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e Outline

* The need for cooling of hadron beams
 Electron cooling cartoon

* What is Coherent Electron Cooling (CEC)?
* Modulator
- FEL
 Kicker

« Simulation of the three CEC components
- Dynamical friction = beam cooling
« Summary and future work



TECHS! hadron beam cooling

* Many mechanisms can degrade hadron
beams in storage rings
* Intra-beam scattering
« Beam-beam collisions
» Scattering off neutral particles
 Electron cloud
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x Schematic of the BNL Coherent Electron Cooler
TECH-X (Proof-of-Principle)

Modulator High Gain FEL

ﬁleotrons

Litvinenko & Derbenev, “Coherent Electron Cooling,” Phys. Rev. Lett. 102, 114801 (2009).



A Modeling Coherent Electron Cooling

TECH-X
[ (CEC)
Modulator High Gain FEL Kicker
7z N

Section __[Code ____________[Frame

Modulator Vorpal Delta-f PIC Beam

FEL Genesis: linear regime, no Lab
saturation, ions ignored

Kicker Vorpal PIC Beam



X

TECH-X

Hierarchy of Modulator Models

Lorentzian velocity distribution, non-
Isotropic
« Exact solution found by G. Wang and M.
Blaskiewicz, Phys Rev E 78, 026413 (2008).
Same except Gaussian velocity distribution

Electron density decreases with radius,
external focusing, beam is in equilibrium

Electron density defined by Twiss
parameters, quadrupole focusing, beam is
not an equilibrium solution

f(x,v,t)=f,(X,v,t)+f (X,V,t)
N J J

Y Y

bulk beam perturbation
(known solution)



x CEC Proof-of-Principal
TECH-X experimental parameters

Species in RHIC Au 1ons, 40 GeV/u
Number of particles in bucket 10°
Electron energy 21.8 MeV
Charge per e-bunch 0.5-1 nC Table 2. Electron beam and FEL parameters
Rep-rate 78.3 kHz c-beam
Average e-beam current 0.078 mA RMS Energy Spread = <10
Electron beam power 1.7 kW Normalized Emittance <5 pumrad
Peak Current 60-100 A
FEL
Ref: Litvinenko & Pinayev, “White Paper: Wiggler Length 7m

Coherent Electron Cooling Experiment at

Ip2”, Dec. 27, 2011 Wiggler Period 0.04 m

Wiggler Strength, ay, 0.437
FEL Wavelength 13 pm



TECxH-)' Modulator simulations are successfully validated.

Drifting ion simulations agree w/ theory [7] Large transverse drift velocity yields strongly
perturbed wakes over many Debye lengths
T T T T T I 1
i g == theory 20 . : : : T I T
40t ¢ =0.001 wreenieo] e | grentzian ; == theory
A0 e Maxwellian = : ; : : — i
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Z=106 ' : R=30 = Maxwellian
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Figure 3: Longitudinal charge density perturba- XIAp . _
tion of a plasma in the vicinity of a moving Aut?® Figure 4: Transverse charge density perturbation
ion. of a plasma in the vicinity of a moving Au™" ion.
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) Evolution of a density perturbation
TECH! (theory vs. simulation)

Dashed curve — Wang and Blaskiewictz theory
Solid curve — Vorpal simulation




). ¥ A beam defined in terms
TECHX of Twiss parameters
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x Coupling modulator results to FEL simulations;
TECH-X being explored with multiple approaches

VORPALM GENESIS 1.3

N\

3D modulator simulations 3D simulations of the high-gain
via &f PIC SASE FEL amplifier
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Growth of bunching along FEL
for CEC PoP parameters

TTTTTT T IT T I T T I IT T IT T TT I T ITTT T T T T

[ \IHIIH‘ I IHIH'H‘ [ IIII\H£

0.004

max(|b|)

107

-1

1

-3 =2 0

z/AppL
Magnitude of electron beam bunching
coefficients b, plotted as log10(|b]), in the
vicinity of a shielded ion located at z=0
with positive velocity v,.

0.003f
0.002
0.001F
0.000

'Uz/CO

—-0.001
—0.002}
—0.003

~000 5385 39.0 395 40.0 405 41.0 415 42.0

2/ Apgr,
HI\III‘IIIHIII\|HHIHH|\\II\I\Ilfl\HIIIH|IIHIIHI‘HIIHH

1 2 3 4 5 6
Z,m

| I \I\HII\| I IIH\HI[

© 7T

7

Maximum value of electron beam
bunching magnitude as a function of
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Inset: Modulation of electron longitudinal

velocities (beam frame) at the end of the
FEL.



Tecx|+x Coupling modulator results to FEL simulations

3D simulations of the high-gain 3D kicker simulations via
SASE FEL amplifier electrostatic PIC (beam frame)
T |
E 1.2H :

10 20

10 20
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X

TECH-X

1.0

Electron density modulation
1e10 compares well with 1-D theory

0.2f

08,

- V. Litvinenko, Progress on Analytical

3 rCoorling, ,|PA,C 7(2010).7

o—e simulation, quasi 1-D
— 1-D theory

Modeling of Coherent Electron

0.4

0.6 0.8 1.0



TECX,:_X Dynamical friction = beam cooling

* Cooling plus diffusion

« Cooling kick is obtained by starting with the shielding wake and
running through FEL and kicker
E|=3.91kV /m

 Diffusive kick is obtained by starting with noise and running through
FEL and kicker

E'|=3.24kV /m
* The cumulative effect of cooling and diffusive kicks over
many CEC passages

« Stochastic cooling: cooling time estimate: 1.5 hours
D. M&hl, Nucl. Instr. Meth. A, 391, 164-71 (1997)

« CEC: cooling time estimate: 6 seconds!!
BUT, this assumes we can cool all ions in a bunch at the same
time, which is not the case.




A Summary and Next Steps

TECH-X

« \We have simulated the passage of ions through all
three CEC stages

* Modulator calculations are the most computationally intensive

* Modulator can now be simulated with realistic beam profiles,
including beam focusing

« Simulations agree with analytical estimates
* In the modulator (Wang-Blaskiewicz, 2008)
* In the kicker (Wang-Blaskiewicz-Litvinenko, 2010)

. Next Steps
Run many 3D delta-f PIC simulations with different velocities
and positions
* Insert parameterized kicks into BETACOOL, which can then
simulate beam cooling
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TECXH.,: Extra Slides

SIMULATIONS EMPOWERING
YOUR INNOVATIONS



oy, Electron density & y modulation at FEL output

2p15L120221c bem ew120221T1346.vpl, 100 percent of particles, v = 43.66
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s Overview

———w=All Televantdynamics.in a C

— modulator 2= 020 @@OUUTMTtTEsseecccccsssmaanmimmmeseas

» 3D anisotropic Debye shielding of each ion (beam-frame Debye length =~ lab frame FEL wavelength)

» the coherent density/velocity wake is typically smaller than shot noise

« there will be other non-coherent perturbations (details of real e- beam with moderate space charge)
— FEL amplifier

» high-gain FEL operates in SASE mode; very high-frequency amplifier is critical for success

» wiggler is kept short enough to avoid saturation = linear density modulation, velocity perturbations

« amplified noise plus signal from nearby ions >> coherent signal for each ion (as for stochastic cooling)
— kicker

« ion responds to fields of amplified electron density perturbation = effective velocity drag

* linear perturbations of the beam-frame “plasma” evolve for ~0.5 plasma periods

* Role of theory and simulation

— the entire system is amenable to theoretical calculations
* many nice papers by V. Litvinenko, Y. Derbenev, G. Wang, Y. Hao, M. Blaskiewicz, S. Webb, others...
» the subtle coherent/resonant dynamics is assumed to be additive with noise (as for stochastic cooling)
— simulations are being used to understand 3D and non-idealized effects
» subtlety of the dynamics is numerically challenging; requires use of special algorithms
* noise is largely understood, so we suppress/ignore noise and simulate only coherent effects
* coupling between the three systems is challenging
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X VORPAL simulations of the modulator:
TECHX valldatlon against theory for a simple case

G. Wang and M. Blaskiewicz, Phys Rev E 78, 026413 (2008).

Si(x.1) Zn, a) (']’-’ 7 sin(r) dr
70,0 w0 o (Z' + X Vi T/ @ )/rD)2 ((y Vi T/ O, )/rDy)z+((Z—Vth,ZZ'/a)p)/rDz)z)2

- theory makes certain assumptions:
= single ion, with arbitrary velocity

= uniform e- density; anisotropic temperature
o Lorentzian velocity distribution

= |inear plasma response; fully 3D
o Dynamic response extends over many A, and 1/,
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x Vlasov compares well with of PIC
TECH-X (single ion in 1D beam with space charge)

ans per

EXCESS

O L y “ 50 L ; _
x> Ko : J x [ Np
‘ Black: 1/8 plasma period
Blue: 1/4 plasma period
Green: 3/8 plasma period
Red: 1/2 plasma period
'
E—f’”=1.0001 1.001 1.01 11 20

x/ I—Debye



A 3D Delta-f simulations

TECH-X

* Equilibrium beam has radial symmetry
transversely, with a linear focusing field E_, = E;r

* |n z we model a thin slice of the beam, 0.88 mm
thick

* The equilibrium beam has uniform density in z, and
Gaussianinr

 Beam width is 0.6mm (artificially narrow to keep
the domain reasonably small)

* Field solve is periodic in z, and Dirichlet in x and y
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3D Delta-f Beam Simulation

TECH-X

File Action Help

Data Set |jexpnrzd_sc3

File Name I Er’scr'_nxggen/ gibell/hopper/expDf 3d_sc3/expDf3d_sc3_myOutputField_0,hS

Fields] Particles] 3D Perspective] Hist.oru] Input File] Pre File] HDFE] File Tree] Hist.l)ps]

Field mylutputField — ]ent | Bx — ‘I: 495, 00E-
=

[T~

S.125E+16 i

0.0004

] LI 5.000E+16

1 [\ | 3.875E+16

2.750E416

1.625E+16 4
I Show Cut —0.0002

S5.000E+15

—§.260E+15

myQutputField

: 60.,000E1 Bx1 0‘5

5x10'®
 Lock Levels 4x10'8

=4
I‘HSS'OOE- —Q.0004 -0.0002 0.006G 0.0002

i Log Levels 3x10'°
2x10'8

1%10'8

= 0
10,0000

—G.0004 —-0.0002 0.000¢ 0.0002

I Lock Axes ,m o I IM
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TECXH_X Two lons moving longitudinally

,
e /

File Action Help

Data Set |ExpDf3d_sc3

File Name|¥scr_oxygen/gibell/hopper/expDf3d_sc3/expDf3d_sc3_SunRhoJ_2.hG
Fields | Particles | 3 Perspective | History| Input File| Pre File| HFS| File Tree| Histops|

Field SunRhoJ =] EL |I495.oo|-:-
5.400E-06

x e | 0.0004
y [ e | 1819E-12
; e D §'°°°"' —s.400E-05

|i| _I &l il &Isﬂmt ‘I'_—ll £.0000 —1.080E-05

—1,620E-05
- Show Cut — _p 0002

A Splder plot —2.160E-05
—0.0004

IE-‘SS'OOE- —Q.0004 —0.0002 0.0000 0.000Z Q.C004
SumRhoJ

—2.700E-05

{5.0000E= 51078

I Lock Levels 0
i Log Levels —5.0x1907°
~1.0x107°
B -5 ]
Im 1.5%x10
—Q.0004 —0.0002 0.0000 0.0002 ©.0004

- Lock fxes I}-495,oog- X |

2
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3D Simulations include:
* Entire beam (0.6mm in diameter)

« Equilibrium maintained by external focusing

« Gaussian velocity distrib.

Data file: /scr_oxygen/gitell fhopper /expDf3d_sc7 /expDf Jc75 mRhod_10.h5

e shle\dmg of smg\e Au fon; simulation (Solld) vs theory (dashed)

Doto file:  fscr_axygen /gibs
e sh\eldmg of smgle Au ion; simulation (sohd) vs theory (dashed)

3D of Simulations of the Modulator,
W|th two jons moving Iongltudlnally

« Constant e- density (out to infinity)
* No external fields

» kappa-2 (Lorentzian squared) velocity distrib.

11 /hopper/ expDi3d_sc7 f expDF: djc?j mRthal_20.h5

E 1/4 plasma period

30

excess electrons per A, {integrated)

t=0113ns

excess electrons per A, {integroted)

E 1/2 plasma

30:

- period

20F

225 ns

100
ech—X Carp. 7 [pm]

200

10:50:25 MST 2011 Tech

=200 =100 8]

 Borp. = [pm]

Longitudinal variation of the density 1s shown
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x
TECH-X

Density

Density at ion
Plasma Freq.

Beam radius

5.48%10'
82% of peak

1.32x10"
0.3mm =300

Data fle: fscr_axygen,/gitel /hopper/expDi3d_sc7 /expDf _sc?_S roRhal_10.h5
e— shielding of single Au™ ion; simulation (solid) vs theory (dashed)
B P L

e-/m”3 Debye x,y
Debye z
rad/sec R = Debye x / Debye z

22,u

3

Data file: /scr_axygen /gibell fhopper expDidd_se7 /expDf3d_sc7_SurnRhal_20.h5

S : - ; : :

e— shielding of single Au”™ ion; simulation {sclid) ve theory (dashed)
e e T S A

3D of Simulations of the Modulator,
with two ions moving Iongitudinally

SO 1

1/4 plasma period

s} (@] +
[ a [}
Hl\

(]
TTTTTTTTT

excess electrons per A, (integrated)

S0 1
t=0113ns E

1/2 plasma
= period

5o} Cal +-
() a o

o
TTTTTTTTTTT [ TTITTTITTT

excess electrons per Ay (integrated)

t = 0225 ns

v [um)

—400 —200

< [um)

Transverse variation of the density 1s shown
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e- beam is artificially narrow




o Two lons moving transversely

-
r \W
AN J

File Action Help

Data Set |ExpDf3d_sc3

File Name|¥scr_oxygen/gibell/hopper/expDf3d_sc3/expDf3d_sc3_SunRhoJ_2.hG
Fields | Particles | 3 Perspective | History| Input File| Pre File| HFS| File Tree| Histops|

Field SunRhoJ =] EL |I495.oo|-:-
5.400E-06

O e e 0.0004

y e > | e1sE-12
©.0002

; [ e | 5 4006-06

|i| _I &l il ﬁlselmt ‘I'_—ll £.0000 ~1.080E-056

—1,620E-05
- Show Cut — _p 0002

A Splder plot —2.160E-05
—0.0004

IE-‘SS'OOE- —Q.0004 —0.0002 0.0000 0.000Z Q.C004
SumRhoJ

—2.700E-05

{5.0000E= 51078

I Lock Levels 0
i Log Levels —5.0x1907°
~1.0x107°
B -5 ]
Im 1.5%x10
—Q.0004 —0.0002 0.0000 0.0002 ©.0004

- Lock fxes I}-495,oog- X |

2
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). ¥ 3D &f Simulations of the Modulator,
TECH-X with two ions moving transversely

3D Simulations include: ~—Theory is from Wang and Blaskiewicz
 Entire beam (0.6mm in diameter) « Constant e- density (out to infinity)
« Equilibrium maintained by external focusing * No external fields
» Gaussian velocity distrib. » kappa-2 (Lorentzian squared) velocity distrib.
50/ - sﬁ“e@‘?g’ of JE;; A fon; 1|°§Tmul|@|t10‘n‘ (solic) v theory (dashed) 50 /7%@9%%55 Jmu (s0id) ve theory (dashed)
: 1/4 plasma period b= 0113 s 1/2 plasma t=0.225 ns

.
o
I
I\IHlII\
.
o
|

excess electrons per A, (integrated)

= period i I E

Cl

o
ol
o

[}
o

o
TTTTTTTTTTT]TITTT
[l
o

o
TTTTT

excess electrons per Ay (integrated)

(=)
TTTTTTTTT

()
TYTITTTTITTTT

=200 =100 0 100 200 =200 =100 0 100 200
sch—X Corp. z [“—LmJ Wed Dec 7 11:10:40 MST 2011 Tech—X Corp. z ["_Lm:| Wed Dec 7 11:10:40 MST 2011

Longitudinal variation of the density 1s shown
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3D of Simulations of the Modulator,

with two ions moving transversely

X

TECH-X

Density 5.48x10" e-/m"3 Debye x,y 661
Density at ion 82% of peak Debye z 22U
Plasma Freq. 1.32x10'° rad/sec R = Debye x / Debye z 3
Beam radius 0.3mm =300u

Data file: /sc

r_oxygen /it

ell /hopper /expDf 3d_sc5/expOf3d_sc5_SumRhol_10
. . . 79 -
e— shielding of single Au™ ion;
: : . : T ; .

swmu\atlon (SOHd) VS theory (dashed)

Dato file: fsci

r_oxygen /gibell
e— shielding of single AU ion;  simulation (so\‘\d) vs theory (dashed)
T L B S A S S B

/hopper fexpDf3d_sch fexpDf3d_sch_SumRhal_20.h5

excess electrons per Ay (integroted)

40

1/4 plasma period

t=0113ns

excess electrons per A (integroted)

40—

T
B

1/2 plasma period

t = 0225 ns

| L L . 1 L L I 1 L I I 1 I I I | I 3 F L 1 I I L | I I I | I I I | L L I 1
—400 —200 0 200 400
Tech—% Corp. x [um] Wed Dec 7 11:19:01 MST 2011

Tech—X Corp. * [Mm] Wad Dec 7 11:19:01 MST 2071

Transverse variation of the density is shown
e- beam is artificially narrow
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X Addition of finite ‘bunching parameters’

TECH-X to FEL quiet start particles
«  Convert of macro-particles to Definition of bunching y
constant weight GENESIS parameters: po L 3 e
particles N 5
° GENES|S reads partide f”e McNeil and Robb, J. Phys. D: Appl. Phys. 31, 371 (1998).
— No coherent response to 0= (k,,.+k,) *z - ct*k,, (pond.phase)

electron perturbations

—  Must define bunching
coefficients and phases — Must specify bunching b for each slice

) Get longitudinal bunching — GENESIS modifies phase of each ptcl:
parameters from electron

ponderomotive phases

— GENESIS divides slices of width Ag¢,

@'= 0 - 2%|b|/sin(0-arg{b})

VORPALY® GENESIS 1.3
BROOKHFAEN
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x Kicker E-fields are solved via the Poisson
TECH-X equation & advanced w/ standard PIC

Input parameters

Jsc 2 5e220680_220818/qs/2p15/2p15L110817b_47551/kickES_49394/kickES 49394 YeeStaticElecFldTrilines_0.h5 .
15000 T T T T T e kicker Of length: lk: 3m
10000 : ' : ‘ : e relative energy spread: 67,4 = AE/E™ = 3.4 x 1074

e relative energy correction per turn: g = eZI ES, JAE = 1.7 x1074

e electron beam transition energy: v, = 23

e distance from kicker to modulator (pickup): L, ,=3834 m (RHIC)

- = = . 2 3 6 Cooling time’
phase slip factor: n = |y, 7% 4+ 72|
mixing rate, cooling: M~! = 25v(l,/c)n - 67, .q
« run FEL w/ bunching from ion, no mixing rate, heating: M~ = 20v(Ly,/c)n - 67 10
shotnoise - coherent E,= 3.7 A - g ) )
kV/m T = F[29(1 - M%) — (M + U/ Z)]

« run FEL w/ shot noise -
incoherent E,=:14.3 kV/m

D.Mohl, The status of stochastic cooling. Nucl. Instrum. Methods A, 391(1):164 -- 171, 1997.
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