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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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© Modulator
@ Theory
@ Simulation
@ FEL-based CeC
@ PCA-based CeC
o MBEC-based CeC
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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
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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

ko . -
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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

T
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Relative energy modulation
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Longitudinal location (m)

(b) Energy modulation
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Simulation

using uniform beam
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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
- 4 quads 3 helical wigglers 4 quads Dogles:  13.1 MeV Low energy transport Bunch}r.lg and cathode
5 3 dipoles  SRF linac beam-line RF cavities manipulation
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Modulator of FEL-based CeC experiment

o

ez A NI

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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X = ax, + bx,
ox' = déx),
(x6x"y = ad - (x,6x})
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(d) Final 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
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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

Hadrons Modulator Kicker
loctrons —— -
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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
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Lorentz transformation of the fields

B, = B, —vBcBy
E, = ~E,+BcB;
Ef = 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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Density modulation in PCA-based CeC
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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
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Superposition principle in density modulation
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© Amplifier
@ FEL-based CeC
@ PCA-based CeC
@ MBEC-based CeC
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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

V(Z) _ _ieBW fe—ik“zl le — eBW e—z‘k“z _ Ee—ik”z
c mcy mcyk, Y
v, (z):%[cos(kuz)fc—sin(kuz)ﬂ V. = const.
. eB A,
2rme 0, =K1Y

February 2, 2023 50 /138

Jun Ma (BNL CAD)



Energy change of electrons due to radiation field
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Resonant radiation wavelength
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Low gain
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FEL gain, no saturation
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FEL gain, saturation
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Beam envelope in FEL-based CeC
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PCA-based CeC

Hadrons Modulator Kicker
Eloctrons | — — | ——

— — —

Working principle of PCA is the plasma cascade instability (PCl).
Litvinenko, Vladimir N., et al. Physical Review Accelerators and Beams
24.1 (2021): 014402.
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Plasma oscillation

%+div(nﬁ) =0.

. 7 = 2
OB GE = dmeit — divDE = ¥ 5
ot m ot m

0% e’n, _ ov =_ O R |2

ii = on(7) - cos|w,t + @(7)];

—w,én(F) - sinfw, 1 + (7)),

n
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Varying plasma frequency

n+wh(t)i =0

’7(’1)}

| = mt)| !
00

n tl)
1 N
exp [/ D(z)]dtzléi_l’n 11 M. =my.. MM,
f W4

ordered

M(1,]t2) = exp [[llzD(t)dt]; D(1)

ordered

ordered

M, = exp[D(z,)Ar]

B cosw,(t,)At %(Z))Af
—w,(t,) sinw,(1,) At cosw,(t,)At ’
Lh—1,

At =

N t, € {t; + (n — 1)At, 1, + nAt}.
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Unstable
| TraceM| > 2
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Instability

i(nT) = ﬁ(O)’lln J;il_n

+ (mlzﬁ(O) A '”(0>) i‘l __jll__lns
i(nT) = ﬁ(())’lln J;’ll_n

(o) + 222 M) ) A
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Instability

A(nT) = 7i(0) ’% + (mlzii(m L ~(0))
o
Ay =4
i(nT) - i(0) % + (mzlﬁ(O) + 2 *(0))
A"
A — A

Note the alternating sign when \; < —1
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Transverse Kapchinsky-Vladimirsky (KV) distribution

B e !
da(s)

a) =g

ExV = H€ms
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Beam envelope

0= (5 = Grme)
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Periodic lattice

ﬁf —kylam! —kg*a? = 0;
d? k2 a
2 SC ~ A :_> 1
d,\z gk + ( )2 gk O a ao = )
) %; sel-1,1},
b - 2 1, 2 _ e — s_l
* ﬁo }/03 IA a 2 4 a02
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Landau damping

InA Uy Voo
Kmax = To, 5 Omax — 2_l ’

In A,
o
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PCl, general 3D case

- i BB 1 Pyn(T) dr E~GI~E—ET~BT-ET
7 = [ TR 0P —snina ) [ e S e

X/ei(;(r)-ﬁ(r)—;-ﬁ([j)-i’F{)(P)dpi‘s,

where U = U” = A~'B” and

k= {keky k. } = {ky ko ks k(£) = k(0)A=1 (1)
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Periodic PCA
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Evolution of density modulation
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PCA-based CeC experiment
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CeC PCA lattice design
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CeC PCA gain
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Single particle orbit with initial offsets
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Transverse beam position and size with initial offsets
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Sensitivity study of orbit, no offset
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Sensitivity study of orbit, with initial offset
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Sensitivity study of orbit, with initial offset
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Track a line of particles
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Transverse RMS
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G. Stupakov, and P. Baxevanis. Physical Review Accelerators and Beams
22.3 (2019): 034401.
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Interaction of charged Gaussian disk
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Interaction of charged Gaussian disk
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Interaction of charged Gaussian disk

D(x) = % [‘i—‘ - ¥exp GXZ)erfc G \x\)] |
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Plasma oscillation
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Plasma oscillation
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Plasma oscillation

85A ikC o A /
a{k + y—znfsfk + ¢(k)dnnoFo(n) = 0,

Neglect second term

574(n. 1) = 67(n. 0) — £(KynoFi(n) / dvsi (7).
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Plasma oscillation
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Plasma oscillation
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MBEC gain
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7wy
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MBEC gain
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MBEC gain
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MBEC gain
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@ Cooling time
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Cooling force in FEL-based CeC

08 © SE/E=0 z o0 —\z=0m/s, cooling time 0's
SE/E = 3e-4 g 0.035
08 © SE[E=57e4 X oo
E <
N 20025
: 2
> S
£ g oo
3 gooss
5. 3 oot
20005
K
02 04 06 08 1 12 UD 05 1 15 2 25 3
Longitudinal coordinate (m)  x 10" Propagation distance (m)
(a) lons at different (b) lon with reference
locations energy

°
°

o — vz = -9¢+004 m/s, cooling time 3.9's 3

€03 €

3 > 0,05

Loz 2

> >

£ 02 2 01

Eel °

Sos 2

5 E 015

3™ E]

£ £ 02

goos g

3 3 —z=9e+004 m/s, cooling time 5.2
0 0.25
0 3 0 3

05 1 15 2 25 05 1 15 2 25
Propagation distance (m) Propagation distance (m)

(c) lon with lower energy  (d) lon with higher energy
Jun Ma (BN

AD) CeC February 2, 2023 105 /138



PCA-based CeC, beam current 75 A
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PCA-based CeC, beam current 50 A

10t .10°  Energy kick at 13.88 m 1510° Energy kick at 13.88m
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PCA-based CeC, ea

h field, orbit correction
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PCA-based CeC

@ Beam dynamics simulations propagate beam starting from the gun.

o Take slice parameters from beam dynamics simulations at the
entrance of modulator.
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Energy kick
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Energy kick
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Energy kick
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Energy kick
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MBEC cooling force

%1078 Energy kick at 34.8 m

1.2
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MBEC cooling force
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BNL RHIC

The Relativistic Heavy lon Collider at the Brookhaven National Laboratory

Absolute Polarimeter (H! jet) pC Polarimeters

\\_ ,(. —

Spin flipper

Spin R

5.9% Helical Partial
Siberian Snake E20

b

Int. Polarimeter

LimAC

Pol\ H™ Source

200 MeV Polarimeter pC Polarimeter

\ o
A20 10-25% Helical Partial Siberian Snake
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Cooling time

1 dv,

1
T, v, dt

If 7 is independent of t

T is cooling time, 1/7 is cooling rate.
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PCA-based CeC, beam current 50 A

«10° | Energy kiclf at13.88 m

QO coolingtime 3.8 s
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Averaging longitudinal cooling over synchrotron oscillation
(linear cooling force)

{J Action-angle variable: PE_hM&=\/ﬁsin9 ¢£w,f‘r=\/§cos9
‘ v, P
A . . h
Reduct‘|0n of action due Al = lA(PZ +¢2) — PAP AP = ‘77| ASy,
to cooling: L) e ¢ ] ¢
Assuming cooling force Ay =—CT & AP =—CT P
- @ is linear, 7, ==6T.0r 2 == T,
the action reduction Al =T, P*=-2I¢,T_ sin’@
beComeS c 0" rev 0~ rev
The average cooling 1/AI =
rate is given by C(I):—;<T > :505(1)
rev | 7,
5(1):l2fsin2 00 =1
27y 2
For the linear cooling force, synchrotron motion reduces the averaged cooling rate
by a factor of 2.
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lon bunch profile evolution with cooling

G. Wang. Physical Review Accelerators and Beams 22.11 (2019): 111002
1D Fokker-Planck equation

O R =) - 1 F(L 1) = (I-D([) O, f))

ot ol ol ol
=0,
(AL)
ary D(I) = =7
o) = -4y DU =177

F(I,t) is longitudinal phase space density, ((/) is cooling rate, D(/) is
diffusion coefficient.
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Fokker-Planck equation

¢ = V2Isinw,
P = —hﬂﬁ
vy p
1 2 L
H, = ECUOVSP + wyv 545 = wyv,d,
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Fokker-Planck equation

8

[ (e aran | (P )

2w oo
//Fltdldw
0 0
:N7

_p(lp 1
K(P,qﬁ,t)fF(ZP +2¢,t).

Feq(I) :Aexp{—/%dl}.
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Zero diffusion

F(Lt)—a(l)=F(1,1) =0,

¥l
gl

F(ILty=¢(D)-1-F(I1),

al)=1-¢(I).
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Zero diffusion

I,
I+1,°

IR ARSI Y I
i) =g [ —par= colnlf"p&)]’

= Lalfeof)] -

1= h_l(c) = IePIog[exp(g()C)]’

¢ = &o

Piog(x) = w™1(x) is the inverse function of w(x) = xe*
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Zero diffusion

(LY Puglexp(GOFol L P lexp(,C))
= (1 +7> T+ Prglexp(Zo0) |

N 1
FolD) = 5—exp( 7).

C t+11 ! !
=t+—In|—exp(—]|.
Z.:O Ieeple

F(IL 1) = o g<i),

2ﬂ.li0n Ie

g(n.1) = (1 + 1> Piog [nexp(§ot + )]

Z 1+ Pyog[nexp(&ot +1)]

I,
X exp <——1_ Piog[nexp(Lot + ’1)])
mon
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Zero diffusion

) 1 2 .2 1 2
pion(t,Z):krf/F(Eker —|—§P ,f)dP

22
ZpN/g(l—2+y2,r>dy,
krf — 27T//1rf
N,

PN - 2ro?

February 2, 2023 132 /138
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Zero diffusion
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lon profile after t = 2¢;* (left) and t = 10¢;* (right).
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Finite diffusion, numerical solution

D(r) = D(rl,)/D(0)
¢ = ¢(r’l)o
Do = D(0)/(Cole)

t = tl
- 27 lion -
R(r®) = “F(P, i)

ro= ik
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Finite diffusion, numerical solution

OR(r,1) OR(r,1) O*R(r. 1)
o Ty TP
+y(r)R(r, 1) =0,

B - Dy - DyrdD(r)
alr) = =22 ~22D(r) - 2L
plr) = =22 D(r
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Finite diffusion, numerical solution

2<j<N:
ﬁj +1 i  @j ﬁJ
R" L _J_ Rn+l
Ar2 i AT Ar Ar2+yJ
pi
J R{H—l_ JRn
+(A TAZ) N T A
j=1L
a; a;
__JRn+l_|__JRn+l:O
Ar ! Ar 2
j=N:

Py 1 y o Qy Py rn
— Ry ——— 2= |Ry' ==R}
Al N AN T TR T AR A7
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Finite diffusion, numerical solution

= 2
<
p(z. 1) :PN/R y2+l—2,f50 dy.
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FEL-based CeC
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