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Introduction

@ In the Electron-lon Collider (EIC), Strong Hadron Cooling (SHC) is
needed to reach high luminosity. Present baseline approach for SHC is

based on Coherent electron Cooling (CeC).
@ A general CeC scheme consists of three main sections: Modulator,
Amplifier, Kicker

Dispersion section ,* -
X

Hadrons Modulator ( for hadrons) ,’/
D —— ¥
/ I, High gain FEL (for electrons) / \J \
2

(a) CeC with free electron laser (FEL) amplifier
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Other implementations of amplifier

Hadrons Modulator Kicker
Electrons | —— | —— — l'—

—

(a) Plasma cascade amplifier (PCA)
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Amplification stage 1 Amplification stage 2

(b) Microbunched coherent electron cooling (MBEC)
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Simulation tool

@ The SPACE code is a parallel, relativistic, three-dimensional (3D)
electromagnetic (EM) Particle-in-Cell (PIC) code.
Finite-difference time-domain (FDTD) or Yee's method
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Uniform mesh, adaptive mesh, adaptive Particle-in-Cloud

@ The GENESIS code is a three-dimensional, time-dependent code
developed for high-gain FEL simulations.
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e Modulator
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Analytical tools for modulation process

Cold uniform electron beam (©V. N. Litvinenko

q=—Ze-(1-cosg,) @ =, /cy,
(a) Density modulation
<5_E>E_2Z"_e. L |2 2
i (= e

(b) Energy modulation
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Analytical tools for modulation process

G. Wang, and M. Blaskiewicz. Physical Review E 78.2 (2008): 026413.
Linearized Vlasov Equation
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p(f, t) = Zl€5(f) - Eﬁl (.f, t)

(%, t) = / f(%,7,t)d%v
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Analytical tools for modulation process

Fourier transform

ed(k, t) K

m, o'?v

—fl(kv 1) + ik - of (k,0,0) +i ~fo(v) =0

(k1) = Z[Z - (k)]
Multiply both sides by e’k7t
2 ik-Gt ] ik-vt
S TRE )= i =0 E 0 £ <2

Jun Ma (BNL CAD) CeC February 2, 2023 10 /54



Analytical tools for modulation process

Initial condition £ (k,0) = 0

1
PN = > = ﬁ -
FiRG0)=—i— f Dk, 1))e* k. —f(0)dt,
me 0 O')U

Note relation
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Analytical tools for modulation process

We have

iy (k,1) = wﬁf [, (k.1,) = Z)(t, — ) g(k(t - 1,))d1
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Analytical tools for modulation process

For cold electrons, the velocity distribution in the rest frame of the ion
reads fo(V) = nod3(V), which gives g(7) = 1
The integral equation reduces to 2nd order ODE

d2

Wﬁl(k, t) = —wiﬁl(k, t) + Z,-wf,
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Analytical tools for modulation process

Without ion, with initial perturbation
d> _ - (7
—n (k,t) = —a);nl (k,t)

=0, (k,t) =1, (k,O)cos(a)pt) +—"

With ion, without initial perturbation

n, (E,t) =Z, [1 — cos(a)pt)]
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Analytical tools for modulation process

Warm uniform electron beam with xk — 2 velocity distribution:

. 1 v2 v B
W)= | I+ 5+ 5+ =5
A7) YA A /a;

(a) k—2
G. Wang, and M. Blaskiewicz. Physical Review E 78.2 (2008): 026413.
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(a) Density modulation
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Analytical tools for modulation process

Warm uniform electron beam with x — 2 velocity distribution. G. Wang, V

N. Litvinenko, and M. Blaskiewicz. "Energy Modulation in Coherent
Electron Cooling." Proceedings of IPAC (2013).
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Analytical tools for modulation process

The warm beam result reduces to the previously derived cold beam result
at the corresponding limits

[)) =0 vO,z =0 Lmod << ﬁOYOC/wp
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(b) Energy modulation
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Simulation
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Simulation using Gaussian beam

Continuous focusing field

2
— meo,, , _, .
E. — erv(p_
(1) =~ Ug(r )
— q 72 20_2
E :7(1_ |7—7]2/ )
A7) = o= (L€

where 7= (x, y) is the radial coordinate in transverse plane, i = (xo, yo) is
the center of the Gaussian distribution, o, is the RMS of the Gaussian
distribution in both horizontal and vertical directions and o, is the RMS
velocity of the electron distribution.

Transverse beam size is constant in the modulator.
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Simulation using Gaussian beam, continuous focusing
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Simulation using Gaussian beam, continuous focusing
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FEL-based CeC experiment

125 MV
z CeC “kicker” CeC FEL amplifier ~ CeC modulator SRF photo-gun
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Modulator of FEL-based CeC experiment

o
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Bp(T-m) = 3.3356pc(GeV)
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Modulator, quadrupole beam line
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Modulation, quadrupole beam line
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Transport in quadrupole channel

(x,0x),) = —€,& > 0.

(a) Initial correlation
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Transport in quadrupole channel

J. Ma, et al. Physical Review Accelerators and Beams 21.11 (2018):
111001.
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Transverse phase advance in quadrupole beam line
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Bunching factor

2

Ny,
b= /\/i Y el Aot g < Ao
A =1

2 — T 27

where Aoy is the optical wavelength, the sum is taken over a slice of Agpt
width, centered at the location of the ion, and N, is the total number of
electrons within that slice.
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Beam envelope in FEL-based CeC

9 9
—,
8 i 8
1 ey
7 Wiggler 7
Es Eos Es
§° S o6 §°
g4 g g4
2 2 2
poy Soa 23
2 2
02
1 1
% o 1 15 2 25 % 8 %
Longitudinal distance (m)

2 4 6 25 3
Longitudinal coordinate (m)

05 1 15 2
Longitudinal distance (m)

(a) Modulator (b) FEL amplifier (c) Kicker

Jun Ma (BNL CAD) CeC February 2, 2023 30/5



Dependence on ion velocity and modulator length
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Dependence on ion transverse offset
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PCA-based CeC

Yellow ion beam i)

Low energy beam trans m"t

beam dump
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Solenoid field

An example of on-axis magnetic field:

B By L/2 -z N L/2+z
T 2 \Ve- LR et 2R R

Off-axis magnetic field:

r? 1" rt 1 r mm
B, = B;o——B, B B ..
(r) :0 4 0+ 64 ZO 2304 ZO
r3 r®
B/(r) = fBI —B" — —B" ...

T 16720 " 384 70

Jun Ma (BNL CAD) CeC February 2, 2023 34/54



Lorentz transformation of the fields

E, = 7E:—vBcBy
E, = ~E,+BcB;
E; = E,
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Solenoid field B,
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Solenoid field B,
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Beam envelope in PCA-based CeC
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Modulator in PCA-based CeC
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Density modulation in PCA-based CeC

%1073 x10" a5 %107
25
g 3
~
2 0 25
c
2
15 B 2
®
T 15
4 s
N
38
05 € 05
2
0 0 ~
05
0 1 2 3 4 5 6
z(m) x10°° Longitudinal coordinate (m) x10°
(a) 2D plot (b) 1D plot

Jun Ma (BNL CAD) CeC February 2, 2023 40 /54



Dependence on energy difference
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Amplification stage 1 Amplification stage 2
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Beam envelope in MBEC
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Beam envelope in MBEC
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Beam envelope in MBEC

Beta Functions and Dispersion

Beta Functions and Dispersion
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Superposition principle in density modulation
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© Amplifier
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FEL-based CeC
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Helical undulator
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Electron motion in helical wiggler without radiation field
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Electron motion in helical wiggler without radiation field
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Energy change of electrons due to radiation field

K n . n
v, (z)= 67 cos(k,z)x— sm(kuz)y:l
E (z.t)=E[cos(kz— ot)% +sin(kz—wt)F ] E.=0
=E[cos(k(z—ct))fc+sin(k(z—ct))§z] = ke
d& .

dz y

Z

de =—eE0, coszw +k—k£)z+wo}

Jun Ma (BNL CAD) e February 2, 2023 52 /54



Resonant radiation wavelength
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