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High energy electron cooling

B Hadron Cooling is a must to achieve the EIC high-luminosity goal
Suppress the IBS to preserve emittance and luminosity

» Electron lon Collider (BNL EIC)

— Variable CM energies from ~20 to ~100 GeV
— High collision luminosity ~1033-34 cm-2s-1
— Proton energy is 100 GeV to 275 GeV

« Polarized Electron lon Collider in China (EicC)

— CM energy is between 15 GeV and 20 GeV
— Luminosity with light to heavy ions is ~1033-34 cms!
— Proton energy is up to 20 GeV

From HIAF

)]

B Electron cooling is one of the most important methods for EIC

Proposals for EIC cooling

* Induction-Linac based e-cooler (FNAL)

« ERL circulator Ring based e-cooler (Jlab) E-beam energy is 10-150 MeV
« Single energy storage ring e-cooler (BNL)

* Duel energy ring e-cooler (JLab&ODU)
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Cooling rates asymmetry

The transverse cooling is much slower compared with the longitudinal one.

pi/mc=y0, >0,/y = p;/mc KT, /kT) < y?
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Cooling rates asymmetry

The transverse cooling is much slower compared with the longitudinal one.
pi/mc=y0,>0,/y =p)/mc kT /KT 2

Solutions:

1. Magnetized cooling (adiabatic collision with Larmor circle)

2. Dispersive electron cooling (transfer cooling from long. to trans.)
 Dispersion function in the cooling section
« Transverse gradient of the longitudinal cooling force

-- J. Bosser, NIM A, 441 (2000) 60

-- M. Beutelspacher, NIM A, 512 (2003) 459

-- H. Zhang, IPAC2018, TUPALO72, 2018

-- Y. Derbeney, EIC hadron cooling workshop, Fermilab, 2019
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A simple example

Assumptions
— An off-momentum particle passing the cooling section with a dispersion D, and only consider the
longitudinal cooling with a linear cooling force A5, = -A8,,

— The particle coordinate x remain unchanged during passing the cooling section.
Tp2 = T — D5p2 = T3 + D)\5p1 A: longitudinal cooling coefficient

Q: How does the betatron oscillation x; change with only longitudinal cooling?
B g y g g
(xg=1m, D=1m, §, = +1, Ao = 0.01)

1.0}

» A is aconstant e e
Lp2 = Ia1 :
No transverse cooling, since x; is independent with &,

05}

i (m/s)

» AN with x-gradient (e.g. \(z) = (M —|z|)\o)

N\

rpe = (1—)\0|D'§p1|)$51 05l

Transverse amplitude damping from longitudinal
cooling, i.e. dispersive cooling

—— A=2he
—— A=(2-]xo

=10}

-2 -1 0 1 2
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Dispersive electron cooling

B Factors related to the transverse gradient

* Energy offset §,
« Trans. displacement x,,

B Linear model

« Single particle dynamics

— Linear friction force: Au = —Chn.u

— Longitudinal cooling:

A5 ~ — pne(6 — 66 — 50) 58 —

— Transverse cooling:

Koo(2® + y%)

A€, ~ —DxgAd/B: + Bex' Ax

€ = (v — x5 — D) /28, + o' /2
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Voor (10* m/s)

« Space charge K,
« Density distribution n,(x,y, z, Dd)
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Dispersive electron cooling

B Factors related to the transverse gradient

* Energy offset §, e Space charge K,
« Trans. displacement x,, « Density distribution n,(x,y, z, Dd)

B Linear model

(AS?) = — 2C,(n.6%) + 20,5, (n.8) + 2C, Koz, (2(ne6) + 2(n.x58) + 2D (n.5%))
C,D C,Dd, C,DK,.x,
(Ae) = — Crep(ne) + ‘; (nexpd) — —L 2 (news) — — 2 sel (2o (nes) + 2(7261'23) + 2D(nerpd))
E-beam density n, Energy offset §, Space charge K. and displacement x,,
. ) Ae, A A
* Redistribution factor A, = ) Ay = (Acy) ky =—7F ky =——
51'[, €ix,rms /lp,Di:O /IJC,DI-ZO

« For a given electron and ion beam distribution, the dispersive cooling can be modeled
analytically. (lon: Gaussian; Electron: Gaussian/Uniform)
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Case-1: Gaussian e-beam with energy offset §,
and beam displacement x,

Comparison between Monte-Carlo and

« Gaussian e-beam itself can realize the dispersive analytical results
cooling (density gradient) (Gex=1M, 0,,=1m, 8, =1, C/C, =2)
1.00 T T ‘ ‘
« The product of energy offset and beam . . ror0s-00 |
displacement keeps negative value ' ® om0 0T LS
\ —— Analytical
o 0.50
g + T + DE)? Y3 s2 ~
Ne = neoeiﬂp[—( d 02 ) - i T 5.2 ] 025
207, 207, 207, '
a4 = /O_gm _'_ 0'7:23: 0.00 | |
0 1 2 3 4 5
b= \/03184—0%-2934—1)25% 175}
_&2:5 a’ 22 9 1.50 |
k,=e€e 2 [63 —|—b5D 0, —I—bSDé To]
T sy o (G 2
— 2 __ — 11— 1
= e g ) e

0.75

H. Zhao and M. Blaskiewicz, PRAB 24, 083502
Y. Derbeney, EIC hadron cooling workshop, Fermilab, 2019
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Case-2: Gaussian e-beam with Space Charge K,
and beam displacement x,

« The quadratically momentum deviation due to the e-

. i (Ox=1m,0,=1m,d,=1,CJ/C, =2)
beam space charge, and an inward displacement create ’ ’

1.00

the transverse gradient. ® Xo=0.0,Kic=02
® x,=10,Ks=0.2
0.75 R
. Xo = 1.0, Ksc = 0.4
- 2 2 — 2 2 252 — 2 _ 42 _ 252 — Analytical
a=+/0Z, + 05, b \/aem—%am—FD 0y c \/aem oi — D20 ool
&
2 3
_ o A a a
P N Lo T Ve SN YU IR S 0.00 —
xr — € 20 [g + C..bd p( - )+'C E SC:CO( Oex — I,C )]: | |
L e ' 0 1 2 3 4 5
175 |
A Av
: <Vt‘>-vi1
5.(r) = K..r? is not exactly |
correct for Gaussian e-beam ring X=X e | ring
inward \.: outward
T >
! N X
J. Bosser, NIM A, 441 (2000) 60 ion beam
M. Beutelspacher, NIM A, 512 (2003) 459

Fig. 2. Creating a horizontal gradient of the longitudinal
electron cooling force. Due to the space charge of the electron
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Case-3: Uniform e-beam with Space Charge K|,
and beam displacement x,

« E-beam with a radius R,

Particles oscillate between the inside and outside of
the e-beam can generate the transverse gradient.

R,
m = Er
A
n= /o + D253
R, +x, R, —x,
a= FEr - + Er
AT 4 Bl ey
_(Re_mo)z _(Re+$o)2
ho © 207 (Re — o) +e 222 (R + )
— e
_(Re+$0)2 _(Rc—mo)2
e 2nZ2 —e 2n
Cc =
n
D?%82b DK
k, = ¢ P sello (2n2%b — V2ma — x4c€)
2m Vomm  Vowm T T —>
a 1C, D?5bi EDK T i
ky = — H-=L P 5 9n2h — V2ma — x,0)
2m 1Oy \2mmb 1 2mm ( );]

e e o s e e e
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* Infinite R,

k, =1-2DK,.x,
ky =14+ 2DK,.x,C,/C,
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Case-3: Uniform e-beamwith Space Charge K.,
and beam displacement x,

E-beam with aradius R,

Oex=1m,0,=1m,0,=1,C,/C, =2

Xo (M)
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« TRACKIT code
https://github.com/hezhaol1670/ECool-TRACKIT

Simulation results

« Using low energy ion beam cooling to effectively include
space charge K. = 0.2~0.3 m~

Kx
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® X=0.0 mm, 6o.=0e-5
® X.=0.5mm, 6.=0e-5
® Xo=0.5 mm, §o=5e-5
—— Analytical

Gaussian e-beam

10 20

SO0t Electron
Circumference (m) 128.8
Length of cooler (m) 34
Transverse dis. Gaussian Gaussian Uniform
Longitudinal dis. Coasting DC DC
Energy (MeV /u) 35.0 0.0192  0.0192
Beam current (mA) 0.5 50.0 30.0
Beam radius (cm) 1.0/0.5 2.0 2.0
RMS €. /ey (pm) 0.5/0.1 - -
RMS 6, 1.0x107* - -
B+/By @Qcooler (m) 25/25 - -
Long. temp. (V) - 5.0%x107° 5.0x107°
Tran. temp. (eV) - 0.5 0.5
B field in cooler (Gs) - 500 500
B field error - 2.0x107* 2.0x107*
e o :
? ® X=0.0mm, R=1.5cm
e 120H ® x.=0.0 mm, Re=2.0 cm ?
g ® X%=0.5mm, Re=2.0 cm °
® Xo=-0.5mm, Re=2.0 cm °
1.15 H — Analytical .
~ 110}
1.05}
| 1.00
40 50 60 0 20 40 60 80
D (m)
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High energy dispersive cooling

« Space Charge effect of e-beam can not by applied
« Energy offset and displacement (Mismatch) may not be acceptable

« E-beam density distribution is much important for the dispersive cooling at
high energy, a Gaussian e-beam is preferable.

(A87)

o(12e
C,D C,Dé, C,DK,.x,
(Ae) = — Crep(ne) + 3. (nexpd) — ——=(ners) — 3 - (2o(neas) + 2(nea?) + 2D(nea3d))

s -
E-beam denS|ty n, Enerxs:(so Space charge Kx displacement x,,

— 20 (ne6%) 4+ 20,0, (n.0) + 20, K oo, (25 (ne0) + 2(n.z58) + 2D {(n.0%))
2(
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Electron dispersion

 E-beam distribution for friction force calculation

fe X fexfeyfez :> fe(r9 ue) : ne(r)f’l)e(uE)

1 [1+a? , = (27) 732 exp{_(uy -a,)? 1
fex :e.pr o 26 ( B = 5%2 + 2056;195827, + 58;1:3:, )] e 010,073 1 _p2 2(7% 2(1 _p2)
L exr er i ) ) )
[ 2 (uy—i1,)*> (u,—it,)* (=it )(u,—1it,)
1 L+az, , , /9 X g T — ~2p -
ey ey
2 2 , o — o -
f :emp _(5_ 6Off) . S ’L_LT _ _’Yaexeel(a? J,'Offz 2D€50ff>
ez 7z 20’2 20-2 ’ €eaPex + De(Sep ) 5
L ep s B Vagl a% _ gy_"/
Uy = =75 et
i:x—xoff—De(S 561} (;'26 p
7 Deég (33' - -roff) = Eeiﬂﬁemdoff 0.2 — eptextex
Up = - 3T e Bew + D252
P eefL‘/Beﬂj I Dg(s(%p exr/Fex eYep
€ 72 QQ D252 p= O‘e:cDe(Sep
2 _ tex ex~e"ep
L 561’ (1 . eemﬁem 2 Dg(sgp) \/663”885r + Dgcsgp(]- + Qg.r)

Friction force

A
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Electron dispersion

 Electron dispersion also contributes to the redistribution effect, but only

when there is ion dispersion

Oex = Oix =0, =0, =1, C,/C, =3 o
k = _ Dby __ \0utDis, - 2.30
ngJngégp g o Oex
i - 1.86
_ 2 2 2g2 22
L =0, +o0; + Diéip + Dzog,
. - - 1.42
S
PO : 2 9 - T
gC, 1gC, \ Joo + 03 a
K, = (L +—Lp?¢? +H—£D,D,5%,} = 0.98
1 pl |
G B :_92____________: L3
2 2
0., + O N
— 250 2 ex 0.54
_ o
0 1
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Simulation on the ring cooler for EIC

« 275 GeV proton beam cooling using 149.8

MeV e-beam in a ring-based cooler.

N 3ell
Emittance (x/y) [nm] 21/18

B* @ cooling section [m] 153/275
Rms size [mm] 1.8/1.6
Rms ang. spread (rest frame) 3.4e-3/2.4e-3
dp/p 8.9e-4
Rms length [cm] 12
L_cool [m] 170

H. Zhao, PRAB 24, 043501
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Simulation on the ring cooler for EIC

« 275 GeV proton beam cooling using 149.8
MeV e-beam in a ring-based cooler.

« Dispersive cooling is essential to realize
the high energy beam cooling.

N 3ell 6.9e10
Emittance (x/y) [nm] 21/18 9.6/1.5

B* @ cooling section [m] 153/275 100

Rms size [mm] 1.8/1.6 1.0/0.4
Rms ang. spread (rest frame) 3.4e-3/2.4e-3 2.9e-3/1.1e-3
dp/p 8.9e-4 6.6e-4
Rms length [cm] 12 6

L _cool [m] 170 170

H. Zhao, PRAB 24, 043501
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Summary

Dispersive electron cooling is an effective scheme to redistribute the cooling rate
between transverse and longitudinal direction.

We demonstrated that beam energy offset, displacement, density distribution and
space charge effect of the e-beam all contribute to the rate redistribution in dispersive
cooling.

Also, the electron dispersion contributes to the redistribution effect.

An linear model of the redistribution effect is introduced, which agree with the Monte-
Carlo calculation and numerical simulation for both Gaussian and Uniform e-beam.

In the EIC and EicC hadron beam cooling, the dispersive cooling should be an
essential method to realize the cooling requirements.
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