing parallelism of the magnetic field in the cooling
section. From Figure 3, one can see the magnetic field par-
allelism strongly influences the cooling time. The cooling
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time becomes shorter when the magnetic field parallelism
is higher in the cooling section.
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Figure 3: The longitudinal cooling time as a function of the
magnetic field strength (left) and the parallelism of mag-
netic field (right) in the cooling section.
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Figure 4: The longitudinal electron cooling time as a func-
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The left plot of Figure 4 shows the longitudinal cooling
time varies as a function of the length of the cooling sec-
tion. In the case of other parameters that were fixed, the
longitudinal cooling time decreases with the length of the
cooling section. The length of the cooling section strongly
influences the longitudinal cooling time. The right plot of
Figure 4 presents the longitudinal cooling time as a func-
tion of the Betatron function in the cooling section. The
longitudinal cooling time decreases with the Betatron func-
tion in the cooling section.

Minimum and Final Momentum Spread
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Figure 5: The minimum momentum spread and final mo-
mentum spread as a function of the particle number (left)
and transverse temperature of electron (right).

The left plot of Figure 5 shows the minimum and final
momentum spread as a function of the particle number. The
right plot of Figure 5 presents the minimum and final mo-
mentum spread as a function of the transverse temperature
of the electron. The minimum and final equilibrium mo-
mentum spread was mainly dominated by the particle num-
ber in the proton beam and the transverse temperature of
the electron.
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The left plot of Figure 6 shows the minimum and final
momentum spread as a function of the parallelism of the
magnetic field in the cooling section. The right plot of Fig-
ure 6 presents the minimum and final momentum spread as
a function of the magnetic field strength in the cooling sec-
tion. The minimum and final momentum spread were
mainly dominated by the strength and quality of the mag-
netic field in the cooling section.
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Figure 6: The minimum momentum spread and final mo-
mentum spread as a function of the parallelism of magnetic
field (left) and the magnetic field strength (right) in the
cooling section.

DISCUSSION

The difference in electron cooling behavior between the
longitudinal and transverse directions should be investi-
gated carefully. The reason why the proton beam was
cooled first and then scattered later should be revealed
clearly. In the case of high-energy conditions, the solution
to solve this problem of longitudinal cooling followed by
scattering should be explored.

In the case of high-energy electron cooling, the longitu-
dinal velocity of the electron beam was much greater than
the transverse velocity. In the cooling simulation, the same
time interval was used for both transverse and longitudinal.
Electron beams travelled at different path lengths during
the same time interval in the transverse and longitudinal
directions. This may be the cause of the unexpected results
in the simulations.

At high energy, the longitudinal velocity of the proton
beam is much greater than the transverse velocity, there-
fore, the deviation of the longitudinal velocity is also much
greater than that of the transverse velocity. Due to longitu-
dinal velocity mismatch or magnetic field parallelism, the
projection of longitudinal velocity in the transverse direc-
tion will also be much greater than the transverse velocity
of the electron beam. Therefore, in the longitudinal direc-
tion, the parameter requirements are more precise and the
matching degree is high.

Additionally, the cooling forces vary with the absolute
value of velocity difference between electron and proton,
not relative value.

Cooling force is a nonlinear force [5], and when the rel-
ative velocity is small, the cooling force is weak. When the
relative speed is high, the cooling force is strong. The max-
imum cooling force is only achieved when the relative ve-
locity reaches a certain value.

In electron cooling, the transverse cooling rate usually
differs from the longitudinal cooling rate, especially at high
energies. Dispersive cooling [6] is the way to redistribute
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cooling force, it can redistribute the cooling rate between
longitudinal and transverse planes.

SUMMARY

From the simulated results, the longitudinal cooling time
of the proton beam with 20 GeV is over 100 seconds. The
longitudinal cooling time can be shortened with the help of
proper configuration of the parameters, such as smaller in-
itial emittance and electron transverse temperature, higher
magnetic field strength, parallelism of magnetic field in the
cooling section, longer length of electron cooling section,
stronger electron beam current, and proper beta function in
the cooling section.

The longitudinal cooling behavior is different from the
transverse one. After the balance is achieved in the trans-
verse direction, the emittance remains unchanged. How-
ever, the longitudinal momentum spread shrinks rapidly at
the beginning and then bounces back from the bottom.

In the interest of achieving the required luminosity from
physics experiments, the parameters of the proton beam,
electron cooling device, and storage ring should be opti-
mized carefully and compromise each other, and the differ-
ent configurations from the point of view of realizable
technical solutions.

The emittance, particle number, and longitudinal bunch
length of the proton beam should be optimized and com-
promised carefully to obtain the required luminosity. Addi-
tionally, the cooling strategy is important too, such as
multi-stage cooling [7] at different energy or different pe-
riods. The emittance and momentum spread should be
cooled to the required value by the stronger electron beam
in the first stage, and then the smaller emittance and mo-
mentum spread will be maintained by the weaker electron
beam.

High-intensity proton beam and short bunch length were
expected to store in a collider with a long lifetime and less
loss. To increase the lifetime of the proton beam and de-
crease the loss, a longitudinal hollow electron beam [8]
will be attempted to suppress the intra-beam scattering.
The traditional DC electron beam in the electron cooler
will be modulated into shorter electron bunches with dif-
ferent longitudinal distributions. The stronger cooling was
expected in the tail of the proton beam and the weaker cool-
ing was performed in the core of the proton beam. The pro-
ton loss will be decreased and the lifetime will be in-
creased. The intensity of the proton beam in the collider
will be kept and maintained for a long time.

For the sake of obtaining and keeping enough particle
number, smaller emittance, and shorter bunch length in the
case of a proton beam with energy 20 GeV, the cooling
should counteract the scattering at the different situations
and periods, and provide high-quality proton beam for the
higher luminosity in the storage ring. The detailed and ex-
act simulation will be necessary for the real lattice design
of the EicC storage ring in the future.
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VERSATILE PLATFORM FOR RELATIVISTIC ELECTRON COOLING
AND OTHER EXPERIMENTS
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lalso at GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Darmstadt, Germany

Abstract

At Helmholtz-Institut Mainz (HIM) a high voltage plat-
form for high intensity electron beams has been installed.
This apparatus is intended as a scalable, modular system
for high energy magnetized DC-beam cooling. On the one
hand, the system can be used as a prototype for antiproton
beam cooling for the planned HESR storage ring at FAIR.
On the other, because the HESR will be delayed, we have
the opportunity to use the device for other applications. We
present recently realized technical progress and how these
can be applied for different new experiments during the time
until the initially intended application becomes possible.

INTRODUCTION

Helmholtz-Institut Mainz (HIM) is a joint venture of the
Johannes Gutenberg-University in Mainz and the national
research lab GSI (GSI Helmholtzzentrum fiir Schwerio-
nenforschung GmbH, Darmstadt, Germany). The latter is
presently installing several accelerators of the FAIR (Facility
for Antiproton and Ion Research) complex on its premises.

At the beginning of the 2010-decade, HIM had taken over
responsibilities for a relativistic electron cooler which is to
be used at the High Energy Storage Ring (HESR), where the
majority of the antiproton experiments at FAIR are planned.
This will happen in particular by interaction with a fixed
target within the PANDA experiment. The strong interaction
with its target necessitates magnetized electron cooling with
a very high intensity at kinetic energy of almost 8 MeV. A
cooperation between Budker Institute Novosibirsk (BINP)
and HIM was started to investigate the challenges associated
with this task.

An important part of the developments done at HIM has
been concentrated on a sustainable floating power supply for
the magnetization solenoids in the acceleration/deceleration
channel of the cooler. A gas turbine based system has been
installed at HIM which solves this problem producing power
of several kilowatts at high potential, see for instance [1].
The next goal was a prototype device which has two 600 kV
units in order to demonstrate the scalability comprising two
identical HV-platforms, each containing a single gas-turbine
[1]. These platforms were to be produced by BINP, but only
one has been delivered before the war in Ukraine has stopped
the cooperation.

Another important point to take into account is that the
construction of the HESR-building has not yet begun, which
means that HESR will not be operated within the present

* aulenbac @uni-mainz.de
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decade. This opens up the question which research can be
done at HIM in the meantime while not compromising the
goals relevant for electron cooling.

In the next sections we will first describe the present status
of the cooler activities and then present two projects which
will permit us to sustain competences and knowledge until
the timeline for electron cooling at HESR becomes more
predictable. A first one which is already producing promis-
ing results is using high power electron beams of similar
intensity as in the cooler for medical purposes. Another
potential project is to use the existing cooler-prototype to
develop techniques which can be used to make precision
measurements of a possible electric dipole moment (EDM)
of electrons.

STATUS OF THE ELECTRON COOLER
PROTOTYPE

The power for the solenoids which magnetize the beam is
provided by a turbo-generator which expands 3 bar nitrogen
gas. The gas is used in a closed circuit which is driven by a
screw compressor. All units of the circuit are commercial
devices. The gas circuit was designed by Prof. M. Wirsum
from the institute for gas driven power stations at RWTH
Aachen. After setting the mass flows with regulation valves
at constant load, the system runs stable without further inter-
vention. The turbine gas-system is separate from the pressure
tank. In summer 2025 the tank itself was sealed and filled
with 3 bar of nitrogen. Leak rate was observed to be about
0.1 bar/week which is no limit for present experimentation
but needs to be improved if typical insulation gases such as
SF¢ would be used.

The communication with the HV-platform is based on
software delivered by BINP. After some trial and error, com-
munication could be set up. The turbo-generator permitted
to power the solenoid on the platform and also the Cockcroft
Walton HV-generator. This voltage could not be increased
to more than 80kV, we suspect an internal hardware safety
limit. No sign of corona discharges was observed at this
voltage. This seems reasonable since the air gap between the
inner wall of the tank and the outer radius of the platform is
about 50 cm (see Fig. 1), which should provide sufficient in-
sulation for even the maximum voltage of the HV-generator
(600kV) at our 3 bar nitrogen pressure. The next step is to
"reverse engineer" the control of the Cockcroft-Walton to
circumvent the present limit.

Summarizing the situation, it can be stated that the device
is now ready for experimentation which can go in several
directions, for instance to demonstrate the scalability of the
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Figure 1: Left: Open tank during assembly of the 600kV platform which is hangmg on a crane. On the upper plane of
the platform a solenoid can be identified, the rectangular boxes contain power supplies and communication devices. The
right panel shows the tank after tightening all flanges. The inner diameter of the tank is 3.98 m, the outer diameter of the

platform is 2.86 m [2].

turbine/platform concept or to start tests with an electron
beam. Since the cooperation with BINP was suspended, such
attempts need considerable additional personnel resources.
Taking into account the unclear timeline of the HESR project
it is even more difficult to justify such measures. Therefore
our strategy is to "hibernate" knowledge within a different
project and/or to find a science related project for which the
existing cooler set-up could be used. This will be described
in the next two sections.

HIGH POWER ELECTRON BEAM FOR
THE LINE FOCUS X-RAY TUBE

In parallel to the developments described above we have
commissioned a 30 kV magnetized "test-cooler" which deliv-
ers 1 A beam [3]. This experience has enabled us to develop
an electron-source with high current density for a medical
device, the so-called Line Focus X-ray Tube (LFXT). The
line focus on the X-ray anode permits more electron beam
power and even power density than in conventional X-ray
tubes. This is because the range of secondary electrons is
larger than size of the beam spot making heat transfer de-
pending on the speed of these electrons and not on the speed
of sound as usual [4]. Since a small emittance is only needed
in one direction, this results in the additional advantage that
a line emitter can be used (see Fig. 2) which reduces the
necessary current density. At the required current of 300 mA
a current density of 6 A/cm? is needed which can be han-
dled by commercial Barium-Oxide dispenser cathodes. An
intermediate state of the project was already communicated
at COOL23 [1]. Meanwhile the computer-simulated beam
parameters have been demonstrated and first medical tests
with animals have been performed with good success [5].
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During the next years we will work on R&D aspects of the
project, in particular how to suppress the outgassing from
the X-ray anode which limits presently the operation time.
We therefore have a research program which will keep our
competences in the field of high power electron beams alive.
A commercialization of our technology is intended and in a
few years time it will become clear if this "spin-off" from
cooler developments can be used in clinical practice. This
time period could fit to the anticipated time frame for the
construction of the HESR buildings when our focus could
be redirected to cooler activities for HESR/FAIR.

USING THE COOLER PROTOTYPE FOR
AN EDM STUDY

Storage rings for spin-polarized particles such as the pro-
ton are extremely sensitive instruments to search for possible
electric dipole moments (EDMs) of fundamental particles.
Such experiments have been pursued for instance at the stor-
age ring COSY [6] which unfortunately was shut down re-
cently.

If a non-zero EDM exists, it leads to an additional spin-
precession which can be observed as occurrence of a com-
ponent of the polarization vector that cannot be explained
by the magnetic moment of the particle. The challenge
of such experiments is to control systematic uncertainties
which may be caused, for instance, by small unwanted mag-
netic field contributions. These can be suppressed by using
a purely electrostatic storage ring. Another measure is to
use counter-rotating beams. Moreover, the g — 2 precession
of the particles in the lab frame should be avoided which
can be achieved by operating at a so-called "magic momen-
tum" which depends on the anomalous magnetic momentum
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Figure 2: Left: Cathode assembly of the electron cooler test-stand at HIM. Circular cathode with 1 cm diameter. Upper
right: Cathode assembly with linear emitter for LFEXT. Dimensions 0.3x15 mm. Lower right: emitter in operation.

of the particle. Unfortunately, the magic momentum for
protons is 700 MeV/c and for electrons 14.8 MeV/c which
would require a huge investment for the development of
such an electrostatic ring, even for electrons. The g — 2
precession can also be switched off by bending the beam
in a periodic orbit which has a figure-of-8, since the rota-
tion of the particle switches its sign during a single turn.
This would however also cancel the EDM precession. To
avoid this, Suleiman et al. propose [7] to operate an electro-
static figure-of-8 storage ring at two different total energies,
(y1 = 2.6,7y> = 1.4) which corresponds to kinetic energies
of 800 keV and 200 keV respectively.

The dimensions estimated by Suleiman et al. can be seen
in the right panel of Fig. 3. These dimensions fit into the
framework of the cooler set-up shown in Fig. 1.

The storage ring needs a 200keV polarized electron
source for injection. Such a source is presently used in
our institute for the MESA-accelerator [8]. With its cylin-
drical size (< 500 mm in height and diameter) it could be
installed on the platform (see Fig. 1). This platform also
offers sufficient space — note that the existing tank has a
height that is sufficient for two stacked platforms — for the
power supplies needed, these supplies can get their (floating)
supply from the turbo-generator which offers ample power.

After injection, the beam can be accelerated by 600 kV to
ground potential where the more demanding 800 keV elec-
trostatic bends can be installed. It is by chance that the
desired acceleration voltage matches the capability of our
HV-generator. The lower energy fits to the optimum sensi-
tivity range of a classical Mott-polarization detector, which
decreases strongly with energy.
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Suleiman et al. estimate the final sensitivity for the EDM
of the electron to be below 1 x 10728 ¢ - cm. However, the
standard model predicts much lower electron EDMs and mea-
surements in molecules like hafnium fluoride have already
indicated that the electron EDM is below 1 x 107> e - cm.
It is therefore not very likely that a major particle physics
breakthrough can be obtained with the cooler. This could
be, on the other hand, expected from a measurement of the
proton EDM. It may be useful to optimize the techniques
to be used in a proton EDM storage ring at this small scale
installation that could be realized by a small collaboration
within a comparatively short timescale.
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Figure 3: Left: Scheme of a “Figure of eight” electrostatic storage ring for counter-propagating spin-polarized electrons.
Right: Spatial dimension of this storage ring. Figures taken from Suleiman et al. [7].
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Abstract

The electron cooler of the Antiproton Decelerator (AD) at
CERN, that can operate with an electron beam of up to 2.4 A
at 27 keV, is scheduled for replacement during the upcoming
Long Shutdown 3 (LS3). A newly designed electron gun and
collector—optimized for enhanced reliability, efficiency, and
operational performance—are undergoing rigorous testing
and validation at the dedicated Electron Cooler Test Stand
(ECTS). The new electron collector features a re-engineered
cooling system, where the water circuit is fully decoupled
from the vacuum environment, significantly reducing the
risk of vacuum leaks. The new electron gun operates at
high perveance in the range of 2.2 to 2.5 pA-V~=3/2 and
employs a magnetic beam expansion by a factor of two.
This expansion lowers the transverse temperature of the
electron beam, thereby enhancing the cooling efficiency.
This paper will present the ongoing research, key design
considerations, and the latest experimental results from the
ECTS, contributing to the successful implementation of the
new AD electron cooler.

INTRODUCTION

Electron cooling, first introduced by G. Budker in
1966 [1], is a standard technique for reducing beam emit-
tance and improving beam quality. The present AD electron
cooler originates from the Initial Cooling Experiment (ICE)
at CERN [2], was later adapted for LEAR [3] and finally in-
tegrated into the Antiproton Decelerator [4]. After decades
of operation many components have reached end-of-life and
critical spares are no longer available, motivating the devel-
opment of a new electron cooler for the AD [5, 6].

A new high-performance electron gun has therefore been
designed, prototyped and tested. Its geometry was derived
from detailed electron-beam simulations to meet the require-
ments of 2.4 A at 27 keV. This paper focuses on the develop-
ment, optimisation and characterisation of this gun and its
integration with the redesigned collector. A description of
the legacy gun and collector used in the existing AD cooler
can be found in Refs. [7, 8].

EXPERIMENTAL SETUP

The characterization of the prototype electron gun and
the validation of the redesigned collector were performed
on the Electron Cooler Test Stand (ECTS), a dedicated high-
voltage platform developed at CERN for testing electron
cooler components at DC high voltages of up to —80 kV, see

* gunn.khatri@cern.ch
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Fig. 1. A detailed description of the facility is available in
Ref. [9]; only a short summary is given here.

The ECTS consists of a fully enclosed Faraday cage on an
elevated high-voltage platform, powered by an 80 kV / 50 kW
three-phase isolation transformer. All gun and collector
power supplies are located on the HV platform, while magnet
power supplies and supervisory computers remain at ground
potential. Communication is via optical fibre links and Wi-
Fi. The system is operated through a Python/LabVIEW-
based control suite providing slow control, data logging,
vacuum diagnostics and interlock handling.

The test line includes a 1.5 m solenoid capable of generat-
ing up to 900 G, a squeeze coil at the collector entrance, and
a magnetic shield surrounding the collector chamber to min-
imise electron losses. Current and voltage measurements
are performed using precision shunt resistors on the gun and
collector return lines. Vacuum is maintained by a combina-
tion of a turbomolecular pump backed by a dry scroll pump,
an ion pump, a NexTorr pump and a titanium sublimation
pump, reaching base pressures of a few 10~'9 mbar at the
collector after bakeout. During hot-cathode operation and
beam extraction, the pressure typically rises into the low
108 mbar range.

A dedicated low-conductivity cooling-water circuit re-
moves heat from the electron collector during beam dump.
The loop includes resin filters and continuous purification
to maintain low conductivity for high-voltage operation and
to minimise leakage currents to ground. The redesigned
collector has already been tested and validated [10]; the
present work concentrates on the prototyping and iterative
development of the new electron gun.

GUN PROTOTYPE AND TESTS

Informed by detailed particle-tracking simulations in
EGUN, TRAK and CST [12, 13, 15], a high-perveance elec-
tron gun was developed to meet the specifications of the
new AD electron cooler: 2.4 A at 27 keV in a 2400 Gauss
magnetic field at the gun, matched to a ~ 600 Gauss field in
the cooling region. This yields a magnetic expansion of the
beam radius by a factor two, from 12.5 mm at the cathode
to 25 mm in the cooling section. Several cathode surface
shapes—flat, concave and convex—were investigated in sim-
ulations to minimise transverse temperature while preserving
perveance in the range 2.2 uA/V'> to 2.5 uA/V!-.

Guided by these results, a first prototype gun was designed
and built with the aim of validating the electrodes geome-
try, demonstrating emission at 27 keV and 2.4 A, checking
insulation up to 30 kV with a hot cathode and identifying
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Figure 1: Test bench layout and main elements of the ECTS.

thermo-mechanical weaknesses before committing to a final
design.

Mechanical Design Choices

The prototype uses a modular, low-cost architecture based
on off-the-shelf components. Electrodes can be exchanged
with minimal rework, enabling rapid iteration. The gun
consists of three main electrodes (anode, grid and Pierce
electrode), with the cathode recessed inside the Pierce geom-
etry; all electrodes are machined from bulk stainless steel.

The cathode and Pierce electrode must operate close to
1000°C while maintaining high-voltage insulation. The cath-
ode is held by a 12 cm ceramic support, while the grid elec-
trode is mounted on three axial rods, each carrying a radial
ceramic spacer. On the grid side, the ceramics are rigidly
attached to the grid electrode but slide inside slots at the
rod ends, a scheme derived from thermo-mechanical sim-
ulations [14] to avoid hyperstatic constraints and prevent
ceramic fracture. Macor and high-purity alumina were both
produced for the cathode and grid ceramics in the first iter-
ation of the gun design. A schematic of the prototype gun
assembly is shown in Fig. 2.

High-Voltage and Cathode Heating Tests

At room temperature each electrode was biased up to
30 kV with respect to ground and no measurable leakage cur-
rent was observed, confirming sufficient insulation margins.
Cathode heating was then tested under vacuum using a view-
port and a pyrometer. The measured I-V-T characteristics,
shown in Fig. 3, closely followed the SpectraMat cathode
data sheet, demonstrating correct heater performance and
emissive behaviour up to about 1000°C. After repeated heat-
ing cycles the gun was opened and no thermo-mechanical
damage of the ceramic supports or electrodes was observed.
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First Iteration: Beam Extraction and Limitations

The gun was then installed on the ECTS for the first beam-
extraction campaign. It was placed in the existing 1.5 m
solenoid providing up to 900 G, well below the nominal
2400 G foreseen at the gun in the final cooler. Since dedi-
cated grid and cathode supplies were not yet available, the
grid was held at ground potential and the cathode—Pierce as-
sembly biased negatively, so that the applied voltage defined
both extraction field and beam energy.

Beam extraction up to 5 kV was achieved, with beam
currents of about 700 mA and a perveance of 2.15 uA/V!->.
However, the total loss current—including leakage through
ceramics and water-cooled structures and true beam
interception—reached about 2 mA. For comparison, when
the same collector was tested with the legacy AD gun the
total losses remained below 300 uA, indicating that the ad-
ditional losses originated from the prototype gun.

During these tests the cathode and grid ceramics became
very hot. The cathode-support ceramic resistance dropped

Aqelectrons

high voltage
feedthrough

(a)

Figure 2: Prototype electron gun design: (a) 3D model, (b)
hot/cold cathode and (c) without the vacuum chamber.
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Figure 3: Measured cathode heating characteristics (I-V-T
curve).

to ~ 0.5 MQ, while the grid-support ceramics stayed around
10 MQ. The reduced resistance led to significant leakage
current through the cathode support, further heating the ce-
ramic and driving a thermal-runaway process. The collector
pressure reached about 10”7 mbar, implying substantially
worse pressure in the gun region, above the 10~ mbar limit
recommended by the cathode manufacturer. Under these
conditions stable operation above 5 kV was not possible.

Second Iteration: Thermal Mitigation

A second iteration of the prototype focused on reducing
the thermal load on the cathode-support ceramic. Two main
changes were implemented, see Fig. 4: the original 12 cm
ceramic was replaced by a 6 cm ceramic plus a 6 cm stainless-
steel extension tube, reducing conductive heat flow, and two
layers of tantalum foil were installed around and behind
the cathode to improve radiative shielding and temperature
uniformity. Thermal simulations indicated a drop of the
average ceramic temperature from about 800°C to roughly
500°C.

Figure 4: Prototype gun assembly: (a) first iteration with
12 cm cathode ceramic, (b,c) second iteration with 6 cm
ceramic + 6 cm stainless-steel (ss) extension and (d) tantalum
foils along with Pierce, cathode and ss extension.
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With these modifications the cathode-ceramic resistance
increased from about 0.5 MQ to ~ 30 GQ, and the grid-
ceramic resistance from ~ 10 MQ to ~ 7 GQ. The leakage
current at high voltage was greatly reduced and the HV
supply could reach 27 kV without reaching its current limit.

In this configuration full beam extraction was demon-
strated: 27 keV, 2.4 A and a measured perveance of about
2.1 uA/V'3 close to the design value, see Fig. 5. Operation
at these parameters was sustained for about 10 minutes. The
total loss current, however, remained around 4.3 mA and
the collector pressure about 2 x 107 mbar, indicating that
further work is needed to understand and reduce the loss
budget.

Choices and Positioning of Ceramics

For the 6 cm cathode support three ceramic materials were
evaluated: alumina, Macor and Shapal. Alumina and Macor
both allowed extraction of 2.4 A at 27 keV with perveance
around 2.1 uA/V!-; leakage currents and thermal behaviour
were similar. Alumina was selected as baseline due to its
superior mechanical strength, while Macor is more fragile.

Shapal (aluminium nitride), although a good electrical
insulator, has much higher thermal conductivity. Heat was
rapidly conducted from the cathode to the gun structure,
causing strong outgassing and preventing stable high-voltage
or beam operation; Shapal is therefore not suitable.

Operational experience also showed the importance of
ceramic positioning with respect to the magnetic field and
beam/ion trajectories. Ceramic surfaces directly exposed
along field lines can be coated by sputtered metal or evapo-
rated cathode material and become partially conductive. In
one incident, overheating of the cathode led to molybdenum
evaporation; X-ray fluorescence confirmed molybdenum de-
posits on ceramic surfaces and the resistance of an affected
feedthrough dropped from the TQ range to about 200 GQ
at room temperature. The main design rules derived are
therefore: keep ceramics cold and avoid exposing them di-
rectly to electron or ion trajectories. Both principles are
already implemented in the historical gun produced at BINP
in Dubna (from here referred as Novosibirsk gun) used in
the current AD cooler [8].

2.5

x  Measurement
Fit: P = 2.114 pP

2.0

15

Collector Current [A]

0 2 4 6 8 10
Grid-Cathode Voltage [kV]

Figure 5: Gun perveance from 2"¢ iteration tests.
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Figure 6: 3D model of the final gun design, combining
the validated prototype optics with an externally mounted
ceramic layout and cooling circuit.

FINAL GUN DESIGN AND FUTURE TESTS

Combining the validated electrode geometry from the
prototype with the proven thermal and insulation concepts
of the legacy Novosibirsk gun, a final gun design for the
new AD electron cooler has been developed, see Fig. 6.
The final gun reuses the high-perveance electrode shapes
that demonstrated 2.4 A at 27 kV, while adopting a more
conservative ceramic layout inspired by the Novosibirsk gun
design [8].

In the final configuration all main ceramics are located
outside the vacuum envelope, cooled by air and shielded
from direct radiation and sputtering. Their external surfaces
are ribbed and profiled to increase the creepage path for
surface flashover, and several layers of tantalum shielding
surround the cathode region. The gun chamber includes a
dedicated water-cooling circuit.

The final gun is in production and will be tested on the
ECTS in an upgraded configuration. A new expansion
solenoid, providing up to 2400 Gauss at the gun, will be
installed upstream of the existing 1.5 m solenoid (operated
around 600 G), see Fig. 7. This will allow adiabatic expan-
sion of the beam radius from 12.5 mm to 25 mm, reproducing
the AD cooling section. A squeeze coil will be placed just
upstream of the final collector. Note that the final collec-
tor will have minor differences compared to the collector
already validated [10], namely (1) larger vacuum chamber
and (2) individual electrodes biasing scheme for improved
reliability.

The test bench is now enclosed in a plexiglass box inter-
locked with the high-voltage cage: opening the enclosure
immediately triggers an HV shutdown and returns exposed
parts to ground potential. The first comprehensive test cam-
paign of the final gun in this configuration is planned for 2026
and will characterise DC and pulsed operation, high-current
and high-voltage limits, stability and cathode lifetime.

Beyond the AD cooler project, the ECTS is evolving into
a versatile test facility for high-voltage electron-beam com-
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Figure 7: Upgraded ECTS configuration with the final gun
inside an expansion solenoid, followed by the long solenoid
and the validated collector.

ponents at CERN. It can be used to qualify guns, collectors
and diagnostics (e.g. beam-gas curtain monitors) for other
electron coolers and related systems.

CONCLUSION AND OUTLOOK

The prototype electron gun for the new AD electron cooler
has confirmed the validity of the high-perveance electrode
geometry, demonstrating beam extraction up to 27 keV, 2.4 A
and perveance consistent with simulations. Equally, the
tests revealed the dominant limitations related to thermal
loading of the ceramic supports, showing that high ceramic
resistance, effective shielding, and careful positioning are
essential for stable high-voltage operation. These lessons
directly informed the final gun design by combining the
validated prototype optics with a more robust ceramic layout
inspired by the legacy Novosibirsk gun.

The final gun is now in production and will undergo com-
prehensive testing on the upgraded ECTS, equipped with
a 2400 G expansion solenoid and improved safety and vac-
uum systems. The final collector, featuring a larger vacuum
chamber and revised biasing scheme, will also be tested, but
is expected to perform similarly to the already validated one.
These tests will establish the operating margins, long-term
stability and cathode lifetime required for LS3 installation.
With these upgrades, the ECTS is becoming a versatile facil-
ity for characterizing electron-beam components at CERN,
supporting future developments beyond the AD electron
cooler.
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PROGRESS TOWARDS A FIELD EMISSION ELECTRON GUN FOR THE
ELENA ELECTRON COOLER

G. A. Tranquille*, CERN, Geneva, Switzerland
E. Welker", TU Wien, Vienna, Austria

Abstract

Field emission-based cathodes have been shown to be an
attractive alternative to thermionic sources for the generation
of electron beams. Their low transverse energy spread, and
low power consumption make them an ideal replacement for
the thermionic cathode currently used on the electron cooler
of the Extra Low ENergy Antiproton (ELENA) ring.

We have investigated the use of carbon nanotubes (CNT)
as the field emitting source, studying the emission character-
istics and lifetime of various patterned structures. Fowler-
Norheim analysis of our samples has given us a better under-
standing of the limiting factors of such sources, especially
the influence of the conditioning process on the emitted
current.

A double-gridded electron gun has also been tested with
CNT samples of various sizes up to 4x4 cm. The measured
current density for the larger samples was somewhat lower
that expected and showed a larger beam divergence than
what was predicted by the simulations. This discrepancy is
currently under investigation as well as improvements to the
gun design to obtain stable and reproducible beams.

INTRODUCTION

In ELENA, electron cooling is fundamental to reduce the
emittance blow-up of the antiproton beam so that a focused
and bright beam can be delivered to the experiments [1].
Presently, the electron gun relies on thermionic emission,
where a tungsten-doped barium oxide (BaO) source is heated
to 1200 °C. However, this imposes several limitations on
the transverse beam energy and the required magnet system.
A cold emission-based electron gun might overcome these
constraints, as field emission relies solely on high electric
fields to both generate and control the electron beam.

WHY CARBON NANOTUBES?

Despite field emission being a known effect since 1928
when first proposed by Fowler and Nordheim [2], it has only
recently become a flourishing field of research thanks to the
technological progress that has opened to the possibility of
creating 2D nano-structures. 2D nano-materials can have
greatly enhanced field emission properties and allow to ex-
tract relatively high currents (usually tens of mA/cm?) at rel-
atively low applied electric field (some V um™") [3]. This is
possible thanks to a field enhancement at the nano-structure
surface, usually described by means of the so-called field
enhancement factor §.

* gerard.tranquille@cern.ch
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For our development, CNTs have been chosen due to
their remarkable properties in this field. They are nowa-
days considered among the most promising material for
field emission, reaching high current densities, being largely
chemically inert and having a good emission stability. Sev-
eral groups have reported promising results using arrays of
vertically aligned CNTs. Such an arrangement minimizes
the screening effect which usually severely affects the per-
formance of forests and disordered structures.

EXPERIMENTAL SETUP

The Cold-Cathode-Test-Bench (see Fig. 1) has undergone
a major upgrade since the initial measurements and now
encompasses the gun assembly installed in a vacuum tank
mounted on a 6-way cross. Three flanges are dedicated
for the Edwards Vacuum Pump and Pfeiffer TPG 362 Dual
Gauge, a Vacom Novion vacuum sensor and a PHOTONIS
Ion Beam Profiler (IBP). A three sample holder is installed
on the final flange for testing the emission characteristics of
individual carbon nanontube structures.

Figure 1: Cold Cathode Test Bench (CCTB)

CNT SAMPLE MEASUREMENTS

In previous studies we investigated the emission stabil-
ity and lifetime of patterned CNT arrays purchased from
NanoLab Inc. [4]. We concluded that hexagonal structures
were best suited for our application, giving relatively high
emission currents with good long-term stability.

A new set of CNTs of various dimensions was obtained
from the International Iberian Nanotechnology Laboratory
(INL, https://inl.int/) in Braga, Portugal. Hexagonal
CNT arrays of 10 um side and 20 um height spaced by 3 um
(see Fig. 2) were grown by chemical vapour deposition
(CVD) on silicon wafers and diced to the required dimen-
sions [5]. Samples were first conditioned and characterised
on the measurement flange and then transferred to the gun
for beam profile measurements. The conditioning consists in
slowly ramping the voltage to a fixed value whilst monitoring

WEA: Cooling Technology
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Figure 2: SEM image of the hexagonal CNT array

the vacuum level and emission current. When the emission
has stabilised and the vacuum fully recuperated, the electric
field is slowly ramped to a higher level. This is performed
three or four times until it is deemed that breakdowns due
to gas ionisation is no longer an issue.

Fowler Nordheim (FN) Analysis

After vacuum conditioning, the emission properties of
different samples as a function of the applied voltage was
studied. The first sample to be measured was the 4 cm X
4 cm large area CNT which was expected to emit a current
density equivalent to what is needed for cooling in ELENA.
The first ramp (see Fig. 3, navy blue curve) shows a very
random behaviour of the emitted current. This is probably
due to an incomplete conditioning of the sample resulting
in an alteration of the field emitter tips. The subsequent
ramps display a more normal emission following the classi-
cal Fowler-Nordheim equation:

3/2
J= A_Eie(_B;;‘/ )
¢
where J is the current density, A =1.54 x 10° AeV V2,
B =6.83 x 10°eV32Vm™!, ¢ is the work function of the
material, and Ey, is the local field at the emitting tip. E =
BE , with E being the applied electric field and g the field
enhancement factor [6,7].
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Figure 3: Four FN scans of the 4x4 CNT sample

WEA: Cooling Technology

Cooling Technology

ISSN: 2226-0374

JACoW Publishing

doi: 10.18429/JACoW-COOL2025-WEA3

To fit the data, we used the generalised Fowler-Nordheim
equation (2) due to its streamlined form compared to equa-
tion (1). It describes the emission behaviour well enough
for most emitters:

J(E) = AE?e(F) )

The applied electric field £ can be approximated, using
the anode-cathode voltage V and inter-electrode separation
d,by E ~ V/d. Constants A and B are defined by the
material properties and experimental conditions. By fitting
data to this exponential curve, it is possible to determine
key parameters for evaluating emission performance and
comparing different emitters or conditioning methods.

Seppen-Katamuki (SK) Plots

To further analyse the contributions of 8 and ¢ to the
field emission performance, a Seppen-Katamuki (SK) plot
is commonly used. The exponential relationship described
in equation (2) is used to plot In(J/E?) versus 1/E. In an
ideal FN process, this plot is linear, confirming that quan-
tum tunnelling dominates the emission, where as deviations
indicate additional adverse influences. In an SK plot, the ab-
scissa represents intercept of the FN plot, while the ordinate
represents the slope m.
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Figure 4: SK plot of three scans for the 4 X 4 cm CNT
sample

The SK plot for three scans (scans 2 to 4) of the 4 cm X
4 cm sample is shown in Fig. 4. One clearly sees an evolution
of the SK values indicating a change in the tip apex radius for
each ramp up of the electric field. FN scans have also been
performed on samples of different sizes. Their behaviour is
similar to what was observed with the 4 cm X 4 cm sample.
We believe that the main cause of the initial degradation is
Joule heating which is enhanced because of the low inter-
tube spacing. Once the tips have burnt-off, the sample emits
more uniformly but the screening effect eventually results in
localised heating which in turn causes peeling of the CNTs
from the substrate surface.
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FIELD EMISSION CNT (FECNT) GUN
MEASUREMENTS

Gun Design

We have developed a dual-gridded electron gun based on
a cold cathode CNT sample. It relies on a triode configu-
ration where the extracting anode and the third electrode
are referred to as grid 1 and grid 2. In this configuration
the silicon wafer, on whose surface the CNTs are grown,
is used as a cathode with a negative applied voltage. The
voltage on grid 1 is responsible for creating the local electric
field that extracts the electrons from the CNTs. Grid 2 is
usually grounded so that the electrons can be transported
downstream with the required beam energy (for ELENA
operation 355 eV). The two grids were manufactured by Mi-
croCreate BV using a highly n-doped round silicon wafer
with a thickness of 100 um and a diameter of four inches.
The wafer was thinned down to 50 um in a central area where
a rectangular hole pattern measuring 3 X 3 cm was created.
The mesh consists of 15 pm square holes separated by 3 um
walls. Additionally, two MACOR ring-shaped spacers are

g/

Figure 5: electron gun (left), CNT holder (middle),emitter
region (right)

used for insulation between cathode/grid 1 and grid 1/grid 2.
The spacers inner diameter limits the beam size and act as a
short drift tube for the beam. The final component is a focus-
ing electrode; an aluminium ring with a triangular-shaped
cross-section. It is designed to maintain straight field lines
and keep the transverse energy of the emitted beam low. All
edges of metal surfaces exposed to high voltage are rounded,
to reduce the risk of electrical discharges and arcing. HV
coaxial feedthroughs in the upstream flange were used to
make electrical connections to the power supplies or multi-
meters. All these components, collectively referred to as the
“emitter region”, are stacked and secured with peek screws.
After the focusing electrode, the beam is directed through
an Einzel lens system onto the beam profile monitor.

Source Test

The first tests with a 4 x 4 cm CNT sample proved to be
inconclusive. We only managed to observe a bright signal
filling the whole observation window. As a result it was
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decided to switch to a 1 X 1 cm CNT sample previously val-
idated with an emission current density close to I mA cm™2.
The Einzel lens was also removed such that the emitted elec-
trons could be visualised directly on the monitor window.
An electron beam current of 0.52 mA was obtained but the
beam spot seen on the screen (see Fig. 6) was much larger
than expected from the CST simulations [8], indicating a
large beam divergence at the source. It was also noted that
the beam was deviated to the top right hand side of the mon-
itor. We suspected that only part of the CNT source was
effectively emitting which was confirmed with COMSOL
simulations.

o 200 400 600 800 1000 1200

Figure 6: 520 pA beam spot observed on the IBP

Gun Tests With Einzel Lens

Having seen beam for the first time on the IBP, the Einzel
lens was reinserted into the system and the trajectory was
tuned to steer the beam onto the IBP. A short solenoid was
installed around the source to focus the beam at the source
exit and the the Einzel lens electrodes were scanned over
a range of voltages from -200 V to +150 V. The final set-
ting for the solenoid was 0.7 A (giving a longitudinal field
of only 3.8 Gauss) and -130 V on the middle Enzel lens
electrode (the other two were set to 0 V). This enabled us
to transport a 260 pA electron beam to the monitor. Using
small permanent magnets the beam could also be scanned
across the window without any loss in beam intensity.

Long-Term Stability Measurements

Following the successful generation and transport of a
beam from the FECNT electron gun, a long-term stability
test was conducted. The aim was to measure if the CNT
could emit a stable current continuously over a long period
of time. Figure 7 shows the beam current intensity and
fluctuations over 28 days, corresponding to approximately
670 hours. As the vacuum improves in the setup, one also
sees that the intensity fluctuations stabilise.

CONCLUSION

We have demonstrated that an electron source based on
field emission is a viable alternative to a thermionic source
for eventual use in a low energy electron cooler. A double-
gridded gun has been prototyped and has shown very promis-
ing results. The design of the source focussing electrode
needs to be addressed as the emitted beam is clearly too
divergent. Alternative field emission sources should also
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Figure 7: Long-term stability measurement of a 0.64 cm?> CNT source

be investigated as the performance of large-area CNTs is
very dependent on the growth process. Gated FE arrays such
as Spindt cathodes [9] could be the way forward to obtain-
ing the required performance not only in intensity but also
long-term stability.
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STOCHASTIC COOLING ENHANCED
STEADY-STATE MICROBUNCHING

Xiujie Deng*, Institute for Advanced Study, Tsinghua University, Beijing, China

Abstract

In this paper, we propose to combine two promising re-
search topics in accelerator physics, i.e., optical stochastic
cooling (OSC) and steady-state microbunching (SSMB). Our
study shows that such an OSC-SSMB storage ring with a
circumference of 50 m and beam energy of several hundred
MeVs using present technology can deliver kilowatt radia-
tion at 100 nm wavelength. A more ambitious application
of OSC in an SSMB ring can push the radiation wavelength
to an even shorter wavelength, such as EUV and soft X-
ray. Such a powerful compact light source could benefit
fundamental science research and industry applications.

INTRODUCTION

Steady-state microbunching (SSMB) [1-3] scales the
bunching mechanism in a storage ring from the conven-
tional microwave or radio-frequency (RF) region to optical
wavelengths to generate ultrashort electron bunches on a
turn-by-turn basis for high-power short-wavelength coherent
radiation generation, and its proof-of-principle experiment
has been successfully conducted recently at the MLS stor-
age ring [4,5]. Optical stochastic cooling (OSC) [6,7] is a
scaling of the conventional stochastic cooling scenario from
the microwave to optical frequency range to speed up the
damping of particle beam emittance. Its mechanism has also
been demonstrated recently in the IOTA storage ring [8,9].
One interesting idea is then to combine them, which hope-
fully can relax the technical requirements and enhance the
capabilities of an SSMB radiation source.

SSMB SCENARIOS

SSMB is a general concept and there are several specific
scenarios for its realization. Here we group these scenarios
into two categories, i.e., globally microbunching schemes
and locally microbunching schemes.

Globally Microbunching / Longitudinal Focusing

For globally microbunching or longitudinal focusing
schemes, it means the electron beam is microbunched all
around the ring. Generally, these SSMB schemes require
the storage ring to work in a quasi-isochronous or low-alpha
mode. The laser modulators are used in a way similar to
that of RF cavities in a conventional storage ring, i.e., to
longitudinal focus the electron beam to make it become mi-
crobunched. The microbunches are thus separated with a
distance of the modulation laser wavelength. Note that due
to the impact of local phase slippage factor and transverse-
longitudinal coupling [2], the microbunch length can vary

* dengxiujie @mail.tsinghua.edu.cn
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Figure 1: Schematic layouts of a longitudinal weak focusing
(top), longitudinal strong focusing (center) and generalized
longitudinal strong focusing (bottom) SSMB storage ring.

significantly around the ring. The microbunching here there-
fore more accurately refers to microbunching in phase space.
Depending on the strength and mechanism of longitudinal
focusing, we have developed three such SSMB scenarios in
the past years, namely longitudinal weak focusing (LWF),
longitudinal strong focusing (LSF) and generalized longi-
tudinal strong focusing (GLSF) [10, 11], as schematically
shown in Fig. 1. For a comprehensive analysis of their beam
physics, the readers can refer to Ref. [11].

For globally microbunching schemes, the key is to realize
a small equilibrium beam emittance. At least one of the three
eigen emittances should be ultra-low to realize ultra-short
electron bunch with a mild requirement on the modulation
laser power. For LWF and LSF SSMB, it is the longitudinal
emittance, while for GLSF SSMB it is the vertical emittance.

Locally Microbunching / Reversible Modulation

For locally microbunching schemes, it means microbunch-
ing appears only in a limited section in a storage ring. Out-
side that limited region, the electron beam is just a con-
ventional bunch, which means it can be an RF bunch, or
even a coasting beam. A representative method to realize
locally microbucnhing is using a downstream reverse laser
modulation to cancel the modulation imprinted in the up-
stream laser modulator, and microbunching only appears
at the radiator in between [12, 13]. By invoking such a
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Figure 2: Schematic layouts of a reversible HGHG (top),
reversible EEHG (center) and reversible PEHG/ADM (bot-
tom) SSMB storage ring.

reversible modulation scheme, the storage ring does not
need to be quasi-isochronous. Depending on the laser-
induced microbunching technique, for example HGHG [14],
EEHG [15], PEHG/ADM [16, 17], we can have HGHG
SSMB, Echo SSMB, PEHG/ADM SSMB as shown in Fig. 2.
For a comprehensive analysis of beam physics of these re-
versible microbunching schemes, especially that of the Echo
SSMB scenario, the readers can refer to Ref. [13].

The key of reversible microbunching is to realize perfect
modulation cancellation such that the equilibrium beam pa-
rameters can preserve and the microbunching process can
repeat turn-by-turn. However, in reality, due to various phys-
ical effects, the modulation cancellation cannot be perfect.
One critical issue is the longitudinal coordinate deviation of
a particle Az from its ideal location between the upstream
laser modulator and downstream reverse laser modulator,

AS = %{sin[kL(z +Az)] —sin(kr2)}, 0

with &k the laser wavelength and £ the energy chirp strength
around zero-crossing phase. The sources of Az include ef-
fects like quantum excitation, intrabeam scattering (IBS),
coherent radiation, linear optics mismatch and lattice non-
lienarities [13]. A non-perfect cancellation will result in
a growth of the energy spread, and when |Az| < Ap, we
have Ac? = (hoaz)?/2. And if the modulators are placed
at dispersive locations, like that in PEHG/ADM SSMB, it
will also lead to a growth of transverse emittance.

For HGHG and Echo SSMB, the key parameter is the
energy spread. For PEHG/ADM SSMB, it is the vertical
emittance. A growth of these parameters means the required
modulation laser power will be even higher to realize a given
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coherent radiation wavelength. Our analysis has revealed a
universal criterion for the tolerance of rms value of Az [13]

A
R 2/Nz,damps (2)

OAz S —
g
where A is the target radiation wavelength, and N; gamp is
the longitudinal damping time in unit of revolution numbers.

Motivation of a Faster Damping

A faster damping in an SSMB storage ring can help to
obtain a smaller equilibrium beam emittance, energy spread,
increase the tolerance of non-perfect modulation cancella-
tion, and fight against collective effects. This can mitigate the
technical challenges and enhance the potential of an SSMB
source. While damping wiggler seems to be a straightfor-
ward choice to enhance damping, an OSC section has the
advantage of a more compact setup and a higher efficiency
of wall-plug electricity to user desired radiation.

OSC BASICS

After a brief introduction of SSMB, here we present some
basics of OSC to make our paper more self-contained.

Cooling Mechanism and Damping Rate

The cooling mechanism of an OSC section is to use each
electron’s radiation generated in the pick-up undulator to
correct its own momentum deviation in the kicker undulator.
The kickes of nearby electrons’ radiations in the radiation
slippage length is a heating effect. Assume that the corrective
energy kick due to each particle’s own radiation is given by

A(So =-A Sin(kRoAZO). (3)

And if Azp = Rs560 with Rs5¢ the momentum compaction be-
tween the pick-up and kicker undulator, then the longitudinal
damping rate is

a@ro = AkroRse/2. 4)

For the analysis of damping rates in a general coupled lat-
tice, the readers can refer to Ref. [18]. Considering the
sinusoidal waveform of the kick, the damping rate is actually
amplitude-dependent. And to ensure damping for majority
of the particle beam, we need a sufficient cooling range [9].

Bandwidth Limit

The bandwidth W of an OSC section is limited by the
ability of identifying each electron, which is determined by
the OSC undulator radiation slippage length N,04dro0. So
W = fro/Nuo, with fro and N,,o the OSC undulator radi-
ation frequency and period number, respectively. Assume
perfect mixing and appropriate amplifier applied, the the-
oretical optimal damping rate is % = % with N the total
number of particles in the ring. For a coasting beam, we
have the optimal damping time in unit of revolution

Nz, damp,opt = No. of e in the OSC radiation slippage. (5)

To get a fast damping in OSC, a short radiation slippage
length is required. In this sense, a shorter OSC undulator
radiation wavelength is desired, for example EUV [19].
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Mixing Condition

A central problem in stochastic cooling is the mixing.
Loosely, a good mixing means the particles in the OSC radi-
ation slippage length update turn-by-turn. More accurately,
it means the overlap of particles’ Schottky bands in the feed-
back system bandwidth. Since reversible SSMB scenarios
do not require a small momentum compaction for the ring,
the mixing condition can be straightforwardly satisfied in
these schemes, as long as we have

losnCol > Nuodro, (6)

with o5 the beam energy spread,  and Cy the phase slippage
factor and circumference of the ring. In this paper we only
discuss the application of OSC in a reversible SSMB ring.

The mixing condition in globally microbunching schemes
is more subtle. And the combination of these schemes with
OSC will be reported elsewhere in the future.

Radiation Kick Strength

The OSC radiation kick strength A in Eq. (3) is determined
by the details of pick-up, kicker, optical system and amplifier
if there is one. Assume identical pick-up and kicker planar
undulator, and the optical system is refractive. And assume
a perfect linear amplifier. The radiation kick strength is [9]

1 (eyKky)®

R — 2L, [JIFr(K,y0,)VG,  (7)
e

with 6,, the angular acceptance of the focusing lens, G the
radiation power amplification factor and for 0 < K < 4 we
have Fj, (K, ) ~ 1/(1+ 1.13K* + 0.04K> + 0.37K*).

Equilibrium Energy Spread

If we consider the combined affects of OSC, radiation
damping, quantum excitation and other diffusion-like effects,
the equilibrium energy spread is given by,

050 = %\/(Aoﬁo + AO’(%QE + Ao-(zsother)/(aLo + QLRD).
®)
where Ac2, = 12 Muodro A2 ig the heating effect of nearby
particles’ radiation kick in the OSC, Aa’éQE = 4a1rpo S,
is the natural quantum excitation with o 5o the natural en-
ergy spread and ayrp the longitudinal radiation damping
rate, Ao-(zs other 18 from the other energy spread growth effects,
for example that due to the non-perfect cancellation in a
reversible SSMB ring. With other parameters fixed, there is

an optimal A to minimize the equilibrium energy spread.

COMBINE OSC WITH REVERSIBLE SSMB

Schematic Setup and Parameters List

Now we use the application of OSC in a reversible HGHG
SSMB ring to increase the longitudinal damping rate as an
example to demonstrate the benefit of implementing OSC
in an SSMB storage ring. A schematic layout of such an
OSC-HGHG-SSMB storage ring is shown in Fig. 3, and an
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Figure 3: Schematic layout of applying OSC in a reversible
HGHG SSMB storage ring.

example parameters list is given in Tab. 1. In this example,
the desired radiation wavelength is assumed to be the 8-th
harmonic of the modulation laser, i.e., Ag = 100 nm with
Ar = 800 nm. The envisioned ring consists of two arcs and
two straight sections. The circumeference of such a ring is
about 50 m. The two straights are about 2x 15 m, and the two
arcs are about 2 X 10 m. The OSC section is implemented in
one straight section, while the other is used for HGHG and
reverse HGHG. The average modulation laser power is set to
be 1 MW, which is close to the state-of-art value reachable
in an optical enhancement cavity [20]. All the parameters
in Tab. 1 should be feasible from a practical viewpoint.

Induction Linac and Barrier Bucket

To mitigate collective effects like IBS, the peak current
we applied is not too high, namely 1 A. While for a high-
average-power output radiation, we hope for a high average
beam current. Therefore, we may use induction linac as the
energy compensation system to get a costing beam with a
large filling factor for example 50% in the ring. Assuming
the repetition rate of the induction linac is the same as the
particle revolution frequency in the ring, which is 6 MHz.
The acceleration voltage V,.. =~ 2 kV, considering that the
incoherent radiation loss in dipoles and coherent radiation
loss in radiator undulator are each about 1 keV per electron.
To form the barrier bucket, we let the acceleration voltage
have two edge slopes as shown in Fig. 4. The barrier bucket

half-height formed by these two slopes is Ad = % / %,

with V) and At the magnitude and time duration of the slope.

VacetVo

Vacc +VO
Acceleration \ Vace

voltage

—
At

N

Phase-space
trajectories

Figure 4: The schematic layout of applying an induction
linac for energy compensation and barrier bucket formation.
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Table 1: An example parameters set of an OSC-HGHG-
SSMB ring for high-power 100 nm radiation generation.

ISSN: 2226-0374

Para. Value Description

Ey 300 MeV Beam energy

Co 50 m Circumeference

n 1x1073 Phase slippage factor
Ip(14) 1 A(0.5A) Peak (Average) current
Biing 1.25T Bending field of dipoles
050 2.9x107*  Natural energy spread
TSRD 55.8 ms Longitudinal R.D. time
P 10 Ratio of two damping

050 1.9x10™*  Energy spread with OSC
Ts0 5.1 ms Damping time with OSC
T5.IBS > 100 ms IBS diffusion time

AL 800 nm Laser wavelength

h 9425 m~'  Liner energy chirp strength
Ay 4.5 cm Modulator undulator period
By 1.13T Modulator peak field

L, 3.15m Modulator undulator length
Pr.a 1MW Laser average power

OAz 0.2 nm rms Az between LMs
Ao-%inS 1.8x 10712 Aa':‘; per pass of insertion
Aa'go 1.9x 1072 Ao per pass of OSC
Acsor 1x107'? Ao quantum excitation
ARO 266 nm OSC radiation wavelength
Auo 3 cm OSC undulator period

Boo 1.14T OSC undulator field

L.o 15 cm OSC undulator length

Ny 2.77x10*  No. of e in a slippage length
G 178 Power amplification factor
Rsg 179 um Rs6 between two undulators
TaoReom Cooling range

AR 100 nm Radiation wavelength

bg 0.1 Bunching factor

€, 6 nm Transverse emittance

ot ~100 um Transverse beam size

Au 2 cm Radiator undulator period
By 1.18 T Radiator peak field

L, 6 m Undulator length

Pp 1 kW Peak radiation power

Py 0.5 kW Average radiation power

If Eg =300MeV,Cyp =50m,n = 1x 1073, At = 20 ns, then
to realize a bucket half-height of Aé = 0.02 which means
about 100050 given in the table, then we need Vy = 1 kV.
Such a requirement on induction linac should be feasible. We
point out that it is also possible to realize a large beam filling
factor by using the combination of different RF harmonic
cavities to lengthen the RF bunch in a RF bucket.

Intrabeam Scattering

To minimize the IBS diffusion rate, we have used a
transversely round electron beam, with a large transverse
emittance of €, = 6 nm. The IBS diffusion of energy
spread for a transversely round beam (e = €) is [21]
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-1 . _YoIprlLc

6.IBS 7 8eyPoi(ox)eL
on the lattice optics around the ring. Here for an order of
magnitude estimation, we put in some numbers, ¥y = 1,
Columb Log L. = 10, average transverse beam size around
the ring (o) = V6 nm x 10 m ~250 um, o5 = 1.9 x 1074,
Ip = 1A, we have 75 8s = 169 ms, which is more than
one order of magnitude longer than the OSC damping time.
For the transverse dimension 7, 1ps = Ts5.1Bs. When

T , where Wy is a constant depending

€
0-(25<(}-{L>
(Hy.) < 0.2m, itis acceptable for the transverse dimensions.

Coherent Undulator Radiation

The radiator is assumed to be an undulator. The radia-
tion power at the fundamental resonance frequency from a
transversely-round electron beam in a planar undulator is [2]

Ppea[KW] = LI83N, Y [JJ12FF . (S)|b.[*TA[A]l,  (9)

where [JJ1% = [Jo (x) =i ()] with x = 7525 and
K being the undulator parameter, and the transverse form

. — 2 .
factor is FF,(S) = % [tan ! (%) + Sln((z(é‘;)ﬂ)] , with
2

S = UZ% is the diffraction parameter and o, the rms trans-
verse electron beam size, b, is the bunching factor at the
radiation wavelength, and /p is the peak current. For the
radiation power of a helical undulator, there is no [JJ]? fac-
tor and the power can roughly be about a factor of 2 larger.
The power given in the table assumes a helical undulator
radiator. Similarly we can also use a helical undulator as
the modulator to lower the required modulation power by a

factor of 2 compared to a planar undulator as modulator.

Remaining Issues

Feasible in principle, there are important issues to be re-
solved before such an OSC-HGHG-SSMB ring becoming a
reality. For example, is the required amplifier of OSC radia-
tion available at such short wavelength? We recognize that
we may also do OSC without an amplifier. Is it challenging
to realize the required phase-locking of electron and its own
radiation in OSC, especially when we want to shorten the
radiation wavelength to increase the bandwidth for a faster
damping? How to realize the phase locking of the two opti-
cal cavities, or more accurately locking of the downstream
laser modulator to the electron beam arrival time to ensure
perfect modulation cancellation?

SUMMARY

Both OSC and SSMB have great potential, here we pro-
pose to combine them for an even brighter and longer future.
The application of OSC in a reversible SSMB ring for a
1 kW 100 nm radiation source has been presented. Such a
compact source (circumference ~ 50 m) can be built in uni-
versities and institutes with a reasonable cost, and be useful
for basic science research. The work on application of OSC
in global microbunching SSMB scenarios is ongoing and
will be reported in the future. This work is supported by the
National Natural Science Foundation of China (NSFC Grant
No. 12522512) and Tsinghua University Dushi Program.
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Abstract

Ion beams with micrometer-order spot size, so-called
“microbeams,” have been utilized in a variety of fields.
These include the biological response of radiation in cells
and the single event effects of a semiconductor, etc. On the
other hand, certain applications, such as the creation of a
color center in a diamond, require an ion beam with not
only the higher precision of a nanometer-order diameter
but also the ability to implant ions one by one. The ion ma-
chine gun (IMG) is the possible choice for the realization
of this distinctive ion beam. It is mainly composed of a lin-
ear Paul trap (LPT) and Doppler-cooling lasers. Ions laser-
cooled to nearly absolute zero in the LPT reach a “Cou-
lomb crystalline state.” If we extract ions in this state with-
out heating, a unique ion beam can be attained. Most ion
species, even if they cannot be directly laser-cooled, can be
cooled sympathetically and crystallized through Coulomb
collisions with laser-cooled ions simultaneously confined
in the LPT. At Hiroshima University, we conduct proof-of-
principle experiments of the IMG using laser-cooled cal-
cium ions and sympathetically cooled nitrogen ions. Here
we discuss the fundamental principle and experimental re-
sults of this study.

INTRODUCTION

Various types of charged-particle beams, differing in
particle species, kinetic energy, or intensity, are used de-
pending on their purpose. Among these is the microbeam,
which is focused down to the micrometer scale. Mi-
crobeams are used, for example, in studies of biological re-
sponse to radiation in cells [1] or in research into errors
caused by charged particles entering semiconductors [2].
Generally, microbeams achieve a micrometer-order spot
size by narrowing the beam using collimators or focusing
lenses. How tightly the beam can be focused is determined
by the beam’s emittance. The emittance is defined as a vol-
ume in the 6D phase space occupied by particles constitut-
ing the beam. The lower the particle beam’s emittance, the
smaller the particles’ positional and momentum divergence,
which means the better the beam's quality.

Reducing the emittance with a dissipative force is called
cooling because it is physically equivalent to lowering the
beam temperature. If ions are cooled to near absolute zero,
the Coulomb interaction between each ion and the external

* Work supported in part by JSPS KAKENHI Grant No. JP24KJ1723 and
JP25K15770, and by JST, the establishment of university fellowships to-
wards the creation of science technology innovation, Grant No.
JPMIJFS2129, and Moonshot R&D Grant No. JPMIMS2062.

+ muroo-kento@hiroshima-u.ac.jp
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confinement force reaches equilibrium, and the relative po-
sition of each ion does not change. This state is called Cou-
lomb crystal, which is the ultimate low-emittance state of
the ions. Among beam-cooling techniques, laser cooling is
the only one that can crystallize ions so far. However, crys-
tallizing a beam rapidly circulating in an accelerator is dif-
ficult because the laser cooling force is not very effective
in the direction perpendicular to the laser, and a strong dis-
persive heating effect occurs due to bending magnets.

On the other hand, crystallizing ions confined in an ion
trap is much easier than a beam in an accelerator. The “lon
Machine Gun (IMG),” which utilizes a Coulomb crystal in
an ion trap as a beam source, is a possible choice for real-
izing an ultra-low-emittance beam [3]. Coulomb crystals
form different structures depending on their line density. At
low line densities, ions line up in a single row along the
axis of the trap, forming what is called string crystal. As
the line density increases, they form a zigzag crystal, and
with an even higher density, they become a shell crystal
structure. If ions are extracted from an ion trap one by one
without serious heating, we can obtain a unique beam
whose emittance is on the order of femtometers or less, and
the spot size can be focused on the nanometer scale [4, 5].

Although laser cooling can only be applied to a limited
number of ion species with specific energy levels, any ion
species can, in principle, be sympathetically cooled
through Coulomb interactions with laser-coolable ions. A
European research team conducted an experiment to ex-
tract a nitrogen molecular ion (**Nz*) from a Coulomb crys-
tal composed of a laser-coolable calcium ion (**Ca*) and
sympathetically cooled a '“N:* ion [6].

We are conducting research and development to extract
a single nitrogen ion with very low emittance, applying the
IMG idea. In what follows, we introduce our experimental
system employing a linear Paul trap (LPT) and a new ex-
traction method employing a shell Coulomb crystal. We
also report the results of some numerical tests and experi-
ments for proof-of-principle of the method.

PAUL-TRAP ION SOURCE
Experimental Setup

The LPT used in the experiment has a conventional
structure with quadrupole rods and three end-plate elec-
trodes. Figure 1 shows an image of the LPT. Each rod elec-
trode measures 6.88 mm in diameter, 88 mm in length, and
3mm from the trap axis. The amplitude of radiofre-
quency (rf) voltage (Vi) is 30 V or lower, with an operating
frequency of 2 MHz. Three end-plate electrodes (End-A,
End-B, and End-C) with a uniform thickness of 12 mm are
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biased at a few volts DC voltage (Va, Vs, and V¢) and cre-
ate two axial potential wells. To avoid contamination, the
ion confinement region where ions crystallize (between
End-A and End-B) is separated from the ion generation re-
gion where neutral atoms or molecules are ionized (be-
tween End-B and End-C). End-B is placed apart from End-
A at 7.1 mm, resulting in a nearly parabolic potential.
When extracting ions from the LPT, we manipulate the
voltage applied to the End electrode. Extracted ions are de-
tected by a channel electron multiplier (CEM) placed
4.5 mm away from the exit of the LPT.

Figure 1: Linear Paul trap used in the experiments. The Ca
atomic oven is installed under the ion generation region.
After crystallizing in the ion confinement region, ions are
ejected toward the right side in this figure.

We choose “°Ca” ions as the coolant and '“N," ions as the
sympathetically cooled ions for the experiment. Calcium
atoms are introduced from an atomic oven placed under the
LPT. The °Ca* ions can be cooled by two semiconductor
lasers: a cooling laser (397 nm) for the transition of 4s?S/,-
4p®P1; and a repumping laser (866 nm) for excitation from
the metastable state (3d*Ds12) to the upper state (4p°P1y).
The lower temperature limit for laser-coolable ions, re-
ferred to as the Doppler cooling limit 7p, is expressed as
To = hl'/2ks, where T, # and kg represent the natural width
of the excited state, the reduced Plank constant and the
Boltzmann constant, respectively. For *’Ca* ions, I is
22.5 MHz; thus, Tp is estimated to be 0.54 mK. Nitrogen
gas is introduced via a variable leak valve installed at the
top of the vacuum chamber. Nitrogen is chosen as the sym-
pathetically cooled ion because, if a precise nitrogen beam
can be generated, it can be applied to quantum technologies,
such as the creation of nitrogen-vacancy centers in dia-
mond [6], and it is also easy to introduce nitrogen gas into
equipment. The calcium atoms and nitrogen molecules are
ionized by electron bombardment. The base pressure in the
vacuum chamber is maintained below 5 X 1078 Pa using a
turbomolecular pump.

The laser-induced fluorescence (LIF) from 4°Ca* ions is
observed in real-time by a CCD camera. A few examples
of LIF images from Coulomb crystals in past experiments
at Hiroshima University are shown in Fig. 2. The structure
of'a Coulomb crystal changes depending on its line density,
as mentioned above. Figure 2(a) shows an image of a shell
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crystalline structure observed in the case of a high line den-
sity. Figure 2(b) shows a string crystal with a lower density,
which consists of five “’Ca* ions and one different ion ac-
cidentally confined in the trap. Because there is a particu-
larly large gap between the first and second dots on the left
side of the picture, we hypothesize that an ion that does not
release LIF is trapped in the gap.

(b)

Figure 2: Coulomb crystals detected using a CCD camera.
Each bright dot represents the LIF emitted from a single
40Ca" ion. (a) Shell crystal. (b) Two-component string crys-
tal.

Slow Extraction Method

The previous IMG experiments [6-8] have involved
forming a string crystal and rapidly switching the voltage
applied to the electrode generating the axial potential bar-
rier to eject the ions—this can be described as a “fast ex-
traction.”

However, the fast extraction method has strict conditions
regarding the order of ions. When extracting ions from a
two-component string crystal using this method, a lighter
“N," ion is ejected at higher speeds than a heavier “°Ca*
ion. As a result, a "“N," ion can collide with the preceding
“0Ca* ions and be heated during extraction, unless it is
placed at the head of the crystal. In actual experiments,
since the position of each ion in the crystal is a matter of
chance, it is difficult to intentionally place a '*N," ion at the
head. Moreover, in this scheme, to remove the 4°Ca* ions
used as a coolant extracted at the same time, a filtering sys-
tem is required. Here, we propose a method that utilizes a
shell crystal for precise extraction. When generating a two-
component shell crystal with different kinds of ions, ions
with a smaller mass-to-charge ratio gather near the trap
axis because the transverse focusing force acting on them
in an LPT is stronger. An example of the result of a numer-
ical simulation is shown in Fig. 3. In this simulation, a two-
component shell crystal consisting of “°Ca* and '*N," ions
is formed. The lighter '*N," ions aligned in a row along the
axis of the trap, surrounded by heavier “*Ca* ions. With this
type of crystal, it is always possible to ensure that a '“N,*
ion is positioned at the head.

Figure 4 illustrates the method for extracting nitrogen
ions located at the head of a two-component shell crystal.
After generating a two-component shell crystal, we eject
the ions at the head toward a target by increasing the volt-
age applied to the electrode opposite the target. The “slow
extraction method” not only eliminates the need for a filter
system but also enables the extraction of a single ion by
appropriately controlling the voltage.
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Figure 3: Two-component Coulomb crystal consisting of
twenty “’Ca*ions (red) and five '“N," ions (blue) in the sim-

ulation.
= Calciumion
= Nitrogenicn

Axial Potential

8

Figure 4: Scheme of slow extraction.

NUMERICAL SIMULATION

Before moving on to the details of the experiment, let us
first confirm through numerical simulations that a single
“N," ion can be extracted from a Coulomb crystal.

For the simulation, we employed a 3D molecular dynam-
ics (MD) simulation code developed in our laboratory. The
potential is calculated by the software “CST Studio
Suite” [9], assuming the structure of the trap used in the
experiment. A detailed description of the MD simulation
method is provided in Ref. [4]. Under V=30V and
Va=Vs=3V, a Coulomb crystal consisting of twenty
40Ca" ions and five "“N," ions, as depicted in Fig. 3, is cre-
ated inside the LPT. While V4 maintains its initial value,
Vs begins to increase at Af = 0. At At= 10 ms, Vg reaches
142.35 V and maintains its value, to extract only the single
nitrogen ion at the head.

Figure 5 shows the ion extraction process. As the voltage
is increased, the entire crystal is stretched in the axial di-
rection of the trap, and only the frontmost '“N," ion is
ejected. We perform 100 independent simulations with dif-
ferent random seeds and obtain the distribution of '“N,*
ions at the front of the CEM. The normalized root-mean-
squared emittances evaluated from the horizontal or verti-
cal phase-space distributions are on the order of
10 m-rad in both directions. This slow extraction
method enables the extraction of a single nitrogen ion with
an extremely low emittance.
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Figure 5: Time evolution of the extracted two-component
crystal. (a) Ar=132 ms, (b) Ar=13.3 ms, and
(c) At=18.0 ms. The abscissa represents the distance from
the center of the ion confinement region.

EXPERIMENT

Generation of a Two-component Coulomb Crys-
tal

We confirm the generation of a two-component Cou-
lomb crystal consisting of **Ca* and '*N," ions [10]. Pure
nitrogen gas is introduced into the vacuum chamber via a
variable leak valve to reach a pressure of 5X 1077 Pa. In
this environment, calcium atoms are emitted from an
atomic oven, and both calcium atoms and nitrogen mole-
cules are ionized by electron impacts. Subsequently, “°Ca*
ions are cooled by lasers, and "“N," ions are sympatheti-
cally cooled through Coulomb interactions with the *°Ca*
ions. As the cooling process proceeds, a two-component
Coulomb crystal is formed. A CCD camera observes the
crystal formation process. The applied voltages are fixed at
Vie=20 Vand VAo = Vg = 1.5 V in this experiment.

(b)

o 400yt
LIRS

Figure 6: (a) CCD image of the two-component crystal.
(b) Two-component crystal consisting of eighty 4°Ca*ions
and thirty *N," ions in the simulation.

Figure 6(a) shows the CCD image obtained in this ex-
periment. A crystal with a dark central region is produced.
The bright white area represents the LIF from the **Ca”
ions. The darkened area is considered to contain the sym-
pathetically cooled '“N," ions because they do not emit flu-
orescence and have a smaller mass-to-charge ratio than
40Ca" ions. From these observations, it is expected that a
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two-component shell crystal consisting of “°Ca* and *N,*
ions is successfully produced.

By comparing with numerical simulations, we estimate
the number of ions composing the crystal. We adjust the
numbers of “°Ca* and '“N," ions in the simulation to repro-
duce the ion distribution captured by the camera. As shown
in Fig. 6(b), the crystal structure roughly matches when
there are eighty “°Ca’ ions and thirty '“N," ions, although
correcting the end-plate voltage to V4 = Vg = 1.1 V is nec-
essary. We assume that the difference in the end-plate volt-
ages between the experiment and simulation is attributed
to the mechanical error of the LPT.

Partial Extraction of a Shell Crystal

The key principle for single-ion extraction is controlling
the number of ions extracted from a Coulomb crystal. We
confirm the controllability of ejected ions in the slow ex-
traction method using a shell crystal of pure *’Ca* ions. Af-
ter generating a shell crystal consisting of approximately
80 “°Ca™ions in Vi =30V and VAa=V=0.5V, Vs in-
creases at a constant rate of 2.95 V/ms until Vg reaches a
set value. We change the final value of Vg to control the
number of ions extracted from a shell crystal. The CEM is
biased to —2.19 kV to gain energy of ions.

Figure 7 shows the number of detected ions at each final
voltage of Vg. When the final Vs is below 5.0 V, no ions
are detected, as they are confined within the potential well
of the LPT. Over 5.5V, the number of observed ions in-
creases significantly. At 6.2 V or above, the measured ion
count stabilizes at approximately eighty. This is because
ions constituting the shell crystal are completely extracted.
This result demonstrates that the number of ions ejected
from a shell crystal can be controlled by adjusting the post-
raise voltage, allowing for selective extraction of only the
ion located near the leading part of a two-component crys-
tal.

100
80

60

Detected ions

W — 1 \

0 L 1 1
45 5.0 5.5 6.0 6.5 7.0
Final End-B voltage [V]

Figure 7: Partial extraction from a shell Coulomb crystal.
The horizontal axis represents the voltage after raising, and
the vertical axis represents the number of detected ions.
The experiment is conducted three times for each voltage,
and the average number of detected ions in each case is
plotted.

SUMMARY AND FUTURE PLANS

We have investigated methods for achieving the extrac-
tion of a single nitrogen ion using a Coulomb crystal. The
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“slow extraction method,” which involves slowly raising
the voltage on the end-plate electrode opposite the extrac-
tion direction and halting it at a suitable voltage, shows
promise as a technique capable of extracting single ions of
any species with extremely low emittance. Through numer-
ical simulations, we have confirmed that high-precision ex-
traction of a single nitrogen ion is feasible using the slow
extraction scheme from a two-component shell crystal. We
have conducted experiments to produce a two-component
shell crystal and to demonstrate partial extraction of a shell
crystal employing the slow extraction scheme. Recently,
we successfully extracted a single “°Ca* ion from a string
crystal using the slow extraction method [11]. We plan to
continue our research toward one of our objectives: the sin-
gle extraction of a nitrogen ion.
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PROPOSED ULTRALOW-EMITTANCE BEAM SOURCE FOR
HIGH-LUMINOSITY HADRON COLLIDERS*

S.J. Brooks', Brookhaven National Laboratory, Upton, NY, USA

Abstract

Laser Doppler cooling of ion bunches in a Paul trap is a
demonstrated method of achieving millikelvin bunch tem-
peratures, with the ions forming a Coulomb crystal with a
solid-like structure. This is proposed as a source for accel-
erators that would be a factor 10> lower in emittance than
conventional plasma sources. Methods to transport the crys-
talline bunch while limiting emittance growth are examined,
including a novel ring in which the bunch maintains a fixed
orientation relative to the outside world (i.e. does not rotate
with the ring as usual). In this geometry, magnetic focussing
can confine all three dimensions of the bunch without RF.
This ring can circulate a 3D crystalline bunch with heating
rates of less than 1 K/s.

LASER COOLED ION TRAPS

Laser Doppler cooling is an established method for study-
ing atoms and ions at low temperatures [1]. Several trap
geometries can be used with this method but the linear Paul
ion trap, with DC electrostatic confinement longitudinally
and ~MHz range RF quadrupole transversely, has been used
for accelerator applications. The SPOD experiment [2] at
Hiroshima University has prepared Ca* Coulomb crystals at
rest, where the individual ions have vibration velocities of a
few m/s and can be seen in a fixed lattice via their fluores-
cence light during cooling [3]. A Paul trap without cooling
has also been built for accelerator physics reasons in the
IBEX experiment [4] at Rutherford Appleton Laboratory,
where the resonances of the ion cloud under space charge
forces can be studied.

Cooling Simulation

A simulation code that runs on the GPU using OpenCL
has been written to simulate cooled ion traps. 4" order
Runge—Kutta steps in the trap potential are interleaved with
pairwise space charge kicks. The ions have a ground and
an excited state, the transitions between them governed by a
statistical model whose rates agree with the quantum descrip-
tion of a two-level atom in a laser beam. These excitations
and de-excitations come with appropriate Ap = ik momen-
tum kicks, where it is important to apply the events at truly
random points within each timestep, so the short periods
where the Doppler process is active are not jumped over.

The results of such a simulation are shown in Figure 1,
where the eventual configuration of ions was a long Coulomb
crystal several ions wide. Two phases of cooling can be seen:
the first occurs before formation of a solid Coulomb crystal

* Work supported by Brookhaven Science Associates, LLC under Contract
No. DE-SC0012704 with the U.S. Department of Energy.

T sbrooks@bnl.gov
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Figure 1: Laser Doppler cooling simulation with N = 500
ions.

core from the initially gas-like ions, while the second ends
when the small fraction of remaining ions ‘orbiting’ the solid
core eventually lose enough momentum to merge with it.
The final temperature is a small multiple of the predicted
Doppler limit (Tp = 0.552 mK here). The RF nature of the
transverse focussing excites some vibrations that take the
temperature above the limit.

The final emittances are very small. For a shorter trap
producing a spherical bunch, the scaling

Ox,y,2

B 25 um,
Exy _14 z —14
N1/3_7X10 m, 1/3_4><10 m

was observed in simulations from N = 100 to 81920 ions,
where € denotes normalised RMS emittance. The crystal
temperature was consistently ~3 mK. This emittance is re-

lated to temperature via € ~ oy - = ﬂ,/"BTT

C

Increasing Throughput

The maximum possible ion population in existing traps is
around 107 [2,5]. With the cooling time of up to 20 ms, a
50 Hz repetition rate source would give an average current
of only 80 pA. However, existing sources are not optimised
for throughput. The trapping electrode voltages are typically
150V or lower, which could be increased by two orders of
magnitude with a high voltage setup, allowing 10° ions to
be trapped. A more drastic improvement would be possi-
ble using a linear cooling channel, where multiple bunches
move along at ~10 km/s so that by the end of a ~200 m-long
(possibly coiled) channel they would have completed cool-
ing. This channel would resemble an RFQ but operate at
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lower frequencies and velocities; it would also be immersed
in the cooling laser light, which is not particularly intense
(48 mW/cm?) and not completely absorbed by the ions, so
could be reused multiple times with mirrors. Maximum
repetition rates would be of the order 1 MHz, corresponding
to ~1 cm bunch spacing in the channel and producing an
average current of 160 uA of ultra-low emittance beam.

Related Studies

Extraction from the trap through a non-linear field has
been simulated in [6], where relatively simple changes to
the extraction system can limit 6D emittance growth below a
factor of two. Creation of a high density focal point from an
ultra-low emittance bunch, correcting for optical aberrations,
was studied in [7] with computer optimisation.

LUMINOSITY ESTIMATE

Parameters of an ion trap bunch are compared to those of
a typical plasma ion source in Table 1.

Table 1: Simplified Luminosity Estimate

Parameter Ion source Ion trap

N 10° 10°
€norm,rms 10_7 m 3.2 % 10_12 m
Initial condition:

Oy 1 mm 1.2 mm

oy 30km/s 0.8 m/s

T 43MK 3.2mK

At focus:

fog 9.4nm 0.3pm

oy 10 mrad 10 mrad
L/bunch 9%x10%cm™2 8.8 x10¥ cm™2

The ion trap bunch can be focussed far smaller than the
conventional bunch, albeit with a lower population of parti-

cles. Luminosity per bunch calculated via L = —Z;]\ff (Irvb
X2y
— NN ;
L/bunch = Troroy shows that the low emittance bunch

produces almost ten times the luminosity despite having 10*
times fewer ions. This increase in specific luminosity would
enable highly energy efficient linear or ERL colliders, with
lower beam currents giving reduced power consumption
and collective effects. The picometre-level focal point does
not require stronger focussing magnets because o, is the
same as the conventional case. Stabilising against vibrations
would be the main challenge, while optical aberration cor-
rection and longitudinal compression for a point-like focus
are discussed in [7].

From the total Ca-Ca cross section o o; = 0.9%x10724 cm?,
a straightforward estimate would predict 8 x 10° events from
colliding the ion trap bunches. This exceeds the bunch popu-
lation of 10°, so the interaction point operates in the opaque
bunch regime where the entire beam is consumed in one
pass. This means a collider ring is not needed, although
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rings may be used to reduce the cost of acceleration relative
to linacs. Taking instead the saturated luminosity per bunch
crossing of 2N /oo = 2.1 X 10%° cm~2, a 1 MHz bunch rep-
etition rate would give L = 2.1 x 10 cm™2s~! from 16 nA
of beam current.

BEAM TRANSPORT

A solid phase material such as a Coulomb crystal only
has one velocity at any given position, whereas a gas has a
velocity distribution. Figure 2 shows this difference: the gas
is an area in phase space whereas the solid is just a line.

Figure 2: Phase space of a gas phase beam (left) and solid
phase beam (right) being transported in a beamline.

The usual phase space rotation in beamlines is not appro-
priate for a solid, since at 90 degrees phase advance the line
would be vertical, corresponding to the particles smashing
through each other in that axis. This is desired at the final col-
lision point but not before because it would cause intra-beam
scattering. Roughly zero net phase advance is therefore re-
quired, by balancing the external focussing forces with space
charge repulsion (i.e. operating at the space charge limit).
Divergence from the emittance itself is suppressed by the
strongly coupled solid structure. Small errors in bunch size
cause the dynamics shown on the right of Figure 2, where
the bunch ‘breathes’ around a stable size.

Since the crystal has an internal structure in which forces
are balanced, changing the aspect ratio by more than a few
percent causes heating (although uniform scaling is allowed).
This can be accommodated with a gentle focussing structure,
either low phase advance cells or weak focussing in a ring.

STORAGE RING

A storage ring is desired with a low heating rate, so that
a Coulomb crystal injected into it will survive as long as
possible even without cooling. Okamoto has shown [8]
that trying to cool from a gaseous beam to a solid in a ring
requires going through a peak IBS heating regime and thus
requires powerful cooling. This paper proposes that injecting
an already cold crystal will alleviate this problem and reduce
cooling requirements in the ring. (Acceleration in such a
ring will be studied in future work.)

Field Model

Consider motion of equal-energy particles in a uniform
vertical magnetic field. All orbits are equal radius circles
and are translated copies of each other, so relative positions
of particles in the bunch are constant in the lab frame rather
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than rotating with the direction of travel. If space charge
were zero, this motion keeps a crystalline structure stable
and avoids rotation, which at relativistic speeds may require
large changes in particle momentum.

To this constant field, M small azimuthal oscillations can
be added to provide focussing. The midplane field

ne—1
B,(r,6,0) = By + Z ;7™ sin(M6)
j=0

provides a form of this that has a simple Maxwellian ex-
tension off the midplane [9]. The transverse field of the
oscillations b(r) = 2<; ' ¢;rM*2] can be made any shape
locally by increasing n., the number of ¢; values chosen.

As the bunch does not rotate with the ring, focussing at
the ring radius R (from b’ (R)) will first act on the ‘North-
South’ axis of the bunch and then on the ‘East-West’ axis 90
degrees further around the ring, while the vertical focussing
is always active.

Definitions of Bunch Temperature

Temperature is often defined via average kinetic energy
as %kBT =(E) = %m(lvlz) but accelerator bunches may
be travelling at high speed, making the naive temperature
~10'2 K, or be changing shape due to the lattice. To measure
only ‘random’ movement of particles and not these collective
motions, define

v )P
T = 3V = pa)P)

where p,,(x) is the n' order polynomial least squares fit to
v(x). This means that T removes bunch average velocity. T}
also removes linear optics motion, giving a quantity similar
to the emittance-based definition in [8]. 75 also removes 2"
order motion, but setting n too high relative to the number of
particles will start to ‘overfit’ and subtract random motion.

Tracking Results

Table 2: Simulation Parameters

Parameter Value Unit
Number of ions N 2560

Ton species Ca*

Bunch size oy y, 0 481, 265 um
Kinetic energy per mass 3.257 MeV/u
Main field By 1 T
Mean radius R 10.38448 m
Oscillations per turn M 20

Oscillation terms n. 1

Oscillation amplitude coRM™  0.081665 T

It was found that the simplest case with n. = 1 and os-
cillation field b(r) o« r™ produced stable dynamics for a
ring with parameters given in Table 2. The bunch shown
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Figure 3: Particle distribution at injection (left) and ¢ =
63.3 ms (right).
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Figure 4: Bunch temperatures 7p 1 2 over time.

on the left of Figure 3 was formed in an ion trap cooling
simulation and placed in the ring tracking simulation. Af-
ter 63.3 ms (24170 turns) it was still solid as shown on the
right of the figure. The temperature evolution is plotted in
Figure 4 with interesting second-order oscillatory behaviour
making 7> < T;. The lattice motion makes 7o > 10 K.

Changing the shape of the bunch with different ion trap
parameters reduced the heating rate further, as shown in
Figure 5 using a vertically taller bunch. This shape may
make it less sensitive to dispersive effects in the horizontal
plane. A heating rate of 0.8353 K/s was observed over 5 ms.

First Order Stability Analysis

In some cases, when the oscillation field profile b(r) was
changed from that in the previous section, velocity distribu-
tion parameters (and the temperature) showed exponential
growth over ~100 turn time scales.
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Figure 6: Parameters of the ellipsoid bunch model.

To search for collective instability modes, the model in
Figure 6 was used. Here, the bunch is approximated by a
uniform ellipsoid of charge with zero temperature. It is pa-
rameterised by its centroid s = ((X, v)), covariance matrix
C = (6x6x") and velocity distribution V where dv = Véx.
The centroid s evolves as a single particle while the 15 param-
eters (C, V) have time derivatives calculated in [10]. This
captures the dynamics spatially to first order, so higher-order
modes and heating of phonon motion are not included.

The oscillation field was changed by using n, = 3
terms and defining multipole strength multipliers D =
b(R)/bs(R), Q = b'(R)/bi(R) and § = b"(R)/b{(R)
where b (r) is the stable oscillation field used in the previ-
ous section. Combinations of c,1,2 can be found to produce
any desired (D, Q, S).

For each (D, Q, S) setting, matched values of (C, V) were
found that are unchanged after one turn. The Jacobian
% is a 15 x 15 matrix showing the effect of small
perturbations to the bunch shape or velocity distribution. If
it has an eigenvalue with modulus greater than one, there
is an instability with growth rate given by the logarithm of
that modulus. The effect of scanning D and Q on stability
is shown in Figures 7 and 8. The previous stable solution
is shown by a star at (1, 1, 1) and lies between two unstable
zones labelled in Figure 7.

Figure 9 shows the full set of eigenvectors for the Jaco-
bian matrix of the stable solution. Seven pairs with complex
eigenvalues are written as their two real combinations, which
span the plane that periodic oscillations take place in. Zone 1
corresponds to eigenvector pairs P5S and P6 becoming unsta-
ble, which involve velocity in the horizontal plane. Zone 2
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Figure 7: Growth rate in the first order model as D and Q

are varied, S = 1. Colour contours are every 0.002 turns~!.
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Figure 8: Model growth rate as Q is varied, D =0, S = 1.
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Figure 9: Stable eigenvectors for D =Q =S = 1.

corresponds to pair P7 becoming unstable, involving velocity
coupling between the horizontal and vertical planes.
For the stable solution, the seven eigenvalue pairs e*>7f
_ 1 1 L1 1 1 1 -1
havef = 139° 196° 21.4° 179° 485° 709> 058 turns for P1
through P7 respectively. The remaining single eigenvector S
has eigenvalue 1 and comes about because the model has an
odd number of dimensions (15). This unit eigenvalue allows
multiple matched solutions where the vertical bunch aspect

ratio 0, //0x0y can be freely chosen within a range.
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Abstract

New scheme with lower electron beam energy together
with lower peak beam current has been proposed for the
Coherent electron cooling (CeC) proof of principle exper-
iment in RHIC Run 25 [1]. Such new operation mode ap-
pears to be a better candidate in providing a high-quality
beam for cooling performance. In this paper we will pre-
sent our results to achieve the low slice emittance/low slice
energy spread electron beam and discuss the progress in
achieving better uniformity in both average slice energy
and slice peak current to minimize potential anti-cooling
effect.

INTRODUCTION

The CeC beamline (Figure 1) consists of low energy
beam transport (where electron beam is prepared and ac-
celerated to a total energy of 10 MeV), a dogleg section to
transport the beam to a common section where the electron
beam is co-propagating with the hadron beam. In the com-
mon section, the electron beam is matched to beam require-
ments in cooling section where the electron beam co-prop-
agates with the hadron beam.

The performance of the cooling is highly dependent on
the electron beam’s quality. Thus, a self-consistent start to
end (S2E) simulation of the accelerator section is crucial in
determining the amplifier’s performance and in predicting
the machine setups to characterize the cooling.

4-cell PCA

Time-resolved diagnostics beamline 88MV " Ballistic bunch compression

Figure 1: Engineering drawing of CeC beamline (electron
beam travels from right to left).

LOW ENERGY BEAM DYNAMICS

There are three RF systems in the CeC’s accelerator sec-
tion — a quarter-wave SRF gun cavity (1.25 MeV, 113
MHz), a NC bunching cavity (tunable for different peak
current, usually at about 140 to 160 keV, 500 MHz) and a
5-cell SRF linac (up to 13.5 MeV, 704 MHz). All three RF
systems are operated at harmonics of a global clock, 78
kHz — the RHIC’s revolution frequency. In between cavi-
ties, 6 solenoids are used for electron beam’s phase space
manipulation and beam size control. More specifically, the

t yjing@bnl.gov
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solenoid in between gun cavity and the linac is used to per-
form emittance compensation, i.e., provide optimal trans-
verse focusing to minimize emittance growth from space
charge effect of low energy electron beam, which is illus-
trated in Fig. 2. After the beam gains energy chirp from
bunching cavities and experiences ballistic compression in
long straight section (~ 10 m to linac), the beam current
increases to ~ 20 amps prior to entrance into linac where
the space charge effect is dominating. In additional, we al-
ternate the polarity of the 5 solenoids in this 10-m long drift
to control any systematic field errors and maintain the ini-
tial coordinate systems so that the lowest order chromatic
effect introduced by misalignments in magnets is compen-
sated. The beam size is focused and matched to optimal
beam conditions at the entrance of the linac.

There are many different beam dynamics in the beam
line that could potentially affect beam qualities severely,
namely space charge, wakefields, shielding effect from
vaccum chamber etc. Doing all beam dynamics in one sim-
ulation code is unimaginable. We used many dedicated
codes to calculate these effects before importing the simu-
lated results into the IMPACT-T [2] to track particles’ 6D
evolution along the beamline. We benchmarked our calcu-
lated beam properties (like beam envelope, phase space
distributions, energy evolutions) in IMPACT-T with many
other well established beam dynamics codes e.g.,
GPT/PARMELA/ASTRA.

We recessed our cathode position in the gun cavity so
that the initial RF field provides a strong transverse focus-
ing to the beam. With adjusted cathode recess position, the
proper focusing force can be selected to better suit beam
dynamics in the gun.

As mentioned above, we used a bunching cavity to pro-
vide energy chirp in the low energy beam (~ 1.25 MeV ki-
netic energy) for the beam to undergo a ballistic compres-
sion in the long beam transport prior to getting a major
boost in energy in the 704 cavity (~ 8.4 MeV kinetic energy
gain). The energy distribution in different beam slices will
have different rotation in solenoids which are used to pro-
vide focusing. Such process smears out the transverse
phase space and by carefully tuning up the solenoids, the
longitudinal slices along the beam are aligned in the phase
space to reduce the projected emittance as well as the var-
iation of the optics functions along the slices at the end of
the low energy beam line. Detailed plots of the transverse
phase space evolution can be visualized from particle
tracking in IMPACT-T shown in Figure 2.
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Figure 2: Solenoidal fields were adjusted and optimized in
the low energy beam transport so that at the end of the
beam line, all longitudinal slices along the beam are
aligned in the phase space to reduce the projected emit-
tance.
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Figure 3: The electron beam at the end of linac reaches very
high 6D brightness: transverse emittances (slice) less than
1 um while peak current higher than 20 A and sliced frac-
tional energy spread is less than 2e-4.

Optimization in IMPACT-T takes all beam line compo-
nents as variables (magnets, cavities...). The optimization
goals were to achieve high peak current for core part of the
beam while keep the projected emittance as well as sliced
emittances low. Figure 3 shows the longitudinal phase
space of electron beam at the end of linac (@ 13.6 meters
from cathode). For a beam with bunch charge 0.8 nC, the
peak current of the beam is compressed more than 8-fold
reaching 20 A after the low energy line and sliced energy
spread after linac is lower than 2e-4.

BENCHMARK WITH EXPERIMENT

To verify what we achieved in simulation experimen-
tally, we benchmarked our findings in IMPACT-T of the
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evolution of beam envelope, emittance, energy, bunch
length, etc, with measurements using diagnostics imple-
mented through the beamline. A beam image on one of the
YAG profile monitors can be seen in Figure 4.

Figure 4: Beam image taken after buncher cavity ona YAG
profile monitor. Beam size, position and distributions are
extracted and compared with simulation.
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Figure 5: Measured beam sizes dependence on SRF sole-
noid and one of the LEBT solenoids have very good agree-
ment with simulated envelopes.

Using the multi-stage beam diagnostics, including YAG
viewers, bpms, pepper pot etc (details can be found in Fig.
1), we can benchmark our simulation results with experi-
ment and thus gain better understanding of our physics
models and possible missing factors in the simulation
setup.

As shown in Figure 5, in one of the dedicated benchmark
experiments, where we scanned couple of solenoids in the
beamline and measured beam size dependence down-
stream, which to be compared with simulation predictions.
The agreement is excellent.

With the help of understanding the important effects to
include in simulations (field errors, magnet misalignments
etc), we can set up simulation to experiment comparison
along the beam line at various diagnostics, details can be
found in Figure 6. We have not only good predictions on
the overall beam qualities (sizes, spreads, etc) but also have
qualitatively good understandings on the uncommon beam
patterns developed along the beamline.
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Figure 6: Comparison of beam profile on profile monitors
along the beam line has very close resemblance with sim-
ulation prediction.

These patterns are largely coming from the non-zero off-
set through strong solenoids and misalignment of the orbit
into the linac cavity. In normal operation, we perform
beam-based alignment to minimize these effects.

QUADSCAN FOR SPACE CHARGE
DOMINATED BEAM

It is well known that space charge effect plays an im-
portant role in a strongly focused lattice. Such effect does
not only exist in the low energy transport line (which was
carefully considered in beam line design mentioned
above), but also in the experiment where quadrupole mag-
nets are scanned to measure beam optical functions and
emittances at relatively higher energy. Figure 7 shows a
simulated quad-scan process using CeC beam parameters.
In such simulation, the vertical plan has much stronger
space charge effect (beam size is much larger when space
charge effect is turned on) because the initial vertical emit-
tance is about half of the horizontal one (smaller vertical
phase space volume thus higher charge density).

o 3 7 0 o1 o7 03
Q1 current (amp) 01 current (amp)

X Y
Figure 7: simulation using CeC beam parameter shows
strong space charge effect on beam envelope when beam
is focused (and over focused).

Under such scenario (where space charge effect is non-
negligible), quad-scan measured beam quantities can no
longer be used to characterize the beam and to match the
beam into later sections for beam cooling. To solve this is-
sue, we set up simulations with varying initial conditions
to match to the beam sizes measured in experiments. We
can then derive the real beam properties from the initial
conditions that provide the best match to the envelope, with
consideration of space charge effect.
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Figure 8 shows the best match after several iterations and
the derived beam parameters, together with parameters di-
rectly calculated from quad-scan, are listed in Table 1.

Table 1: The derived TWISS functions as well as beam pa-
rameters are quite different from calculated directly using
quad-scan approach, with strong space charge in existence.
The real (simulated) beam parameters tend to have smaller
emittances and larger beta functions.

Simulated Exp (quad
scan)
Beta x/y, m 7.34/4.03 5.21/2.79
Alpha x/y -5.74E-02/ -1.85/-0.29
4.86E-02
Emittance x/y, um 1.5/0.72 2.08/1.01
Peak current, A 21.78 22.3
CONCLUSION

We designed and performed the S2E simulation in a
space charge dominated beam and studied various beam
dynamics issues. The beam properties are optimized while
longitudinal beam size is compressed by more than 8-fold.
We demonstrated the high beam brightness and developed
a technique to derive the beam parameters experimentally.

Work is supported by Brookhaven Science Associates,
LLC under Contract No. DEAC0298-CH10886 with the
U.S. Department of Energy, DOE NP office grant
DEFOA-0000632.
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Abstract

Coherent electron cooling (CeC) is a novel technique for
rapidly cooling high-energy, high-intensity hadron beam.
Plasma cascade amplifier (PCA) has been proposed for
the CeC experiment in the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory (BNL). Cooling
performance of PCA based CeC has been predicted in 3D
start-to-end CeC simulations using code SPACE for multi-
ple slices in the beam. The operation of low beam current
provides more flexibilities for the CeC experiment.

INTRODUCTION

Coherent electron cooling (CeC) [1-3] is a promising
technique for the rapid cooling of high-energy high-intensity
hadron beams in modern accelerators. In this paper, we
present simulation studies of the CeC with plasma cascade
amplifier (PCA) [4, 5], which utilizes the plasma cascade
instability (PCI) [6-9]. Our simulation tool, the SPACE code
[10] has been used in the simulation studies for the mitigation
effect by beam induced plasma [11], the modulation process
in CeC [12-15], CeC with free electron laser (FEL) amplifier
[16-19] and the CeC with PCA [20-23].

Figurel shows the layout of the CeC system installed in
the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory (BNL). Our simulation study is based
on the CeC experiment and consists of four steps: 1) De-
sign - perform CeC simulations including modulator, PCA,
kicker to search for proper beam parameters; 2) Implement -
perform beam dynamic simulation including superconduct-
ing radio frequency (SRF) gun, low energy beam transport
(LEBT), SRF linac dogleg to match the required beam pa-
rameters at the entrance of modulator; 3) Predict - perform
CeC simulations to predict cooling force with electron beam
from beam dynamic simulation; 4) Verify - perform ion
tracking simulation to predict ion beam evolution with the
presence of CeC.

DESIGN

In the PCA-based CeC shown in Figure2, solenoids are
used to modulate the transverse size of the electron beam
and to excite the PCI. According to PCI theory, beam peak
current and emittance should be carefully chosen to ensure
high gain, as is shown in Figure3. Based on the PCI theory,

* Work supported by Brookhaven Science Associates, LLC under Contract
No. DE-SC0012704 with the U.S. Department of Energy.
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two setups with high beam currents have been developed,
as shown in Figure4. Recently, new setups with low beam
current have been developed, which demonstrates high PCA
gain, as is shown in Figure$.

IMPLEMENT

After a detailed studies on all setups, we have decided to
perform beam dynamic simulations to match the low beam
current setup, as this setup provides better chance to achieve
key performance parameter (KPP) in the CeC experiment.
Figure6 shows the beam parameters at the entrance modula-
tor. The beam dynamics simulation is performed with code
Impact-T [24].

PREDICT

To predict the cooling force, we have simulated multiple
slices of the central beam, with slice duration 2.3 ps, through
the PCA-based CeC section. Three PCA lattices have been
developed to support the CeC experiment. In each setup,
we have tracked the cooling force to ions with reference /
off-reference energies, as well as with / without transverse
offsets. Dependence of the cooling force amplitude on the
transverse offset has been characterized. We have taken
the weighted sum of cooling force at transverse offsets with
corresponding 2D Gaussian distribution probability density
function, to quantify overall cooling force. The ion beam
is expected to have normal distribution in transverse plane
with RMS beam size 1 mm. The cooling force from the
three setups are presented in Figure 7, 8, 9.

VERIFY

Ion beam profile evolution has been tracked in simulations
with / without the presence of CeC. Slice 24 to 30 of electron
beam from setup 1 has been used to provide cooling. The
cooling result is presented in Figure 10 and 11.

SUMMARY

Beam parameters of low peak current for PCA-based CeC
have been established. PCA gain spectrum has been sim-
ulated, and agrees well with theoretical prediction. Beam
dynamic simulation has achieved required beam parameters
at the entrance of modulator, with low emittance, low energy
spread, uniform S function and afunction, good symmetry
in transverse plane. CeC simulation has predicted strong
cooling force because of good quality beam from beam dy-
namic simulation. Three PCA lattices have been designed
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to support the CeC experiment. Ion tracking simulation has
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Figure 5: Evolution of the transverse RMS beam size (left
column), evolution of PCA gain for various frequencies
(middle column), and spectrum of PCA amplification (right
column) for electron beam with peak current 25A and nor-
malized RMS emittance 1.25 um in two PCA lattices. The
simulated PCA gain agrees well with the theoretical estima-
tion from PCI theory.

confirmed observable effect on ion beam with the presence
of CeC.
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Abstract

For RHIC run 25, the beam energy of the Coherent Elec-
tron Cooling (CeC) experiment will be reduced to achieve
better cooling performance. For the new scheme, the dis-
tribution of the cooling electrons is obtained from beam
dynamics simulation using Impact-T. A 3-D particle in cell
(PIC) simulation code, SPACE, is then used to obtain the
cooling force that acts both on the longitudinal and trans-
verse location of the circulating ions. In this study, we track
the ions in the presence of the cooling force and investigate
how their distribution evolves during the cooling process.

INTRODUCTION

For the past decade, the demonstration experiment of the
coherent electron cooling (CeC) has been actively pursued
in the Relativistic Heavy Ion Collider (RHIC). To predict
the evolution of the ion bunch in the presence of the cool-
ing, a tracking code was developed and benchmarked with
numerical solution of the Fokker-Planck equation [1]. The
original code assumed a universal cooling force for all ions
overlapping with the cooling electrons. If the properties of
the electrons vary significantly within the bunch, the cool-
ing force seen by an ion, in general, depends on its 3-D
location within the electron bunch. Recently, we have im-
proved the tracking code by implementing the dependence
of the cooling force on the 3-D position of the ion.

In the next section, we show the beam parameters and
cooling force obtained from the SPACE simulation. The
evolution of the ion bunch profile as predicted by the track-
ing codes is shown in the section “Results of the lon Track-

. tE)

ing”.
PARAMETERS AND COOLING FORCE

Parameters

Before RHIC run 25, the beam energy for the plasma
cascade amplifier (PCA) based CeC was y=28.5 and the
required peak current of the electron beam was 50 A [2].
Although the required beam parameter was achievable for
some portion of the electron bunch, it was difficult to
achieve a uniform region of 15 ps of duration with suffi-
cient beam quality to satisfy the cooling requirement. As a
result, a new scheme with beam energy of y=19.5 was pro-
posed. The new scheme requires 20 A of peak current with
the normalized RMS slice emittance of 1.25 pm. After ex-
tensive simulation studies and experimental verification, it

* Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-SC0012704 with the U.S. Department of Energy.
T gawang@bnl.gov
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becomes clear that the new scheme is better suited to
demonstrate CeC and it is currently the baseline for the
CeC experiment in RHIC run 25. The parameters for the
ion beam are shown in Table 1. Table 2 shows the targets
for the parameters of the electron beam. Since the local pa-
rameters of the electrons vary along the bunch, the 6-D dis-
tribution of the electrons from the beam dynamic simula-
tions are used in the single pass particle-in-cell (PIC) sim-
ulation to generate local cooling forces.

Table 1: Ion Beam Parameters for the CeC Experiment

Parameters Ion beam
Energy, y 19.5
Bunch intensity 2 x 108
RMS bunch length 2 ns
RMS emittance, normalized 2.5 ym
RF frequency 28 MHz
RF voltage 43 MV
Average beta function at IR2 11 m
Average RMS beam size 1.2 mm
Table 2: Electron Beam Parameters for the CeC
Experiment
Parameters Electron beam
Energy, y 19.5
Bunch charge 0.8 nC
Peak current 20A
RMS emittance, normalized 1.25 pm
RMS energy spread <2x10*
Bunch repetition rate 78 kHz

Figure 1 shows the variation of the parameters of the
electrons along the bunch as obtained from beam dynamic
simulations [3]. While the energy spread and slice emit-
tance are satisfactory, the variation of the peak current and
the average energy of the electrons from different slices are
significant. To understand the impacts of these variations
to the cooling forces, we have conducted the PIC simula-
tion with the code SPACE for each slice of the electrons.
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current, A

energy spread

40

Figure 1: Parameters of the electrons along the bunch. The
abscissa is the longitudinal position along the electron
bunch in slice number and each slice has duration of 2.23
ps. The red box shows the region of slices used in the single
pass cooling simulation with PIC code, SPACE.

Cooling Forces from the SPACE Simulation

For each slice of the electrons, the energy kick due to
cooling depends on the energy deviation as well as the
transverse offset of the ion. Figure 2 shows the cooling en-
ergy kick as a function of the relative energy deviation of
an on-axis ion overlapping with various slices of the elec-
trons [4]. Since the average energies of the electrons from
slice 31 to slice 37 are significantly smaller than that of the
ions, the ion overlapping with electrons in these slices
tends to fall behind with respect to the cooling wake in-
duced by itself in the modulator section.

6 X1 0° x=0m
m— Slice 24
m— Slice 25
4 = Slice 26
= Slice 27
e Slice 28
« 27 Slice 29
(&) Slice 30
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[N e Slice 36
-4 — Slice 37
-6 L
-8 . . . . . .
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%1078
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Figure 2: The energy kick due to cooling for an ion over-
lapping with different longitudinal slices of the electrons.
The abscissa is the relative energy deviation of the ion and
the ordinate is the relative energy kick received by the ion
due to the cooling force. The ion is assumed to be on-axis
for these plots.

It is worth noting that the cooling wakes for slices 31-37
tends to cancel each other and consequently, the net
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contribution from these slices is relatively small as shown
in Fig. 3.

' Averagé over slice 31-37 ——
Average over slice 24-30 ——
3t Averaging over all slices x2

Relative energy kick (x 1E-9)

-0.001 -0.0005 0 0.0005 0.001 0.0015

dp/p
Figure 3: The averaged cooling energy kick for slices 24—
30 and for slices 31-37. The cooling energy kick for each
slice is taken from Fig. 2.

Figure 4 shows the cooling energy kick in slice 24 for an
ion with various transverse offsets. The dependence of the
cooling energy kick on transverse offset of the ion is deter-
mined by the transverse size of the electrons in the kicker
section. Since the peak current, emittance and optical func-
tions vary from slice to slice, the transverse sizes of the
slices in the cooling section are also different.
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Figure 4: The cooling energy kick received by an ion over-
lapping with electrons in slice 24 and with various trans-
verse offsets.

RESULTS OF THE ION TRACKING

The tracking code includes updates from the RF cavity,
the betatron motion, the intra-beam scattering (IBS) and
the energy kick due to the CeC process [1]. For the update
in the cooling section, the cooling force is applied accord-
ing to the ion’s 3-D location in the electron bunch. The lon-
gitudinal location of the ion determines which slice of elec-
trons it overlaps with, and the transverse location of the ion
determines which two cooling wakes are to be used for cal-
culating the cooling energy kick through linear interpola-
tion. For the same initial distribution of the electrons at the
entrance of the cooling section, we have investigated three
setups of the solenoids’ currents in the cooling sections.
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The cooling forces shown in the previous section are ob-
tained with the first setup. Figure 5 compares the longitu-
dinal profiles of the ion bunch after 4 minutes of cooling
with these three setups, which suggest that setup 1 should
be used to achieve optimal cooling performance.

0.6 T T
Setup 1 —
Setup 2 ——
0.5}) Setup 3
No cooling
0.4f
<
5 0.3fF
0.2}
0.1t
0

% 4 =2 o 2 4 s
t (ns)

Figure 5: The longitudinal profiles of the ion bunch after

being cooled for 4 minutes with the three setups of the so-

lenoids’ current in the cooling section.

In the CeC experiment, the energy jitter of the electron
bunch has been observed, which is caused by the arrival
time jitter of the laser pulses at the photocathode. Since the
energy jitter of the electrons leads to extra offsets of the
ions with respect to the cooling wakes in the kicker section,
it reduces the cooling efficiency [5]. To investigate the im-
pact of the energy jitter to the cooling performance, we
have introduced the energy jitter into the tracking code. As
shown in Fig. 6, the cooling effect is significantly reduced
once the RMS energy jitter is greater than 10,

0.6 T T
No energy jitter
Energy jitter: 1le-4
Energy jitter: 2e-4
0.5 Energy jitter: 3e-4
No cooling
0.4}
<
~ 0.3f
S
0.2
0.1f
0

5 4 =2 o 2 4 s
t (ns)

Figure 6: The longitudinal profiles of the ion bunch after

being cooled for 4 minutes with various level of the RMS

energy jitter of the cooling electrons.

Another adverse effect for the cooling performance is the
excessive noise in the electron bunch [1]. Since the CeC
process inevitably includes the diffusive kick from the
neighbour electrons surrounding the ion, the excessive
noise in the electron bunch leads to greater diffusion and
hence slower cooling. To investigate the influences of the
noise in the electrons on the cooling performance, we have
increased the diffusive kick in the tracking to account for
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the excessive noise in the electron bunch. As shown in Fig.
7, the cooling effect reduces by a factor of 2 if the diffusive
kick due to the shot noise in the electrons is increased by a
factor of 4, which corresponds to an increase in the power
of the shot noise by a factor of 16.
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Figure 7: The longitudinal profiles of the ion bunch after
being cooled for 4 minutes with various level of the diffu-
sive kick of the cooling electron shot noise.

SUMMARY

In RHIC run 25, the CeC experiment adopted new
scheme with reduced beam energy and peak current. For
the new scheme, we have conducted beam dynamic simu-
lation, single pass cooling simulation and ion tracking. The
ion tracking results show that the cooling effects on the
longitudinal profile of the ion bunch should be observable
if the cooling force as simulated from the single pass sim-
ulation can be achieved. In addition, the energy jitter in the
electron beam should be smaller than 10 and the exces-
sive noise power in the electron bunch should stay below a
factor of 16 to avoid significant reduction of the cooling
performance.
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Abstract

Microbunched electron Cooling (MBEC), a type of Co-
herent electron Cooling (CeC), is a possible way to cool high
energy protons; such an electron cooler can be driven by an
energy recovery linac (ERL). The beam parameters of this
design are based on cooling 275 and 100 GeV protons at
the Electron-Ion Collider (EIC), requiring 150 and 55 MeV
electrons, respectively. If implemented, a high energy cooler
would serve to increase the average luminosity of the col-
lider by mitigating the emittance growth caused by various
processes. This ERL is designed to deliver a bunch charge of
1 nC, an average current of 100 mA, and strict requirements
on the transverse emittance, slice energy spread, and longi-
tudinal distribution profile. This paper covers the current
state of the design.

INTRODUCTION

The Electron-Ion Collider (EIC) is a partnership project
between Brookhaven National Laboratory (BNL) and
Thomas Jefferson National Accelerator Facility (TINAF)
to be constructed at BNL, using much of the existing in-
frastructure of the Relativistic Heavy Ion Collider (RHIC).
Collisions occur between the hadrons in the Hadron Stor-
age 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 magnets,
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].

The present EIC baseline only includes cooling of the
injected hadron beam prior to ramping. However, it is possi-
ble that a future upgrade to improve the luminosity will be
desired, requiring the hadron bunches to be cooled during
collision in order to maintain the beam emittance [2].

MICROBUNCHED ELECTRON COOLING

Coherent electron cooling (CeC) uses an electron bunch to
encode the density variations of the proton bunch, then uses

* kirstend @jlab.org
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Figure 1: 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.

the same electron bunch to apply corrective energy kicks to
reduce the emittance of the proton bunch in the longitudi-
nal and transverse directions. For the EIC, it is anticipated
that the protons will be stored on the order of ten hours,
but intrabeam scattering (IBS) and beam-beam effect will
cause emittance growth on the order of two hours, reducing
luminosity 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.

One type of coherent electron cooling is microbunched
electron cooling (MBEC), the proposed mechanism for this
ERL design to cool EIC protons during collisions. A rep-
resentative diagram of this process is shown in Fig. 1. An
electron bunch with the same relativistic gamma as the pro-
tons 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
chicanes 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 [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 Fig. 2.

THB: Cooler Designs and Applications II

Cooler Designs and Applications



The 15th International Workshop on Beam Cooling and Related Topics, New York, USA

ISBN: 978-3-95450-267-7

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.

100 GeV

Gamma 107.6
Energy (MeV) 55
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

spread dp/p(10-4) 0.6-1.5 0.4-0.8
Norm. trans. emit.

(mm-—mrad)

Modulator/Kicker Length (m) 33
Number of Amplifier Drifts 2
Amplifier Drift Length (m) 49
Bx/By in Modulator (m) 20.0/20.0 21.4/21.4
Bx/By in Kicker (m) 29.7/4.09  7.89/7.89
Bx/By in Amplifier (m) 12.0/12.0  4.89/4.89

275 GeV

294
150

Proton Energy

2.8

Rs5¢ in First Chicane (mm) 23.3 12.0

Rs¢6 in Second Chicane (mm) -16.7 -6.66

Rs¢6 in Third Chicane (mm) -18.2 -6.85
ERL DRIVER LAYOUT

A representative layout of the 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 diag-
nostic line.

The injector consists of a photocathode DC gun and a cry-
omodule containing three superconducting radio frequency
(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 to allow for
bunch compression later; 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 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.
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Figure 2: The preliminary designs of the 150 and 55 MeV
electron coolers. Shown are the beta functions in meters
(top) and dispersion in meters (bottom), all as a function of
s in meters, with the upper and lower pair corresponding to
the 150 MeV and 55 MeV design, respectively. Below the
four plots is the component layout, with the various sections
labeled.
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Figure 3: 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 trans-
port to the cooling section, and the return line from the
cooler, after which the beam energy recovers and is steered
into the dump line.

Next, the beam enters the PX section, shown in Fig. 5,
which consists of the P1, P2, and P3 lines. Each line is
energy-specific and during the acceleration of both config-
urations, 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 P1 line. A more
in-depth description is in a later section.

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,
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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.

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
spread and provide an adjustable knob for this parameter
downstream of the linac, a laser heater is located between
the linac and the cooler [4]. 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. 4. 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
the undulator. This modulation is smeared out in the second
half of the chicane [5].

Laser Undulator

Electron Beam
bttt

Figure 4: 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.

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
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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 magnet is oft-
axis, changing the path length through the Bates bend [6].
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 [7, 8].

PX SECTION

The floor plan of the PX section, with the separate lines
labeled, is shown in Fig. 5. The design of this section allows
for the ERL to switch operational modes without requiring
a change to the physical layout of the machine.

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 Rs¢ to be zero in P2 and P3, it is more
critical to close dispersion, dispersion prime, and control
the transverse optics through these lines. Given that the
decelerating beam is chirped, the non-zero Rsg of these lines
does mean that some bunch stretching occurs. If necessary,
the Rse 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
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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
rightmost and leftmost 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.

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 +35°,
while the P3 line has a range of +£55°, both with respect to
the 591 MHz fundamental frequency of the linac.

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,
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 design
comes with other drawbacks — lower energy efficiency and
higher shielding requirements at both the dump and the di-
agnostics line. Another alternative is to compress the 6 MeV
bunch in the injector — however, this approach does not
produce the required beam parameters.
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ALTERNATE COOLING MECHANISM

Different high energy cooler designs are currently being
considered for suitability in providing a potential future lu-
minosity increase to the EIC. One concept proposed is an
ERL driven circulating cooling ring (CCR), using bunched
beam cooling. For an ERL driven CCR, an electron bunch is
accelerated up to the desired energy, kicked into the cooling
ring, circulated a small number of times to cool the protons,
and is kicked out to be transported back to the linac to de-
celerate, be energy recovered, and transported to the beam
dump. The beam parameters presented for this concept re-
quire a high-brightness, high-charge injector and ERL [9],
which is similar to the design presented in this paper. Con-
sequently, we believe that this work could serve as a starting
point for the design of an ERL driver capable of achieving
the necessary electron beam parameters.

CONCLUSION

We have developed a conceptual design for both energy
modes of an ERL-driven cooler, which is capable of cool-
ing 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 re-
quired between switching energies. Though more complex
than many ERLs, no show stoppers have been found. While
it may be more feasible for the EIC parameters to consider
a different cooling mechanism, this ERL design’s ability
to produce a high-charge, high-brightness electron beam
makes it a good design starting point for future high energy
cooling considerations.
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OPTICS DESIGN FOR A STORAGE RING BASED ELECTRON COOLER
FOR COOLING AT HIGH ENERGIES
J. Kewisch *T, A. Fedotov, S. Seletskiy, D. Kayran, Y. Jing,

Brookhaven National Laboratory, Upton, NY, USA
J. Unger, Cornell University, Ithaca, NY, USA

Abstract

The Ring Electron Cooler (REC) is an option to provide
beam cooling for the Electron Ion Collider (EIC) at high
energies. Based on a storage ring this machine can provide
the beam current necessary for cooling at higher energies.
While the electrons cool the ions the electrons are cooled by
radiation cooling, which is enhanced using strong wiggler
magnets. The ring has a race track shape, where one straight
section is used for ion cooling and the other includes the
wigglers with a peak field of 2.4 T. In our solution the sex-
tupoles and octupoles necessary for chromaticity correction
are also located in the wiggler section, where the dispersion
function is optimized in the multipoles without increasing
the emittances too much through radiation excitation and
intra beam scattering. A constant dispersion in the cooling
section allows redistributing cooling power from the longi-
tudinal to the transverse direction. A dispersion-free section
is inserted into the arcs for RF cavities and injection.

INTRODUCTION

The idea of using an electron storage ring for electron
cooling is not new. It was proposed nearly 50 years ago
by D. Cline et al. [1]. Here the ion beam is cooled by the
electrons and the electrons are kept cool through radiation
damping. Wiggler magnets are employed to increase the
radiation.

A storage ring eliminates the need for a high current elec-
tron gun, which would be necessary for sufficient cooling
of the EIC beams at top energy using a linac or ERL based
cooler.

While in a linac the beam emittance is naturally low, in a
ring cooler the emittance is determined by the equilibrium
of the radiation damping and the heating from

* quantum excitation in dipoles.

* intra-beam scattering (IBS) everywhere where the dis-

persion is nonzero.

* beam-beam (BBS) scattering in the cooling section.

As IBS and BBS are functions of the emittance itself the
program GETRAD [3] is used. GETRAD calculates the
emittances iteratively, starting from a guess, using:

_ (Araa + iBs(€o1a) + ABBs(€old))
€new =

/ldamping

where the lambdas are the heating and damping rates.

* Work supported by Brookhaven Science Associates, LLC under Contract
No. DE-SC0012704 with the U.S. Department of Energy.
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GEOMETRIC AND OPTICAL
CONSTRAINTS

The bunch frequency of the ion ring is 98.6 MHz. It is
preferable that each ion bunch is always cooled by the same
electron bunch, i.e. the ratio of the harmonic numbers of
ions and electrons is an integer. This requirement allows a
ring length of 255 m, 426 m or 576 m. The length of 255 m
does not allow the full use of the 176 m long straight section
for cooling; 576 m has a too large space charge tune shift.

The 426 m circumference allows the wiggler section to
be longer than the cooling section, resulting in a trapezoid
shape as shown in Fig. 1.

Figure 2 zooms into the arc region. The straight section
inside of each 180° arc are dispersion-free and are used for
the RF cavities and the injection.

The REC uses redistribution of cooling from the longitudi-
nal to the horizontal direction. This requires a 1 m dispersion
in the cooling section.

EMITTANCE AND CHROMATICITY

The major contribution in each of the three heating mech-
anisms comes from the coupling of longitudinal scattering
into the transverse direction, which is described by the H-
function:

1+a?

B

The quantum excitation is exactly proportional to H, for IBS
and BBS it is more complicated, but minimizing H is a recipe
for a low emittance.

On the other hand we have to correct the chromaticity. For
that purpose we need locations where the dispersion is large
and the beta functions differ significantly. This requirement
increases the H-function and leads to a larger emittance.
The goal has to be to find a compromise between the two
requirements and find suitable locations for the sextupoles.

The arcs are tiny compared to the rest of the machine.
Placing the sextupoles in the arcs would concentrate them
in two locations, which would harm the dynamic aperture.
In the REC there is dispersion in the cooling section, but the
beta functions are about equal, which does not allow effective
chromaticity correction. The only place for sextupoles is
therefore in the wiggler section.

H=vyD?+2aDD’ +BD"* with y=
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Figure 1: Layout of the ring cooler. The scale in x and y is the same, illustrating the true dimensions of the ring.

THE ARCS

The arcs employ a FODO lattice using 20 dipoles with a
length of 20 cm per 180° arc. The phase advance per FODO
cell is about 90° phase advance. The tune of the ring can be
adjusted by modifying this phase advance.

L | L 1
80 90 100

Figure 2: Top view of the arc. Dimensions in meters.

We tried a double-bend achromat lattice, but that did not
improve the emittance. The reason is that IBS, unlike quan-
tum excitation from dipoles, heats the beam in transverse
direction everywhere where the dispersion is non-zero. A
DBA lattice minimizes the H-function in the dipoles, but
adds IBS in drifts and quadrupoles.

T T T

80— —

— Betax
Betay
Dispersion

Betas [m], Dispersion [cm]

100
Pathlength [m]

Figure 3: Twiss functions of the arc. The large beta function
is necessary for the injection.
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In the REC we need dispersion in the cooling section for
cooling redistribution and in the wiggler section for chro-
maticity correction. The dispersion is therefore not com-
pensated at both ends of the arc, but shaped to be used for
those purposes. The Twiss functions of the arc are shown in
Fig. 3.

The straight sections inside the arcs are made dispersion-
free using a "missing magnet" configuration. These are
the only places in the REC with zero dispersion, which is
necessary for the RF and injection. A large horizontal beta
function is required at the injection point.

THE WIGGLER SECTION

Usually wigglers have half-length periods at both ends
to compensate the dispersion. Since we need dispersion in
the sections between the wigglers, we use wigglers that end
in a regular period and we tilt the wiggler relative to the
incoming beam direction. The beam is bent by the first half
wiggler period onto the wiggler axis. After a full period
the beam will point into the incoming direction, but has a
horizontal offset.

After 18 periods the offset is 75.4 cm. The following
wiggler is tilted in the opposite direction, bringing the beam
back to zero offset. A top view of the wiggler arrangement
is shown in Fig. 4.

Figure 4: Top view of the wiggler arrangement.

In the same way the dispersion coming from the arc is
matched to enter the wiggler with the same angle. The
dispersion will then leave the wiggler with the same angle
and is amplified in the section between wigglers to be used

THB: Cooler Designs and Applications II

Cooler Designs and Applications



The 15th International Workshop on Beam Cooling and Related Topics, New York, USA

ISBN: 978-3-95450-267-7

for chromaticity correction. The horizontal phase advance
between wigglers is 180°, so that the dispersion enters the
following wiggler with the correct slope. Figure 5 shows
the optics of that section, and the wiggler specifications are
summarized in Table 1.

— Betax
Beta y
Dispersion
60 — —

40—

Betas [m], Dispersion [cm]

1 L 1 L 1 L 1 L 1 L 1
128 130 132 134 136 138
Pathlength [m]

Figure 5: Twiss functions between wigglers.

Table 1: Wiggler Specifications

Number of wigglers 18
Wiggler total length 4.19 m
Number of wiggler periods 18
Period length 0.23279 m
Total gap height 2 cm
Peak field 2385T
Radiation power per wiggler 674 W
Beam injection angle 10.37°
ky 26.990786
ky 0.0073700
k 26.990787

We use a pole shape of the wigglers that produce a field
described in [2]:

By =By cosh(kyx)cosh (kyy)sin (k;z)
B, = Boi—’v‘ sinh (kyx) sinh (kyy) sin (k,z)
B, = BO/% cosh (kyx) sinh (kyy) cos (kz;z) (1)

where k, = 27” and A is the length of the wiggler period.
The variables k, and k, govern the focusing of the wigglers
and obey k% = k2 + ki. We use a very small k, so that
the wiggler focuses mainly in the horizontal direction. The
periodic horizontal beta function is then close to the period
length, i.e. about 23 cm. The vertical beta function can be
selected arbitrarily. We used this parameter to vary the verti-
cal phase advance from one wiggler to the next to optimize
the dynamic aperture. The horizontal phase advance can be
modified by varying the wiggler field.

Since the dispersion and the horizontal beta function is
small, the H-function is small at the exit of the wiggler. H
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is a constant of motion outside dipoles, so it stays small
between the wigglers.

The advantage of using a field as described in Eq. (1) is
that it has on the central orbit a sextupole component that
compensates the chromaticity introduced by the focusing
of the wiggler. Since this sextupole is distributed over the
length of the wiggler the dynamic aperture is not destroyed.

THE COOLING SECTION

Figure 6 shows the Twiss functions where the arc transi-
tions into the cooling section, and REC cooling parameters
are summarized in Table 2. The merging dipole injects the
electron beam into the ions. We use a telescope with six
quadrupoles to amplify the beta functions and dispersion.

We found that placing the telescope before the dipole
causes a significant emittance growth from the quantum ex-
citation in the dipole, caused by the increased dispersion.
So the telescope is placed after the merging dipole. Un-
fortunately this arrangement reduces the active length of
the cooling section because of the strong divergence of the
electron beam in the telescope.

400 FF T T T T

— Betax
—— Betay
Dispersion \

300 —

200 —

100
Merging dipole

Betas [m], Dispersion [cm]

334 336 338 340 342 344
Pathlength [m]

Figure 6: Twiss functions at the beginning of the cooling
section.

Table 2: REC Cooling Parameters

Length of the active cooling section 166.3 m
Horizontal beta function in the center 180 m
Vertical beta function in the center 160 m
Horizontal beta function in the end 218.4 m
Vertical beta function in the end 203.2 m
Peak vertical beta function 203.2 m
Horizontal dispersion I m
Horizontal cooling time 2h
Vertical cooling time 4h
Longitudinal cooling time 3h
THB2
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CONCLUSION

We have created an optics layout for the REC that compro-
mises between the need for small emittances and chromatic-
ity correction. This was achieved by placing the sextupoles
in the wiggler section instead of the arcs of the ring. Instead
of compensating the dispersion inside the wigglers we am-
plified it to be used in the sextupole locations. The optics of
the complete ring is shown in Fig. 7.

Together with a redistribution of the cooling from the
longitudinal into the horizontal direction we achieved the
required horizontal cooling time of 2 hours. More details
are given in [4].

Table 3: Important Parameters of the REC

Energy 149.259 MeV
Gamma 293.093
Number of bunches 140
Number of electrons per bunch 1.3-10"
Charge per bunch 21 nC
Average current 2A
Tunes 60.18 /8.18
Chromaticity -140/-114
Geometric emittance 7.8/7.8 nm
Relative momentum spread 9.7-107*
Momentum compaction -1.43-1073
FWHM bunch length 34 cm
Damping times 32.3/16.1 ms
400 [T -
~ Beay 1
Dispersion

300 — —

S \’

100 — -

Betas [m], Dispersion [cm]
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Figure 7: Twiss functions of the REC.
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A NEUTRAL HYDROGEN MONITOR FOR ELECTRON COOLING
STUDIES OF H™ IONS IN ELENA

G A Tranquille*, CERN, Geneva, Switzerland

Abstract

H~ ions are routinely used for the recommissioning of the
ELENA ring as well as for various machine studies. Because
of the weak binding energy of the electron, these ions are
stripped by the interaction with the residual gas molecules
and the intense electron beam generated by the electron
cooler after which they are lost on the vacuum chambers of
the main machine dipoles.

A neutral hydrogen monitor is installed downstream from
the electron cooling device in the extension of one of the
dipole magnets and is used to study the above mentioned
effects. This provides much information on the evolution
of the beam size and position in the cooling section during
the deceleration as well as the performance of the electron
cooler.

INTRODUCTION

In ELENA [1,2] a dedicated linac, operating at an energy
of 100 keV, allows the machine to be operated with H~
ions or protons when it is not sending antiprotons to the
experiments. The proton mode of operation has never been
used due to the complexity of changing the magnetic polarity
of the ELENA ring resulting in a lengthy setting up. As the
ELENA deceleration cycle lasts 15 seconds, up to seven
"standard" cycles using H~ ions can be inserted between the
antiproton cycles (repetition rate of 120 seconds) [3] in order
to perform beam measurements and machine optimisation.

Figure 1: HO monitor installation

HARDWARE

To measure the neutral hydrogen beam profile a detec-
tor (see Fig. 1), comprising of a chevron mounted micro-
channel plate (MCP) coupled to a P43 phosphor screen, is
installed in the vacuum extension of the 60° bending magnet
approximately 3.14 m downstream from the centre of the
electron cooler. The HO atoms that are created travel straight

* gerard.tranquille@cern.ch
THC: Cooling Technology

Cooling Technology

towards the monitor and as they hit the MCP surface, elec-
trons are produced and are amplified in the MCP before they
are accelerated onto the phosphor screen. The image of the
phosphor screen is acquired by a Raspberry Pi4 computer [4]
using the Pi HQ camera mount with interchangeable lenses.

SOFTWARE

The high voltage for the MCP and P43 screen is provided
by an iSeg THQ dual channel power supply. A Python script
controls the voltage ramp that is applied to the MCP and
screen. Camera control is also performed via a Python script
which enables the user to adjust the camera settings (res-
olution, exposure etc.) and to select the acquisition mode.
Continuous, single/multi-frame and video capture are avail-
able and can be triggered synchronously with events in the
ELENA magnetic cycle. Once the signals are acquired, of-
fline programs enable the evaluation of the beam parameters
as well as their evolution. One feature that was implemented
was the possibility to selectively analyse regions of the video
images. This was essential as multiple beam spots can be
observed during the deceleration cycle (see Fig. 2) caused
by the offset of the circulating beam inside the cooler with
respect to the rest of the straight section.

0 100 200 30 40 500 600 700 800

0 100 200 30 400 0 600 700 800

Figure 2: Signal cropping for selective analysis at 35 MeV/c

BEAM COOLING MEASUREMENTS

The alignment of the ion beam and the cooling electrons
is essential in order to obtain the best cooling and hence
reduce beam losses due to adiabatic blow-up and residual
gas scattering. Beam position monitors can give information
on the ion and electron beam trajectories but cannot give
any indication on the efficiency of the cooling process. The
effects of position and angle changes of the H~ beam on the
cooling efficiency are directly observed on the HO monitor
and help to reduce the setting up time of the machine. The
initial position and angle settings are shown on Table 1.

Position and Angle Scans at 35 MeV/c

At the first deceleration plateau of 35 MeV/c, a scan of the
circulating beam trajectory and angle in the cooler section
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Table 1: Initial Settings

Momentum: 35 MeV/c 13.75 MeV/c
Veatn (V) -368.86 -57.62
Veria (V) -300.00 -50.00

I, (mA) 4.45 0.35
bump;, (mm) 3.4 -04
angley, (mm) 1.4 -3.8
bump, (mrad) 4.0 4.2
angle, (mcrad) 0.5 -3.8

was performed to determine the best alignment for cool-
ing. The horizontal position (bumpy,) of the H~ beam was
scanned from -5.6 mm to +7.4 mm and vertically (bump,,)
from -5.0 mm to +5.0 mm. At the same time the change
in cooling energy, obtained using the longitudinal Schot-
tky monitor, was recorded to reconstruct the space-charge
distribution of the electron beam (see Fig. 3 left). The
programmed bump was also compared to the measured dis-
placement measured on the HO monitor (see Fig. 3 right).

w5 20
s , ¥=1.3321x+6.1085 2
w

25765

7

Frequency

-8 B ) 4 -2
Z0.1515x-7.5012

R?=0.9969 )

-10
Programmed horizontal bump (mm)

]

Measured horizontal position
(mm)

205
8 6 4 2 0 2 4 § 8§ 0

bump_h (mm)

—e—Xx_mean ——y_mean

wwsees Linear (x_mean) Linear (y_mean)

Figure 3: Revolution frequency (h=7) vs. horizontal bump
(left) and Measured position vs. programmed bump (right)

Video data corresponding to the plateau (4.8 s to 7.2 s) was
analysed to evaluate the evolution of the beam characteristics
in the presence of the electrons. Figure 4 shows shows the
effectiveness of the cooling at different horizontal positions
of the circulating H- beam. One clearly sees a positive effect
on the vertical beam size as the trajectory of the H~ ions
is moved towards the exterior of the ring. However, no
significant improvement on the horizontal size is observed
and if the beam is moved towards the interior of the ring, the
cooling becomes completely ineffective.

izontal o [mm] |

x%
% R

vertical s mm]

time [s] time [s]

Figure 4: Horizontal (left) and vertical beam size evolution
as a function of horizontal orbit bump
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This is also illustrated in the electron stripping rates (see
Fig. 5) where one observes a factor of three increase in the
rate when the H~ beam is moved to the exterior. If steered in
the other direction, the rate decreases indicating no cooling
and possibly beam loss.

3 ‘
28 —— BUMPH 6 BUMPV 4
—— BUMPH 3.4 BUMPV 4|

—— BUMPH 0,BUMPV 4
241— BUMPH -4 BUMPV 4

\

normalised stripping rate

s 55 6 65 7
Time [s]

Figure 5: Normalised stripping rates at different orbit bumps

Scanning the vertical position of the H~ beam resulted in
a significant improvement of the horizontal cooling when
the ion beam is displaced downwards, with little or no effect
in the vertical plane (see Fig. 6).

N\
\

orizontal o [mm] _

vefrtical o [mm]

q
//

time [5] ) time [5]

Figure 6: Horizontal (left) and vertical beam size evolution
as a function of vertical orbit bump

A horizontal angle scan of +2 mrad around the initial
angle of 1.4 mrad (see Fig. 7) did not show any visible
improvement in the cooling. The horizontal beam size did
reduce slightly when a positive shift in the angle was made.
However, in the vertical plane, cooling became less efficient.
Similarly, scanning the vertical angle did not provide any
major change in the cooling.

ontal o [mm]

vertical o [mm]
é
(

A%

time [s] time [s]

Figure 7: Horizontal (left) and vertical beam size evolution
as a function of horizotal angle
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Measurements at 13.75 MeV/c

At the lower cooling plateau of 13.75 MeV/c (100 keV
kinetic energy), the measurements were hindered by the
fact that the signal coming from the neutral beam inside
the cooler nearly overlapped the signal from the stripped
H~ beam in the rest of the straight section (Fig. 8). It was

a=3.03

W Raw Data Amplitude = 608.98
—— fit a=1.53
emittance = 3.85

u=-472
600 Amplitude = 570.46

=156
emittance = 7.06
400

200 :

Figure 8: HO signal at 13.75 MeV/c

decided to limit the alignment measurements and to concen-
trate on the influence of certain electron cooler parameters.
Nevertheless the results of an angle scan did show a slightly
better cooling performance if the horizontal angle of the
electron beam is increased by 1 mrad. The position scans
were difficult to interpret due to the coincidence of the HO
signals and will need to be revisited.

Influence of the Electron Current /, The cooling time
is inversely proportional to the intensity of the cooling elec-
trons [5]. By varying the voltage on the grid electrode, Vgid,
thus increasing the potential difference between the cathode
and the extracting electrode, the electron beam current can
be adjusted. We varied the beam current between 0.34 mA
and 1.46 mA to measure the effect on the H™ beam size. The
evolution of the beam size was recorded and a linear approx-
imation was applied to obtain a cooling gradient. Figure 9
shows the plot of the decrement in beam size as a function
of the electron beam current. One clearly sees that, although
the beam is cooled for all the settings, the best cooling is
obtained with a lower current and more effectively in the hor-
izontal plane. A possible reason for this unexpected result
is that the increase in the electron beam current introduces
a significant shift in cooling energy due to its space-charge.
In a previous measurement the electron beam current was
set to 0.75 mA and the energy increased to 60.32 V. For
this setting the horizontal HO size was reduced but the effect
in the vertical plane was detrimental. It is clear that more
investigations are need to fully understand how I, affects the
cooling, and this at both cooling plateaus.
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Figure 9: Beam size decrement as a function of /,

Influence of Beam Expansion The ELENA cooler [6]
is equipped with an expansion solenoid that can deliver a
longitudinal field of 1000 G. This means that the electron
beam radius 7, can be expanded from § mm to 25 mm with
a reduction in the transverse temperature by a factor of 10.
At present the expansion solenoid runs at a field of 290
G (expansion factor ke, = v/B/Bg = 1.73) resulting in an
electron beam radius of 14 mm. For this set of measurements
the expansion solenoid was varied up to 80 A (r.= 20 mm)
to determine the effectiveness of beam expansion. Figs. 10
and 11 show the evolution of the beam size for two values of
the expansion factor. One sees that expanding the electron
beam, a-priori, does not improve the cooling and even tends
to blow up the beam.
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Figure 10: Horizontal beam size evolution with keyp, = 1.73
(left) and 2.44 (right)
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Figure 11: Vertical beam size evolution with ke, = 1.73
(left) and 2.44 (right)

It is clear that the alignment could be one of the reasons
why the cooling is not enhanced. The field from the ex-
pansion solenoid permeates into the toroid where the ion
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beam enters the cooling section and hence can modify the
deflecting field experienced by the ions. Further studies will
be made to elucidate this point.

Electron Detachment of the H- Beam In a previous
machine development session [7] an attempt was made to
estimate the electron detachment cross-section [8,9] for H~
ions at low energy. The experiment consisted of three stages
(see Fig. 12):

* electron cooling for the normal operational duration
* beam bunching for intensity measurement

* switch on electron beam at different energies and record
the beam intensity

As the electron cooler gun and collector voltages cannot
be modified for different magnetic cycles, the 35 MeV/c
parameters were adjusted for the lower energy and had their
timings modified to allow the electrons to be switched on
again once the beam had been re-bunched.

LNA Intensity Monitor FOR HMMDEC

ntensity from Schottky pick-up

Figure 12: Electron detachment cross-section measurement
sequence

For this measurement the same sequence was used and the
stripping rate was evaluated from the HO signal measured
on the monitor. The results (see Fig. 13) obtained contradict
somewhat the previous measurements and seem to indicate
that the main reason for the beam loss is due to the electron
intensity. Scanning the intensity around a fixed energy E,
(see Fig. 14) reinforces this observation as we clearly see
that beam survives until a certain electron current is reached
after which the H~ beam is completely lost. This was true
for all energies that were used for these measurements.

Whilst making these measurements it also came to our
attention that the electron gun was not producing the inten-
sity as anticipated. Normally the generation of an electron
beam follows Child’s Law, I, = V3/2, where the perveance,
M, is a geometrical constant dependent on the ratio of the
cathode radius and the cathode to anode distance. From
Fig. 15, where the beam current [, is plotted against the
cathode to anode (or “grid”) voltage difference raised to the
power 3/2, one expects to obtain a straight line, the gradient
of which gives the perveance. However, this is not the case
and we see a clear influence of the cathode voltage on the
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Figure 13: H™ stripping rates as a function of E,
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Figure 14: H~ stripping rates as a function of I, for E, =
127eV

gun perveance. The calculated perveances range from 2.53
to 4.12 yP. A measurement made at the 35 MeV/c plateau
gave a higher value of 4.73 uP.

—e—Veath fixed 57.62V

e (A1

10 o0 s00
(Vgrid - Veath)*1.5 [V*1.5]

Figure 15: I, vs. (Vgrid — Vean)/?

CONCLUSION

The neutral hydrogen monitor is a useful instrument to, not
only help a speedy (re)commissioning of the ELENA ring,
but also investigate in more detail the interaction of electrons
on the circulating ion beam. The cooling performance over
the complete deceleration cycle can be evaluated in one
shot and any improvement after adjustment of the machine
parameters is immediately visible. The measurements that
have been performed have brought to light an unexpected
behaviour of the cooler which will require further studies.
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TRANSVERSE BBU SUPPRESSION WITH FEEDBACK FOR
ENERGY RECOVERY LINACS

S. Setiniyaz®, N. Sereno, I. Neththikumara, K. Deitrick, Jefferson Lab, Newport News, VA, USA

Abstract

In this study, we present beam dynamics simulations of
the Strong Hadron Cooling (SHC) Energy Recovery Linac
(ERL) that incorporate a feedback (FB) system designed to
mitigate Beam Breakup (BBU) instabilities. The FB effec-
tively suppresses BBU and increases the threshold current
by roughly an order of magnitude. Our analysis revealed
the aliasing behavior of the dominant higher-order mode
(HOM) and its suppression by the FB, as evident from the
power spectral density (PSD) of the beam centroid’s hori-
zontal motion at the exit of the final linac section. Although
the FB system— even when affected by noise—successfully
reduced the BBU peak, it also amplified the PSD at other fre-
quencies. These results provide important insights into BBU
suppression and threshold current enhancement in ERLs.

INTRODUCTION

The Electron-Ion Collider (EIC) is a state-of-the-art, high-
luminosity particle accelerator designed to collide highly
polarized electrons with ions [1,2]. To be constructed at
Brookhaven National Laboratory (BNL) in collaboration
with Thomas Jefferson National Accelerator Facility (JLab),
the EIC originally planned to achieve its unprecedented lumi-
nosity through an innovative beam cooling technique known
as Coherent electron Cooling (CeC) [3].

An Energy Recovery Linac (ERL) serves as the backbone
of the CeC system, allowing the recovery of the electron
beam’s energy after cooling. This approach greatly improves
energy efficiency, as the recovered energy minimizes the
power deposited in the beam dump, thereby reducing both
radiation concerns and the need for extensive cooling infras-
tructure. Detailed descriptions and design considerations of
the ERL can be found in Refs. [4-6].

The general framework for ERL feedback (FB) systems
has been discussed in Refs. [7,8]. A schematic layout of the
Strong Hadron Cooling (SHC) ERL incorporating an FB
system is shown in Fig. 1. The injector accelerates the elec-
tron beam to 6 MeV before it enters the recirculating section
of the ERL. The beam then passes sequentially through two
single-cell 197 MHz cavities, two quarter-wave 591 MHz
cavities, and another pair of 197 MHz cavities, reaching an
energy of approximately 13 MeV. Subsequently, it traverses
five 5-cell 591 MHz, four 5-cell 1773 MHz, and four addi-
tional 5-cell 591 MHz cavities, providing final energies of
55 MeV in Mode-B and 150 MeV in Mode-A operation. For
detailed simulation studies of BBU effects in the EIC Cooler
ERL, the reader is referred to Ref. [9].

* saitiniy @jlab.org
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HIGHER ORDER MODES

When the beam passes through the cavities, part of its
wakefields are trapped inside long enough to impact the sub-
sequent bunches in present and later passes. These trapped
modes generated what is referred to as long-range wake-
fields, which have high Q-factors and act like narrow band
resonator. The cutoff frequency is inversely related to the
cavity iris size. Monopole modes produce longitudinal wake-
fields that may cause energy and timing fluctuations in the
beam. However, their effect on beam instabilities is minor
and can be mitigated by employing off-crest acceleration
or deceleration. On the other hand, dipole modes generate
transverse wakefields, which can deflect the beam and lead
to transverse BBU (Beam Breakup) instabilities. This study
specifically focuses on dipole HOMs (Higher Order Modes)
and transverse BBU instability, as these are the dominant
factors. For more details on the HOMs are given in Ref. [9].

FB SYSTEM SETUP

The feedback (FB) system consists of two BPMs lo-
cated near the accelerating cavities (downstream of the laser
heater) and four kickers positioned in the return line, as illus-
trated in Fig. 1. The kickers are placed such that the beam
travels approximately 520 m (1.73 us) downstream in the
beamline between the BPMs and the kickers. As shown
in Fig. 2, the kickers are positioned approximately 5—10 m
apart, corresponding to a temporal separation of about 20—
30 ns. This spacing provides sufficient latency within the
FB loop for bunch-to-bunch correction.

The four kickers allow for independent correction of both
beam angle and position in the horizontal and vertical planes.
The feedback loops in each plane operate independently but
can influence one another through transverse coupling be-
tween the planes. The coupling effects between the hori-
zontal and vertical planes, resulting from magnet tilts and
misalignment, are neglected. Similarly, delays in the feed-
back response are not considered in this initial analysis of
the BBU feedback performance.

THRESHOLD CURRENT WITH
FEEDBACK

The cavities used in these BBU tracking simulations are
BNL-type cavities, and the corresponding HOM parameters
are provided in Ref. [9]. A total of 30 dominant HOMs were
included in the study—15 horizontal and 15 vertical modes.
The threshold current without the feedback (FB) system is
determined to be 229 mA, as shown in Fig. 3. At 230 mA,
the HOM voltage grows exponentially, while at 229 mA, it
remains stable and low.
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Figure 1: Schematic layout of the SHC-ERL with the feedback system.
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Figure 2: Physical locations of the BPMs and kickers along the beamline.

A substantial increase in the threshold current was ob-
served when the FB system was activated. In the absence of
BPM and kicker noise, the threshold current rose to 9.72 A,
representing a 42-fold improvement, as shown in Fig. 4. The
most dominant mode in this case is mode No. 13, a horizontal
mode with a frequency of 846.1337 MHz.

NOISE SENSITIVITY OF THE FEEDBACK
SYSTEM

So far, noise in both the BPMs and the kickers has not been
included in the analysis. Such noise can adversely affect the
FB system’s performance and reduce the threshold current.
Another factor not yet considered is the variation of HOM fre-
quencies among cavities due to manufacturing imperfections.
These variations introduce a frequency spread — typically a
few MHz — that follows a Gaussian distribution. To account

THC: Cooling Technology

Cooling Technology

for this effect in the simulations, tracking was performed
multiple times with the cavity frequencies varied according
to a relative RMS frequency spread of o7/ f = 1073, Con-
sequently, the simulations yield a distribution of threshold
currents rather than a single deterministic value.

Figure 5 presents the threshold current scan results with
and without BPM and kicker noise. Each subplot corre-
sponds to a different BPM noise level, as indicated, while
the different colors represent scans performed with various
kicker noise levels. For each scan, the HOM frequencies
were varied to generate the corresponding distribution of
threshold currents.

As shown in the results, the threshold current ranges from
7-11 A in the absence of FB noise, while the inclusion of FB
noise significantly reduces it. Nevertheless, the threshold
current remains on the order of several amperes—an order
of magnitude higher than the case without feedback. All
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Figure 3: Higher-order mode voltage of the most dominant
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Figure 4: Higher-order mode voltage of the most dominant
mode without BPM and kicker noise with the FB system,
when the test current is at 9.72 A (blue line) and 9.73 A (red
line).

results are summarized in Fig. 6. The system is observed
to be more sensitive to BPM noise than to kicker noise, as
expected from feedback theory, where the readback noise is
amplified by the feedback loop.

POWER SPECTRAL DENSITY OF BEAM
MOTION

The horizontal position of the bunch centroid, recorded
at the end of the linac section, is used to compute the Power
Spectral Density (PSD), as shown in Fig. 7. In this case, no
FB noise is applied. While a time-domain analysis reveals
how a signal evolves over time, the PSD characterizes how
the signal’s total power is distributed across frequencies.
As seen in the plot, the spectral peak around 58 MHz is
strongly suppressed by the FB system. The frequency of this
peak, fpsp, peak = 58.1151 MHz, corresponds to the alias fre-
quency of the dominant mode at fihaxgom = 846.1151 MHz.
The beam injection frequency is fi,j = 98.5 MHz, and the
relationship among these frequencies is given by

fPSD, peak = JmaxHOM — 8 X finj~ (D
THC2
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As shown in Fig. 8, when noise is introduced, the same
HOM peak remains suppressed by the FB system; however,
the PSD at other frequencies increases significantly. This oc-
curs because the BPM and kicker noises are primarily broad-
band random sources—arising from position measurement
errors and kick-angle fluctuations—which are amplified by
the feedback loop. Future work will focus on mitigating
this noise using optimized filtering schemes and adaptive
algorithms that can anticipate and suppress the onset of in-
stability in individual HOMs.

CONCLUSION

We have simulated a feedback (FB) system designed to
suppress beam breakup (BBU) instabilities in the EIC Cooler
ERL. The results demonstrate that the FB system effectively
suppresses BBU and substantially increases the threshold
current. In the absence of noise, the threshold current rises
by nearly two orders of magnitude, while the inclusion of
BPM and kicker noise reduces it but still maintains roughly
an order of magnitude improvement over the no-feedback
case.

Our analysis also revealed aliasing of the dominant higher-
order mode (HOM) and its suppression by the FB system,
as observed in the power spectral density (PSD) of the beam
centroid motion. Although the FB system with noise suc-
cessfully reduced the BBU peak, it simultaneously amplified
the PSD at other frequencies.

Future studies will focus on implementing filtering and
adaptive algorithms capable of detecting, from beam motion,
when a particular HOM is approaching instability. We will
also incorporate realistic component frequency responses,
system delays, and transverse coupling effects. These re-
sults provide valuable insight into transverse BBU suppres-
sion and threshold current enhancement in energy recovery
linacs.
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BEAM POSITION MONITORING FOR
LOW ENERGY COOLING SECTION*

I. Pinayev' and S. Seletskiy, Brookhaven National Laboratory, Upton, NY, USA

Abstract

The Electron-ITon Collider is being constructed at
Brookhaven National Laboratory. To achieve the required
luminosity the hadron beam will be cooled at the injection
energy to reduce its vertical emittance. This paper de-
scribes the beam position monitors for the cooling section.

INTRODUCTION

The Electron-Ion Collider (EIC) will employ Low En-
ergy Cooler (LEC) dedicated to cooling proton bunches at
injection energy (y=25) [1,2]. LEC utilizes a 170 m long
cooling section (CS), which is a straight section of the EIC
hadron storage ring where electron and hadron bunches co-
propagate. The 14 beam position monitors (BPM) installed
in the CS should be capable to measure the positions of the
electron and hadron independently. The hadron BPMs
should measure beam position for the wide variety of
bunch shapes as well. The signals from the pick-up elec-
trodes will have large dynamic range due to the substantial
variation of the bunch charges and length. The cable atten-
uation can also vary strongly.

The orbits of the hadron and electron beams should be
transversely aligned to the accuracy better than 35 microns.
The relative angular misalignments between the electron
and proton trajectories in the CS must be kept below 15
microradians [3]. The mechanism for the measurement of
the BPMs offsets between two BPM systems should be
also developed.

BEAM PARAMETERS

The hadron beam parameters vary greatly from the
Au'"® ions pilot bunch of 5 nC and bunch length of 4.2 ns
to protons at store with 31 nC bunch charge and 200 ps
bunch length. During ramp the proton bunch charge can be
as great as 45 nC with same short length of 200 ps.

The cooling will happen at injection energy with relativ-
istic factor of y=25.4 (proton energy 23.8 GeV and electron
energy 12.5 MeV). The proton beam during cooling will be
stretched using harmonic RF cavity to the flat top of 3 ns.
The profiles of the electron and proton beams are shown in
Fig. 1.

The hadron BPM electronics should be able to handle
signals from all set-ups. This will require thorough model-
ling of the analogue chain and digital processing.

The electron beam used for cooling will consist of the
train of 24.625 MHz macrobunches, with each macro-
bunch containing three bunches separated by 5.1 ns (197

* Work supported by Brookhaven Science Associates, LLC under con-

tract No. DE-SC0012794 with the U.S. Department of Energy.
T pinayev@bnl.gov
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MHz RF system). Each electron bunch has a charge of 1.2
nC and r.m.s. length of 170 ps. Repeatable parameters of
the beam make the design of the receivers easier.

proton bunch r.m.s. length 5.2759 ns
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Figure 1: The profiles of the proton bunch (blue) and the
electron beam (red). The r.m.s. proton bunch length is
5.3 ns.

SIGNAL PROCESSING

Conventional signal path includes a) cable connecting
the pick-up electrode with BPM, b) RF front end condi-
tioning the signal, eliminating the unwanted frequencies,
and reducing the signal level to an acceptable level, ¢) con-
trollable attenuator normalizing the signal and preventing
overload, d) pre-amplifier, ¢) main filter providing the fi-
nal frequency response of the analogue chain, ) the second
amplifier compensating losses in the main filter, g) ana-
logue-to-digital converter (ADC). ADC digitizes the signal
and provides the stream of data for digital processing.

The electron beam generates 3 V peak signal on the 30
mm diameter button in the 127 mm diameter beampipe.
The spectrum of the signal is shown in Fig. 2.

The weakest signal for the hadron BPM will be gener-
ated by a gold ion pilot bunch. Its amplitude at the button
will be only 20 mV. The strongest signal is generated by
the proton bunch of 45 nC during ramp when bunch length
reaches 200 ps. The button signal will be on 70 V peak. The
propagation of the signal through a cable reduces the am-
plitude to 40 V which still too high for the electronics. An
RF front end with 3" order low-pass filter of 150 MHz will
reduce the amplitude to 3 V and can be further decreased
by the attenuator (see Fig. 3).
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pulses shown in Fig. 4. The frequency dip value as well at

its position will depend on the proton bunch length and can
vary during the cooling process.

Spectrum of the proton signal at cool
T T

Harmonic amplitude (arb. units)
=
T
L

Front End Output (1st Amplifier Input)
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15t Amplifier Input (V)
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Figure 3: The proton bunch signal after the front-end
low-pass filter.

During cooling the proton bunch will have flat top and
the signal induced on the button is shown in Fig. 4.

Button signal
0.15 T T T T -

T T T
01f \ ]
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Figure 4: Signal on the button from the cooled proton
bunch.

The spectrum of the cooled bunch is shown in Fig. 5.
Spectral power decreases with frequency because the
bunch length is large. There are also two dips at 49.25 and
221.6 MHz due to the interference of negative and positive
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Figure 5: Spectrum of the cooled beam signal.

At store with 1000 bunches the lowest harmonic of the
beam signal will be 98.5 MHz equal to the bunch repetition
rate. The spectrum is shown in Fig. 6.
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Figure 6: Spectrum of hadron beam signal at store.

The electron beam signal can be processed in the narrow
band around 600 MHz where the induced signal has largest
amplitude and hadron signal is small during the cooling
process.

Narrowband processing does not look suitable for the
hadron beam since it can not be warranted that signal will
be present at all operational modes. It can disappear com-
pletely during RF gymnastics when splitting single bunch
into four. The sampling on the top of the pulse presently
employed at RHIC will require continuous monitoring of
the peak location and can have substantial noise due to the
ADC clock jitter since the bunches will be much shorter.

We propose to utilize low-pass filter with cut off fre-
quency around 150 MHz in the analogue chain to suppress
the electron beam contribution. The square root of the sum
of ADC readings squared will be used for the evaluation of
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the strength of the beam signal. Such procedure is much
less sensitive to the shape of the bunch and will not require
changes in the parameters during operational cycle.

NOISE EVALUATION

For the electron beam with a current of 88 mA (3.6 nC,
24.6 MHz), the signal level after 130 meters of LMR-240
cable is 5 mV r.m.s. This estimate is for 10 MHz bandwidth
of the filter.

The amplifier with a noise figure of 2.6 dB has a thermal
noise level of 4 uV in the 10 MHz bandwidth, The corre-
sponding signal-to-noise ratio (SNR) is 61.9 dB. For the
600 MHz frequency ADC clock jitter of 70 fs will provide
SNR of 71.7 dB which is better than thermal noise. The
ADC with 11.4 effective number of bits corresponds to
68.4 dB SNR which is also better than thermal noise.

The scaling factor defined by the diameter of vacuum
chamber is 32 mm, and noise jitter for a single bunch train
is 30 microns. Averaging over 260 bunches (1 turn) reduces
the position noise to 2 microns. Further filtering of the sig-
nal to 10 kHz required for the orbit feedback will bring
noise below 1 micron.

Noise estimation for the hadron BPM was performed
with MATLAB script which evaluates the signal level and
adds thermal noise, ADC clock jitter, and noise corre-
sponding to the effective number of bits. The screenshot of
the application is shown in Fig. 7.

Qbunch, | Tbunch, | Nbunch Frep, Dpipe, Scale, Dbttn, Cbin, Cable Leable, Fable, Nseeds
nC ps MHz mm mm mm oF m

MHz
s 075 1 248250 121 3rs00 30 55000 LMR240  © 130 66.5277 16

Noise, Ffe, FEType | FEOrder| FEloss, | Attenuator, Ffilter Filter Fiter | Loss, | Fsample, ENOB | Jitter,
uv MHz a8 a8 MHz Type Order 8
1 B 3 om0 o 135 Bessel $

Gain,d8 | Fcut,MHz | Noise, d8 Uavg, sigmaU, Position
1440 23000 v m oise, um

Ampl 1 20 44 % N
Ampl 2 6 1440 23000 03427 0.4920 234339 ADCmput

ADC Signal (2nd Amplifier Output)
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Figure 7: Screenshot of the MATLAB application for the
modelling of the hadron BPM.

For the single proton bunch with 45 nC charge the ex-
pected noise in the position measurement is 20 microns.
The averaging for the one turn 260 bunches the noise in the
position measurement will be 1.25 microns.

As we showed the errors in the position measurements
are well below the requirement of 35 microns. The angular
deviation is defined by the noise in position and distance
between BPMs, which is about 13 meters. Contribution of
the BPMs will be below 100 nanoradians.

OFFSET CALIBRATION

While both electron and hadron BPMs provide suffi-
ciently low noise measurements, the transverse alignment
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of two beams requires compensation of the systematic er-
rors such as different attenuation in the cables, varying
gains and losses in the analogue chains of the BPMs.

The cross calibration of the BPM offsets can be per-
formed when only one beam is present and its position is
measured by both types of the BPMs. Even the electron
beam can generate sufficient level signal for the hadrons as
shown in Fig. 8.

Main Filter Output (2nd Amplifier Input)
T T T

Fiter Output (V)

T
1

\

03l 1 I I I I I L L | |
o 5 10 0 20 25 30 35 0 5
time (ns)

Figure 8: The signal from the electron beam at the input of
the hadron BPM ADC.

The proton beam at store generates factor 10 stronger
signal as it can be seen from Fig. 6. It will be the preferred
way to calibrate the system. Another advantage of using the
hadron beam is that it travels in a straight path in the cool-
ing section.

CONCLUSION

We have provided a possible technical solution for the
beam position monitors located in the cooling section of
the Low Energy Cooler for the Electron-lon Collider. The
performance of the BPMs satisfies the requirements.
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TIME DOMAIN STOCHASTIC COOLING SIMULATIONS:
TRANSVERSE AND FILTER COOLING

V. Tsiantis, Aristotle University of Thessaloniki, Thessaloniki, Greece
C. Carli, D. Gamba, W. Hofle, S. Rey, D. Sittard, CERN, Meyrin, Switzerland

Abstract

Stochastic cooling is a technique for reducing the phase
space volume of particle beams in accelerators improving
the experimental conditions for facilities like the Antipro-
ton Decelerator at CERN. We present a stochastic cooling
simulation model, for the transverse and longitudinal planes.
This work studies the cooling performance of particle beams
under different scenarios, like different gains or number of
particles, applying a feedback mechanism for the longitudi-
nal plane called filter cooling. Some cases of emittance and
momentum spread reduction are presented, as well as some
interesting scenarios of unsuccessful cooling.

INTRODUCTION

Stochastic cooling [1-3] is applied to the beam in the
CERN Antiproton Decelerator (AD) in both transverse and
longitudinal planes during two plateaus, at 3.57 GeV/c and
at 2.0 GeV/c. Specifically for the longitudinal phase space
filter cooling [4,5] using a notch filter is applied (Fig. 1).

The work presented in this paper, is a simplified time-
domain simulation framework that models coasting beam
stochastic cooling, for a smaller number of macro-particles.
Both longitudinal and one transverse planes are included
in this framework and filter cooling [3, 6] is applied in the
longitudinal plane. Results are compared for different param-
eters, such as noise, gain and number of particles, illustrating
scaling laws and the system’s performance.

Phase
shifter

Delay Tpey =1/f ey

Figure 1: Diagram of a typical notch filter, consisting of a
phase-shifter, a splitter, a short and a long transmission line
and a “subtractor”.

MODELING APPROACH

One of the challenges for the modeling of coasting beam
stochastic cooling is the seamless computation of correction
to be applied at the kicker. The approach applied is to divide
the macro-particles into two groups labeled red and blue and
to track them alternately as sketched in Fig. 2. The (absolute)
time increases from left to right. Particles within one group
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- Exchange particles:
late ‘red’ ones to ‘blue’ and early ‘blue’ ones to ‘red’
- Generate ‘signal’ function

For ‘red' particles

- Tracking PU to kicker

- Application of corrections
(kicks) using ‘signal’ function

- Tracking to PU

time t

- Exchange particles
- Generate "signal” function

For ‘blue’ particles

- Tracking PU to kicker

- Application of
corrections (kicks)

- Tracking to PU

time t

Figure 2: Alternate tracking of two groups of macro-
particles. Iterations increase from the top to the bottom.

are described by the relative arrival time T roughly within
a time interval 77 /2 < 7 < 1g/2 with 7y being half of
the revolution time. The following steps are applied starting
with particle coordinates at the position of the Pick-Ups
(PU):

* To ensure that particles are within the relevant group
and as first step of the procedure (see top of Fig. 2),
particles of the red group with T > 74 /2 (blue group
with 7 < —7g /2) are moved to the blue (red) group.

* Then “signal functions” describing the correction to
be applied are computed for the “red” particles. The
coordinates of all particles are available and are first
binned in relative arrival time 7 with a sufficient resolu-
tion. For the transverse plane, the sum of the positions
is determined for each bin and used to compute the
“signal function” at sufficient discrete times using a “re-
sponse function” given in Eq. 1. The procedure for
the longitudinal plane is similar with using the number
of particles per bin instead of the sum of the positions
and the requirement to use as well the “signal function”
from a turn earlier for the implementation of filter cool-
ing. The window, for which the “signal function” is
computed extends from —7 /2 — Toviap t0 T /2 + Toviap
with Toy1ap given in Eq. 2 to ensure that the correction
to be applied can be computed for all macro-particles.

* The “red” particles are tracked to the position of the
kicker by multiplication of the phase space vector with a
transfer matrix determined from the Twiss parameters,
the phase advances and the momentum compaction
factor.

* The corrections from the stochastic cooling system are
applied. Kicks applied are the product of a gain factor

FRA: Coolers Designs and Proposals

Cooler Designs and Applications



The 15th International Workshop on Beam Cooling and Related Topics, New York, USA

ISBN: 978-3-95450-267-7

with the “signal function” (spline through the discrete
values determined before) evaluated at the particles
relative arrival time.

* Tracking from the kicker to the PU again by multipli-
cation of the particles phase space vector with a linear
transfer matrix leading to the situation in the middle
row in Fig. 2.

This is followed by analogous procedure applied to the “blue”
particles to propagate the whole beam for one turn.

The quantities of interest, transverse rms emittance and
rms momentum spread [7, 8], are calculated at the tracking
points. Both wanted and unwanted mixing is taken into
account by delays of the particles calculated from their mo-
mentum offset, the revolution period and the momentum
compaction factor i from pickup to kicker and from kicker
to pickup [9, 10].

Response Functions, Binning and “Signal Func-
tion”

In the real stochastic cooling system, each element (PU,
head amplifier, signal treatment) has its own unique response
that affects the signal traveling from pickup to kicker. In
order to calculate the total contribution of all the elements
between pickup and kicker, all responses have to be convo-
luted. In our model, we defined one response function in
each plane that describes the total response function. The for-
mulas used are educated guesses based on the real system’s
bandwidth. They are good approximations for first studies,
but should be further refined based on the properties of the
AD stochastic cooling system. These response functions are
defined in a small time window (—w, w) with w = 1.6ns.
Outside this time window, the response functions are zero.
Inside the time window, the longitudinal Ry, and transverse
Ry response functions are:

8
63 6.5 , 1.55 , 12
Rp=—t||{1-—t||[1-—|[1-—] ,
L (ns)( ns? )( ns? )( w2
2742 2 1.1542 247
P O LA T P LAY R B E VA TR
ns? ns? ns? w?

Since longitudinal positions 7 change from the PU to the
kicker turn, a particle within the interval +7z /2 at the PU
location may be outside this interval at the kicker. To ensure
that the correction can be computed for all particles, the time
interval or the “signal function” is extended on both sides by

an overlap time region Toy1ap, chosen large enough to include
the fastest and slowest particles given by:

Tovlap =4 X 0—5(77pu—>K + 77K—>pu)Trev 2

where o s is the rms momentum spread.

For each iteration (tracking either the red or the blue
macro-particle group around the ring), a “signal function”
is computed based on the coordinates at the PU and then
used to determine the kicks applied to macro-particles at
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the kicker location. The “signal functions” are computed
at discrete longitudinal positions 7. The spacing between
Tx values has to be fine enough such that the variations of
the response function remain small. To this end, particle
positions are binned around times 7; with a smaller spacing.
For each bin, the particle number N; and average positions
X; are determined. Electronic noise with a spectral density
equal to the Fourier transform of the response function can
be added by adding random values to the quantities N; and
X; for the longitudinal and transverse plane. The convolu-
tion with the longitudinal R; and transverse Ry response
functions given in Eq. 1 to compute the “signal” functions
is approximated by:

SL(te) = ). Rt = T)N;

©)
Su(ti) = ZRH(Tk - T)N;i %;

which is implemented as matrix multiplication with the ma-
trix evaluated only once at the beginning of the simulation.

The kicks to be applied to particles at the location of the
kicker are computed by a second order spline through the
data points of the “signal function” multiplied with a gain
factor G.

Table 1: Parameters of the Simulation Software

Parameter(unit) Default value
Simulation window Ty (s) Trev/2
Revolution time Ty (nS) 620.9
Beta function Sy, Bk 1.3,0.8
Alpha function apy, ag -0.9,0.6
One turn phase advance ur (rad) 2 x 1.34
Phase advance PU-kicker p,->x (rad) /2
Slipping factors 7pu—>K, 1K ->pu -0.01, -0.01
Standard deviation of dp/p o s 0.004
Number of time bins N}, 25000

NUMERICAL RESULTS

Below a few numerical results are presented. Default val-
ues used for the presented simulations are given in Table 1.

Scaling Law

The simulations cannot reach the AD intensity which
decelerates ~ 6 x 107 particles. We felt the necessity to
test Van der Meer’s scaling law [3], which holds for small
values of n (like our case) and optimal gain, and which,
for the longitudinal case, can be simplified as solving the
differential equation:

d
%:— AGos + BNG> @

Cooling term  Heating term
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where A and B are some scaling factors dependent on cooling
system properties such as bandwidth and particle mixing
rates, N is the number of particles, G is the gain, o is
the RMS momentum spread. The solution of Eq. 4 can be
written as:

—A(NG)t/N —A(NG)t/N) (5)

0'5(2‘)20'506 +0'5,eq(1—e

where o0 and 0 ¢q are the initial and final equilibrium
RMS momentum spreads, respectively. The indicator used
is the time 77, needed for the rms momentum spread to halve,
i.e. 05(Ty) = 0s0/2, and which using Eq. 5 can be written
as:

1 [ o - G)®B/A)
NOAWD | o - v B/4)

The result from several simulations varying the number of
macro-particles is shown in Fig. 3. We observe very good
agreement for different number of particles until Gy, X N =
0.42, which is very close to the optimal gain. Larger gains
lead to rms momentum spread blow up for all simulations
with N < 50000, so that most curves have no point above
this gain. The theoretical model’s fit is not satisfying, with
Normalized RMS Error (NRMSE) ~ 0.1. A possible expla-
nation for this discrepancy is that the assumption that the
distribution remains Gaussian does not hold. The fit deviates
from the data points as under the action of the cooling system
the distributions deviate significantly from a Gaussian.

(6)

Number of turns for delta rms
0.0250

spread to halve vs. L gain (scaled by number of particles)

—e— 1500 particles
—=~ 3000 particles
—&— 10000 particles
— 20000 particles
0.0200 —— 50000 particles
-== Fit: A=5.340e+02, C=B/A=2.782€-03

urns for delta rmms to halve / Np

Figure 3: Time needed for the rms momentum spread to
halve (expressed in number of full revolutions around the
machine divided by the number of particles) for different
gains and different number of particles. An attempt to fit the
data according to Eq. 6 is also shown.

We also plotted the rms momentum spread over normal-
ized time (Fig. 4) for G N = 0.5. We observe very good
agreement, especially early in the simulation. As the simu-
lation proceeds, we observe artifacts for a small number of
particles. For lower gains the agreement is better throughout
the whole simulation.

Below we give the results of the exponential fit for GL N =
0.5 (Table 2). We observe that the exponential model is sat-
isfying to explain the data of our simulations. This holds for
G N =0.2and Gy N = 0.8 as well. Also for an increasing
number of particles and decreasing G 1. N, the cooling time
T, is increasing.
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RMS Momentum Spread vs. tums/N
0.0040

— G/xN=0.5 (1500 particles)
—— G/xN=0.5 (3000 particles)
0.0035 —— G;xN=0.5 (10000 particles)
— G/xN=0.5 (20000 particles)
—— G/xN=0.5 (50000 particles)
— G/xN=0.5 (200000 particles)

0.0030

0.0025

0.0020

RMS relative momentum spread

0.0015

0.0010

0.00 0.01 0.02 0.03 0.04 0.05 0.06
tums/N

Figure 4: RMS momentum spread as a function of number
of turns divided by the number of macro-particles t/N for
G N = 0.5 and different numbers of macro-particles.

Table 2: NRMSE and Cooling Times for Gy N = 0.5 for
Different Number of Particles

GIN =05
No. of particles NRMS error (%) T.(s)
10000 1.356 3.89 x 107
20000 0.663 7.99 x 1072
50000 0.928 19.68 x 1073
200000 0.911 81.38 x 107

Electronic Noise and High Initial os Artifacts

Some results for different levels of electronic noise are
presented, for G N = 0.5 for 10000 particles. The noise
follows a Gaussian distribution and is added to each time
bin. The Noise to Signal Ratio (NSR) is given by:

0_2 . Nbins
NSR = —5800E with o7 = —— > (n =1 (7)
beam bins i=1

We can clearly observe that for higher levels of NSR, we
have a higher equilibrium emittance, in comparison to the
cases of low or no noise at all. This is what the theory
predicts [2].

Effect of Noise on Momentum Spread (10000 particles, NG=0.5)

0.0040 —— 10000 particles, NSR=0.0000
SR=0.

00035 A\ — 10000 SR=05033

10000 particles, NSR=0.2516

[ N SR AU PO

00015

Figure 5: RMS momentum spread over turns for NG = 0.5
for 10000 particles for different levels of NSR.

The initial momentum spread in AD is of the order of
os ~ 0.004. This large value for RMS momentum spread
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combined with the bandwidth of AD stochastic cooling sys-
tem and the momentum compaction factor as specified in Ta-
ble 1, led to various features in the longitudinal phase space
as shown in Fig. 6. We can clearly see three lines forming
in phase space, at 05 = —6.57 x 1073, 0, 6.5 x 1073, This
is compatible with typical observations in the AD.

- Final Phase Space

- —— Final Distribution
- nitial Phase SPace L. L L. L..: . eee  Tou. . ---- Initial Distribution

—a -2 ) 2 4 o 1000
Time (©) =

Figure 6: Longitudinal phase space for 1500 particles. We
can clearly see three ’lines’ forming in the phase space at
discrete momentum offsets delta.

In order to understand, why this is the case, we have to look
at the longitudinal signal used for the kick (Fig. 7), which is
produced by the filter method. The blue dots marked in the
plot are the stable points of the signal, which are the zero
crossings with a positive slope. Particles with high momenta
escape the zero stable region and they end up to some other
stable region of no correction. If we increase the initial s
even more, we observe 5 stable regions and if we use the
wrong sign for the kick (flipping the signal essentially) we
observe 2.

Typical filter cooling signal

--- signal
® Stable points

Signal

—0.03 —o.02 —o.01 0.00 o1 002 0.03

op/p

Figure 7: Energy change experienced by a particle due to
the signals generated by itself (without heating due to other
particles) in a filter cooling system. The curve is the super-
position of the signals due to two passages at the PU, the
current turn’s signal minus the previous turn one.

DISCUSSION AND IMPROVEMENTS

A time domain stochastic cooling code has been developed
and tested.
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Scaling laws to extrapolate from simulations with a
smaller number of macro-particles than in a real machine
have been carried out. The results produced for longitudinal
cooling were satisfying. Some artifacts as initial cooling
followed by very fast momentum spread increase have been
observed in simulations with large gains and small number of
macro-particles. Increasing the number of macro-particles
allowed to cure this artifact.

For transverse cooling, we followed the same procedure,
but artificial sudden emittance increase after initial cooling
made the interpretation of the results difficult. Contrary to
our expectations, we observed faster emittance blow up for
an increasing number of macro-particles, which needs to be
understood.

An important future improvement of the code would be to
use response functions that are obtained by measurements
and electro-magnetic simulations of the stochastic cooling
hardware of the AD. Possible future improvements comprise
the implementation of gain variations along the machine
cycle (as used in practice in AD), and to take into account
non-linear effects for tracking the macro-particles.
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Abstract

A muon collider presents a compelling path forward for
high-energy physics, offering both energy reach and preci-
sion. The notable challenge in realizing the target luminosi-
ties for a muon collider is in the development of a sufficiently
fast beam cooling scheme — one capable of several orders
of magnitude in emittance reduction with minimal decay
losses. Ionization cooling is the only proposed scheme to
fit this criterion. Traditional ionization cooling channels are
characterized by a solenoid-based lattice for beam focusing
and a low-Z absorbing material wherein the beam deposits
energy via ionization. Dipole fields are used to generate
dispersion such that higher-momentum muons pass through
more absorbing material, enabling 6D cooling by leveraging
emittance exchange. The problem with this approach is the
charge-specificity of the dispersion function, necessitating
separate channels for u* and u~. Here, the Helical FOFO
Snake (HFOFO) is presented as an alternative approach to
6D cooling that can handle both signs of muon, enabling a
single cooling channel.

INTRODUCTION

Confronted with myriad unsolved problems not addressed
by the Standard Model, a muon collider presents an opportu-
nity for both precision measurements and discovery potential
at the 10 TeV scale [1]. However, the finite lifetime of the
muon necessitates considerable R&D to make such a collider
realizable. Notably, established cooling approaches are not
fast enough for muons; ionization cooling, as demonstrated
by MICE [2] and Muon g-2 [3], is a promising alternative.

The concept of ionization cooling is captured by

de, _idﬂg_"+iﬁl(0'014)2
ds B2 ds E, B3 2E,m,Xo

(1

where g, is the normalized emittance, s is the path length, 5
is the velocity, E,, is the energy of the muon beam, 5, is the
transverse beta value, m,, is the mass of the muon, and X,
is the radiation length of the absorbing material. The first
term on the right describes cooling via ionization, while the
second is a heating term due to multiple scattering.

To achieve ionization cooling in all six dimensions of
phase space, the prescription is as follows: first leverage emit-
tance exchange to (conservatively) increase the transverse
emittance. Then induce dispersion via a dipole field to cor-
relate position and momentum. Next pass the beam through
a low-Z absorbing material in the shape of a wedge, facilitat-
ing momentum-dependent cooling, with higher-momentum
particles passing through more material and hence losing
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more energy. lonization deposition in the material acts as the
nonconservative process required to shrink the momentum
distribution. Longitudinal momentum can subsequently be
restored via RF cavities.

The principal disadvantage of this approach is the require-
ment of a dipole field, which enforces the need for charge-
specificity. To apply this scheme at a u*-u~ collider, this
implies two separate cooling channels are necessary, and
charge separation must be performed immediately after the
front-end [4]. However, considering the large initial phase
space of the beam post-pion decay, charge separation at this
stage will result in significant losses. Additionally, dupli-
cate channels require increased construction costs. In this
paper, we present an alternative: the Helical FOFO Snake
(HFOFO), a charge-agnostic design to serve as an initial 6D
cooling stage before charge separation. HFOFO was first
proposed by Yuri Alexahin during the Muon Accelerator
Program (MAP), but received little attention after the con-
clusion of the program [5]. Our recent efforts to revive and
optimize the design will be detailed here.

Collider
SCLINAC RIAT2  RCS 12,3 &4 | 3TeV Collder
e ) Tev Colli

OO

Figure 1: A proposed design for the muon collider accel-
erator complex, including HFOFO as the initial cooling
section [4].

LATTICE DESIGN

The HFOFO lattice is composed of alternating-polarity,
inclined solenoids for focusing and dispersion generation, as
well as RF cavities and LiH wedge absorbers. The defining
parameters of each of these elements are given in Table 1.
One period in the lattice is defined as six focusing elements
and the subsequent gaps, as depicted in Figure 2. The con-
struction is such that the minima of the beta function align
with the absorbers to maximize cooling. Nominally, the
initial cooling channel would comprise 30 periods, plus a
section at the start for matching, making for a total length
of ~132 m. For a reference momentum of 221.8 MeV/c, as
matched to the full channel ignoring stochastic effects, we
would expect about 9% beam loss due to decays over this
length.

Where HFOFO differs from standard ionization cooling
channel designs is in the application of rotations about both
the x- and z-axes, which we have defined by pitches and rolls,
respectively. A constant x-rotation of 2.5 mrad is applied
to every coil, inducing a dipole field and thereby dispersion.
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Negative solenoids

Wedge absorbers

Figure 2: A model of one period in the HFOFO lattice.

Table 1: Lattice Element Parameters

Parameter Unit Value
Period length mm 4200
Coil length mm 300
Coil inner radius mm 420
Coil outer radius mm 600
Spacing between coil centers mm 700
RF frequency MHz 325
RF length mm 249
RF gradient MV/m 25
GH; density g/em? 0.014

The successive z-rotations are periodic, advancing by 120°
per solenoid as shown in Table 2.

Table 2: Periodic Parameters

Position of unit Periodic coil Periodic wedge

in period rolls [deg] angles [deg]
1 240 333
2 0 93
3 120 213
4 240 333
5 0 93
6 120 213

The effect of these second rotations is the generation of a
rotating dipole field. Leveraging the alternating polarity of
the FOFO lattice structure to have the first half of the period
mirrored in the second half, this design yields identical,
longitudinally-offset orbits for u* and u~ — compatible with
the bunch timing structure of the two beams exiting the front-
end. As shown in Figure 3, these orbits are dominated by
Larmor motion, hence its (leading-order) namesake helical
behavior.

Another unique feature of the HFOFO design is the op-
eration near a resonance. When the beta tune is close to an
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integer value, the momentum compaction factor,

AL/L
Qe = ——
Ap/p

is positive — that is, dispersion is large. This closeness to a
resonance enables increased cooling efficiency, potentially
at some expense of momentum acceptance.

The novel beam trajectory apparent in HFOFO requires
dedicated matching. A matching section is placed at the
start of the main lattice and serves to modulate the beam
envelope to optimal shape and size to guide the beam into
the design trajectory and minimize beam loss. This consists
of nine solenoids of alternating polarities and RF cavities
placed as in Figure 2. There are naturally no absorbers in
this section. The parameters for these elements, however,
vary greatly from those in Table 1, with each element having
unique values. The fitting procedure originally performed
to find these specific parameters requires further study. It
is essential that the process of determining the matching
section lattice parameters for any HFOFO design trajectory
can be replicated.

At the start of the channel, muons exiting the front-end
have an average momentum of about 250 MeV/c. Given the
ideal operating momentum for ionization cooling is around
200 MeV/c, the HFOFO channel is designed to decrease
the average of the distribution to this value over the length
of the channel. The thickness and radii of the RF cavities’
Be windows coarsely decrease along the channel, while the
solenoid current, wedge absorber angle, and RF timing off-
set are reduced in finer increments. The solenoid current
begins around 94.5 A/mm? and ends around 85 A/mm?, cor-
responding also to a reduction in the on-axis magnetic field
strength. Ending the initial cooling section at 200 MeV/c
optimally prepares the beam for subsequent stages of the
cooling complex.

@

PERFORMANCE IN SIMULATION

We use G4beamline to simulate and study the perfor-
mance of the HFOFO channel [6]. Because the design has
not yet been adjusted to reflect post-MAP changes to the
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Figure 3: Orbit of a reference u* at 200 MeV/c.
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Figure 4: Trajectories of 225 MeV/c reference u~ (left) and
u* (right) in the matching section.

front-end system, the results given here are generated from
an input beam distribution produced by a simulated MAP-
era front-end. Investigations with more contemporary beam
files have yielded diminished performance, demonstrating
the need for modernization of the HFOFO design. Note also
that all results shown here are with a u* beam; performance
with ¢~ is similar.

Figure 5 shows the initial and final distributions in xx’-
and yy’-space. The shrinking distribution evidences cool-
ing, which is echoed by the emittances given in Figure 6
and Table 3. Due to the lack of azimuthal symmetry in the
HFOFO system — from the rotated solenoid fields — we used
the emitcalc program included in the ICOOL toolkit [7].
This computes the eigenemittances, which were found to
roughly correspond to one longitudinal mode and two trans-
verse modes (linear combinations of x and y). From these
normal mode emittances, we calculated the longitudinal and
transverse values reported here.

Given the significant losses expected when cooling muons,
it is often pragmatic to consider only the portion of the beam
distribution which we expect to survive the entirety of the
channel. Unless otherwise specified, it is implied that we
have applied a cut such that momentum values fall within
the range 150 < p < 350 MeV/c. As reported in Table 3,
we observe a transmission rate (including decays) through
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Figure 5: Phase space distributions at the start (blue) and end
(red) of the simulated HFOFO channel, using a MAP-era
front-end u* beam as input.

the full channel of 47% without this cut and 67% with the
cut.

—— /€182
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Figure 6: Longitudinal (orange) and transverse (blue) emit-
tances along the simulated HFOFO channel.

To investigate how the transmission rate evolves along
the channel, see Figure 7. From decays alone, we would
expect around 91% transmission at a reference momentum
of 221.8 MeV/c. The observed transmission of 67% suggests
there are significant beam losses due to mismatching. Near
resonance, it is crucial to understand how much this can be
mitigated by improving the momentum acceptance.
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Figure 7: Transmission along the simulated HFOFO channel.
The expected decay rate is derived from a 221.8 MeV/c refer-
ence particle, as matched to the full channel with stochastic
effects disabled.

We report in Table 3 a factor of 4.46 in transverse emit-
tance reduction and 1.98 in longitudinal — making the total
6D emittance reduction a factor of around 40.

Table 3: Current Performance

Niotal Neut g, [m] g, [m]

Initial 11452 7666 0.016 04 5.748

Final 5348 5139 0.003595 2.908

Ratio 47% 67% 0.2241 0.5059
SUMMARY AND OUTLOOK

While we are presently seeing an order of magnitude in
6D cooling with reasonable survival rate, there is obvious
room for improvement. Continued work focuses primarily
on optimizing the design to achieve lower final emittance
and higher transmission.

To highlight one of these ideas, we are currently inves-
tigating the possibility of replacing the solenoid rotations
with multipole components. Motivated both by consider-
ations of physical realizability and by a desire for an ana-
Iytic description of the field structure and beam dynamics,
our preliminary studies have yielded a promising proof of
concept. Figures 7 and 8 show the magnitude and phase
(respectively) of the complex coefficients in a multipole ex-
pansion of the residual field — that is, the difference between
the HFOFO field and a FOFO fieldmap, effectively isolating
the contributions of the solenoid tilts. We see the expansion
is dominated by a dipole term, suggesting the higher-order
effects might be sufficiently minimal that a dipole (or even
dipole+quadrupole) lattice could replace the solenoid rota-
tions.

Our future plans to improve the design include:

» Reducing the length of lattice elements along the chan-
nel (while simultaneously increasing the solenoid cur-
rent to preserve the transverse beta tune), enabling a
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indicate the longitudinal positions of the solenoids.
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Figure 9: Phase of dipole term in the multipole expansion
of the residual field over one period.

reduction in channel length and thereby minimizing
decay losses.

* Increasing the betatron phase for each focusing unit
to reduce the beta function at the minima, yielding
improved cooling performance.

* Optimizing lattice parameters via, for example, a ge-
netic algorithm [8].

* Constructing a Hamiltonian from an analytic approx-
imation of the multipole-expanded field, facilitating
analytic optimization of focusing elements to achieve
ideal beam dynamics.

* Experimenting with gas densities and alternative ab-
sorbing materials (e.g. vacuum- or gas-only designs,
as opposed to the current hybrid design).
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