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Cooling intense high-energy hadron beams remains a major challenge for accelerator
physics. Synchrotron radiation is too feeble, while efficiency of two other cooling methods
falls rapidly either at high bunch intensities (i.e. stochastic cooling of protons) or at high
energies (i.e. e-cooling). Possibility of coherent electron cooling based on high-gain FEL and
ERL was presented at last FEL conference [1]. This scheme promises significant increases
in luminosities of modern high-energy hadron and electron-hadron colliders, such as LHC
and eRHIC. In this talk we present progress in development of this concept, results of
analytical and numerical evaluation of the concept as well our prediction for LHC and RHIC.
We also present layout for proof-of-principle experiment at RHIC using existing R&D ERL.
In this paper we report on the progress in the development of the scheme of coherent
electron cooling (CeC) since a specific scheme and its theoretical evaluation were proposed

about an year ago [1].
[1] V.N. Litvinenko, Y.S. Derbenev, Proc. of FEL'O7 Conference, Novosibirsk, Russia, August 27-31, 2007, p.268
“ﬂﬁp://accelconf.web.cern.ch/accelconf/f07

NATIONAL LABORATORY

V.N. Litvinenko, FEL'O8 Conference, Gyeongjum Korea, August 28, 2008



Coherent Electron Cooling
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High gain FEL (for electrons) / Dispersion section ( for hadrons)
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Decrements for hadron beams
with coherent electron cooling

Trad. Trad. Coherent
, _ Energy | Stochastic | Synchrotron Electron Electron
Machine Species I .
GeV/n Cooling, radiation, hrs cooling Cooling, hrs
hrs hrs 1D/3D
RHIC Au 40 - - - 0.02/0.06
PoP
eRHIC Au 130 ~1 20,961 © ~ 1 0.015/0.05
eRHIC 5 325 ~100 40,246 © > 30 0.1/0.3
LHC p 7,000 ~ 1,000 13/26 o0 00 0.3/«<1
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Comprehensive studies

Analytical, Numerical and Computer Tools to:
1. find reaction (distortion of the distribution function of electrons)

on a presence of moving hadron inside an electron beam
8fe+&j}.eE+§]}_v
oo ov m or

(V-E)= 4Jrene(£5(? ~7(0)~ [ f.dV°

=0; r,()=r,+ V.1

EAT

2a. Find how an arbitrary 6f is amplified in high-gain FEL
L ToD ) = fy e G+ [ K(FLBoF it = 1)  RBiaty) - dF, dydl

2b. Design cost effective lattice for hadrons + coupling

3. Find how the amplified reaction of the e-beam acts on the
hadron (including coupling to transverse motion)
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Modulator NOK

Dimensionless equations of motion
EI
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o : T=v0.: Fe 50 lo:w = TN s=r. =0 /o

t=T/w,; V=vO,; r=p0o, /o0, = " =Tp =0, /W,

Parameters of the problem
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Perturbation caused by a hadron (co-moving frame)

A hGlYTICCl' + for Lorentzian electron plasma, 6. Wang and M. Blaskiewicz, Phys Rev E 78, 026413 (2008)

2 2 2\~
Zna) X-v,T/w v, T/w z-v,Tlw,
A(Tt) = frsmrr + h— R e ks N
T vaavyavz 0 Ty, Tpy "o,
Ion at rest
=100,
‘‘‘‘‘‘‘‘‘‘‘‘‘ N r————
— Numerlcal (VORPAL @ TechX) g
;; F(z)= f}‘ (p—" ZT,v,T)dV dxdy ~wnsr+ff(p ZT,v,7)dVv dxdy ?.Sf
3 Voizl= f\ f.(p=2" Zr,v,0)dv dxdy IR
’ I -] F(x)= ff (p-x-TR-T,v,1)dVv dzdy osf
BRI F(y)= [ £.(p.V.0)dv*dzdx )

 (ransverse, Dobye radi) = 0.249 plasma period

Figure 4: A longitudinal cross section of the wake behind

Figure 3: A transverse cross section of the wake behind a a gold ion, with the color denoting density enhancement.

gold ion, with the color denoting density enhancement.
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x (transverse, Debye radii)

VORPAL @ TechX
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electron density perturbation

Densily delta (zeta = 0.100;R = 3.0; T = 1.8;L = 0.6)
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CeC: FEL response

f;nput(? ’ﬁ’t) = fo input(;ial_j) + 6f(;j_9135t)
rysPsTy Dt = tl) -Of (1,p,»1,) - dr, dp,dt,

—_  — —

fexit(;: ’I_j’t) = fo exit (}_;J_ ’1_5) + fK(

Modulator

Hadrons

Electrons
q

1D FEL response
Poi(t:2) = p, + [ G(T:2) Sp(t - 7:0) - dt

271C .

b

~ o T
° —_— (4]
G(T;2) = Re(GZ(r) e ) w,
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FEL's Green Function
1D - analytical approach G(z;z) = ReG (t)e™")
3D - 3D FEL codes RON and Genesis 1.3

FEL parameters for Genesis 1.3 and RON simulations
FEL gain length: 1 m (power), 2m (amplitude)

Modulation after 20m of FEL

Main FEL parameters for eRHIC with 250 GeV protons
) 08 boeeeeeens ....... ........ . ......... ........ 408
Energy, MeV 136.2 |V 266.45 E
Peak current, A 100 Ao, NM 700 |
Bunchleng'l'h, pSeC 50 7\‘w[ cm 5 § 04 h ......... N\ .......... .......... ........ £ 04
Emittance, norm |5 mm mrad |a, 0.994 02 bflo .......... ....... .......... .......... ........ oo
Energy spread 0.03% |Wiggler Helical N o

E E = H L 0
0 50 100 150 200 250 300 350 400

Slice number, in unit of }»0
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Response - 1D FEL

Assume the 1D energy distribution is Lorentzian

F(p)=L 1]32 p=AL
. 1+ = pEO
1 p=yTc/w~=2x107°
Evolution of a specific frequency component 1s determined by
the following ODE
1_F()+2(G+ f(")j;z E@)+ [[\{D +(g+i€ } j: E(#)-iE()=0
d - 6, -
__E(:)=_2€SC]1(:) o
) ’ F={ﬂ70f)s (0} ~1m™
_ N cyin,
E(2)=Ae™ + 4,e™ + A,e™
1,=17K4
=1
]1 (:)= —[ 9 ] [Al/ile;'l': + A e + Ag/",;e@‘;]
2E,6 o S

E.L.Saldin, E.A.Schneidmiller, M.V.Yurkov, The Physics of Free Electron Lasers, Springer, 1999
BROOKHEVEN R +HiKe

NATIONAL LABORATORY

g

V.N. Litvinenko, FEL'O8 Conference, Gyeongjum Korea, August 28, 2008



Response - 1D FEL after 10 gain lengths

{{x_'% {_2“_ 18 2 iy (27:1-251:%32\{/_? J_zu—“s)lﬁ]} Gpeen_funchon
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In units of slippage per gain lenght

Maximum located at 3.744 slippage units,

2 (i.e. just a bit further that expected 3 and 1/3)
c+ 2<Vz> - c 1— 1+ Clw The Green function (with oscillations) had
- 2 effective RMS length of 1.48 slippage units.

¢ 3 3y
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Genesis:

3D FEL

1 : : : 10° 140 . . . ;
Bunching fi..iommm, rversensnnsns o Maximum location, Bunching
0.1 - 10° 120 f- Maximum location, Optical power
.| —— FEL peak power - : :
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Wiggler period 0 100 200 300 400 500
Wiggler period
Evolution of the maximum bunching in the e-beam
and the FEL power simulated by Genesis. Evolution of the maxima locations in the e-beam
The location of the maxima, both for the optical power bunching and the FEL power simulated by Genesis.
and the bunching progresses with a lower speed compared Gain length for the optical power is 1 m (20 periods)
with prediction by 1D theory, and for the amplitude/modulation is 2m (40 periods)
i.e. electrons carry ~75% for the “information”
2 oy .
c+ 3<Vz> 31+a, ©Y Hao, V.Litvinenko
Vg E ————=(C|1— — >
4 8 v,
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3D FEL, RON code

RHIC 250 GeV, FEL @ 0.7 um,
gain length - 40 periods (amplitude). 20 (power)

600 -
e Re(pmod)
. lm(pmd) Data J10c4
500 - 20 6L 500 e
i 400 ¢
_ o 300 &
_ . 200 k
_005 o 100 |-
2 3004 0]
%- -100 -
<EE 200 o
1 8 GL _30(—)100 (:) l(;O 2(:)0 3(:)0 400
1 Slice
100 —
16 GL ©0.Shevchenko
0 — — T T T T T T T T T T |
0 50 100 150 200 250 300 350 400 450

Longitudinal coordinate inside the beam, %

NATIONAL LABORATORY

V.N. Litvinenko, FEL'O8 Conference, Gyeongjum Korea, August 28, 2008




°
e e S l S ¢ 3 Bunching, normalized amplitude
° 1 . . . Value, Om

Value, 2m

H : : — Value, 4m

0.1 freeeeeeepees e . ............... . ............... —Valuc, 6m

bunch norm : = Value, $m
- 0.01 b .......... AR ............... — Value, 10m

— Value, 12m

: : : Value, 14m
Value, Om 0.001 Ffmec NN N foreranennenaes — Value, 16m

Value, 2m Value, 18m
Yalus, 4m = 00001 | Value, 22m
Value, 6m —\'a]ucf 24m
Value, 8m 10°

Value, 10m

Value, 12m 10°
Value, 14m ¢ : : :

Value, 16m 107 bt b A
Value, 18m

p/pmax

: Value, 20m 10% : : :
i| — Value, 22m 0 100 200 300 400 500
— Value, 24m Slippage, in units of A
Value, Om
Optical power Value, 2m
10° . - - — Value, 4m
— Value, 6m
— Value, 8m
~ — Value, 10m
) — Value, 12m
0 50 100 150 200 250 300 Value, 14m
: : : ——Value, 16
Slippage, in units of 7\0 —v;me. 18::
. | —— Value, 20m
. . . 4 Value, 22m
Evolution of the normalized bunching envelope Z — Value, 24m
The Green function (with oscillations) after 10 gain-lengths oot 2NN\
had also smaller ef fective RMS length [1] of 0.9 slippage units AN A
(i.e. about 38 optical wavelengths, or 27 microns 00001 i
0 100 200 300 400 500

Slippage, in units of 7»0
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(vertical scale is logarithmic)
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KiCker: output from Genesis propagated for 25 m
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IR-2 layout for Coherent Electron Cooling
proof-of-principle experiment

19.6 m

Beam dump

12615 [320.43cm]

SC 5 Cell cavity

3 2 A =1 e o
1 1 n i~ 1S ’ E . H =
| = "
b ELoSZEL A a3
2-3 MeV 2-3 MV 2 . :
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Conclusions

* These initial studies did not find any phenomena, which
challenges the concept of CeC

* Our initial CeC estimations passed the test

- At the same time, we found a number of new and
interesting details to pursue further

Future studies will refine the model and improve the
quality of predictions

We plan to test validity of the concept experimentally
in Proof-of-Principle experiment using BNL's R&D ERL
installed in one of available IPs at RHIC
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R&D ERL O
Commissioning
start 2009
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Response - 1D FEL; z=13m

Effect of energy spread and space charge o
Red - amplitude, Blue - phase @
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