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Part 1.

Physics of Electron Cooling
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[ CERN 92-01 - CAS 1991 - J. Bosser, “Electron Cooling” ]
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Recap: Electron Cooling as Energy exchange

Collision model: momentum is transferred in the ion-electron collision

» To compute the transferred momentum AP it is convenient to make the following two
approximations:

1. The ion does not appreciably change direction, since its mass is much larger than
the electron’s. This is reasonable if one assumes a uniform density of electrons

2. The electron remains stationary as the ion passes it, so that the electron receives
the entire impulse AP

P In its reference frame the kinetic energy acquired by the electron, originally at rest, is
AEe:

AE. = Eé — E. =
N2
= mE—i—(AF’) —me=Ke m -~
P This corresponds to the energy lost by one ion to one electron:
N\ 2
(27)
AE = —-AE.=—-Ke=————

2me
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Friction force

AE; is the energy that one ion loses to one electron. The total energy loss due to all electrons
is:

W = AE/', total = // AE; - ne - dV
= / AE; - ne - 2wrdrdz.

where ne is the volume density of the electrons.
The friction force is the total energy loss per unit of length:

=\ 2
aw (AP)
Friction = = ne - AE; - 2mrdr = —2mne - rdr
dz 2me

This can be derived in several ways: e.g. from the integration of the Coulomb interaction, or
using the Rutherford cross section, ..

. dw onZ%e* | Fmax 2 (1 _ fmin

fri = — = —Ne———— [o] u D

reton = "z ¢ (4meo)? mou? &\ Finax
\W_/

Coulomb Logarithm

e u, the relative velocity.

[ See J. D. Jackson, “Classical Electrodynamics”, for a derivation starting from the cross section ]
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Magnetised case: “Fast” and “Adiabatic” collisions

In presence of a solenoidal field B the electrons are spiralled by the magnetic field.

—
’/

N\ —"
’l/‘
N\—"

N\—1

If the Larmor radius is much smaller than pmax, the region of interaction must then be divided
in two regions:

P < NMarmor < P < Pmax
~~ ~~
“fast” collisions “adiabatic” collisions

The total frictional force is the sum of the “fast” and the “adiabatic” frictional forces:

F=Fo+Fa
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The total cooling force

In this book, a theoretical study of this stopping force is proposed, using two different and
independent formalisms:

1. the “dielectric theory” (a continuum theory in which

the response of charge and current densities to )
Hrachya Nersisyan

external perturbations is calculated) Christian Toepffer
Giinter Zwicknagel
2. the “binary collision approximation” (where the Interactions Between
motion of the ion is described as the aggregate of (harged Particles
subsequent pairwise interactions with the target q -
electrons). in a Magnetic Field

ATheoretical Approach
to lon Stopping in Magnetized Plasmas

After detailed calculations, the book demonstrates that

the two approaches yield the same mathematical expres-
sions of the cooling force.

@ Springer
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The new formulation of the cooling force

[Nersisyan] summarises the force in Eq. (6.1), reducing the intervals to two:

Fmin —> I'F and rF — Imax
N — N —
small impact parameters large impact parameters

such that

B _4mneK’ /// [LF } £ (7.) dve+/ [ 25 (UBH + L (17 32))} f (vey) dvey

FUnmagnetlzed FMagnetlzed
with
1 2
re .

L= =log |1+ - small impact parameters
2 Iin
1 r2

_ max H

Ly =—log |1+ large impact parameters

2 F
U2
Fmax = Min | Faperture, Apyq /1 + AT/?;’ UAt maximum impact parameter
e
Uz, + 47
rF= ——m«——, pitch of the electron helix
We
K . . .

Imin = ——= minimum impact distance

pU?
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Effect of the electrons temperature

The electrons are not mono-energetic, and have transverse and longitudinal
temperatures. This must be considered when computing the friction force:

ﬁfrict/on = /// [’Eion-e\sctron (Vi7 Ve)j| f (Ve) dVe

where i is the ion-electron relative velocity, and f (Ve) is the electron velocity
distribution function, which is typically a Maxwellian distribution:

3 5 V.o Veﬁ —1
— 2 e
f(Ve) = [(2m)7" A Az exp 2A§L + 2A§”

This leads to several complex expressions for Fo and Fa.

Due to the acceleration in the electron gun, the thermal velocity distribution of the
electrons in their rest frame makes the electron plasma highly anisotropic:

Ay < Acy

with typically Ae, ~ 1004 .
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Considering the thermal effects...

The expected behaviour of the friction force is shown by [Parkhomchuk]

3
F

2

, Figure 2. Behaviour plotted against friction force at

different values of magnetic field. Curve 1: in the

+ absence of magnetic field, curve 2: under the con-

Vay Ve, dition of partial ization, curve 3: pl
v magaetization of transverse electron motion.

Where v and v are the transverse and longitudinal electron velocities.
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Fast collisions [Ya.S. Derbenev, A.N. Skrinsky]

A case of practical interest is when A < AeL

a) v > A

; in this case

€)1
dnnZ?e*

For — - L) 5 @.1)

b) v < A, ; in this region

2.4
FQ~ — -"——\/2":’2—‘? LA, & (42)

Uy LTI
I_:ﬂh L) — A \[5 L°A,), v, > A,,

v 250
ik \ﬁ L@,

o < Aeﬂ

(4.3)

From Ya. S. Derbenev and A. N. Skrinsky, “The Effect of an Accompanying Magnetic Field on
Electron Cooling”, Particle Accelerators, 1978, Vol. 8, pp. 235-243
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Adiabatic collisions [Ya.S. Derbenev, A.N. Skrinsky]

e When v, > A, the distribution f (.) can be replaced by § (VeH) and one obtains:

2UH "'i_

2rnZ?
A _° ”m et L‘() 1.3 (32)
6nnZ3e* v
Fit = === = L% )—’;ﬁ; (3.3)

e When vio, < A, the distribution £ (V) is the Maxwellian, and one obtains:

z2 4 A
=-2/2n—5—v, ln(—e'l)L"(Ae”); G
e“ vy

Ff= —zﬁ v”L (®); (38

'-’u

From Ya. S. Derbenev and A. N. Skrinsky, “The Effect of an Accompanying Magnetic Field on
Electron Cooling”, Particle Accelerators, 1978, Vol. 8, pp. 235-243
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Electrons thermal effects: numerical integration

One needs to solve the following integrals

]:Unmagnetized = ///

2, (-~ 0 U
]:Magnetized = / |: UBSL <UB| + % <1 — Uf” f (Ve”) dVeH [1/C2].
B Bl

| chose to solve them numerically, using a Monte Carlo technique.

5] f (%) dv. /e,

Computationally it is relatively fast (about 10 seconds), and it's performed just once.
The advantage is that the solution is physically exact.

For large relative velocities, U, the thermal effects of the electrons are negligible and

the forces are directly computed using the force components described in the previous
section, which can be considered as asymptotic expressions of the force.
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Electrons thermal effects: interpolation

The force is integrated numerically, and stored in a bi-dimensional mesh 160 x 80. The
force is interpolated at run time using a bi-cubic splines.

~10A, < Uy <10A; 154, < Uy <154,
0< U, <10A, 0< U, <15A;
AUL AUL
10A L 15AL
asymptotic asymptotic asymptotic asymptotic
interpolated interpolated
“10A | 10A Uy “15A 15A, Uy

(unmagnetised force) (magnetised force)
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Unmagnetised force

The plots show the result of the integration, over the range

~10A; < Uy <104
0< U, <10A,
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Magnetised force

The plots show the result of the integration, over the range:

~15A; < U <154,
0< U, <15A;
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Part 2.

Implementation and Benchmark
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[ CERN 92-01 - CAS 1991 - J. Bosser, “Electron Cooling” ]
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Implementation in RF-Track

P The EC simulation code has been included in RF-Track [1]: a fully relativistic,
multi-species tracking code featuring space-charge and beam-beam

P RF-Track includes all tools, computational infrastructure, and physical models needed at
the purpose:

>

4
>
>
>

[1] A. Latina,
Proceedmgs of LINAC2016, East Lansing, MI, USA, MOPRCO016, 2016.

) A. Latine

Flexible beam definition

Equations of motion and their integration with a multitude of algorithms
Advanced field map interpolation

Modular, C++, fast, parallel, with friendly user interfaces

A dedicated element "Electron Cooler" has been implemented: it simulates the
Coulomb interaction between a bunch of heavy particles and an arbitrary plasma.

“RF-Track: beam tracking in field maps with space-charge effects. Features and benchmarks”,
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RF-Track example (1): AWAKE primary beam lines

[ J. S. Schmidt et al., “Simulations of Beam-beam interactions with RF-Track for the AWAKE Primary Beam lines”,
Proceedings of IPAC2017, Copenhagen, Denmark, THPABO50 |

The AWAKE project uses a high-energy proton beam at 400 GeV/c to drive wakefields in a plasma.
& merging
dipole

& matching triplet
and corrector
magnets

The amplitude of these wakefields will be probed by injecting into the plasma a low-energy electron beam
(10-20 MeV/c), which will be accelerated to several GeV.

1.5 1.5
1 1

T 05 T 05
2-05 205
-1 -1
15 15

2151050 05 115 2 2151050 05 1 15 2
X [mm] Y [mm]

Upstream of the plasma cell the two beams will either be transported coaxially or with an offset of few
millimetres for about 6 m. Figure shows the electron phase space at the focal point after propagation on axis
with the 3 - 10! proton bunch.
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RF-Track example (I1): Indirect Space-Charge effects

Now RF-Track implements indirect space-charge effects from mirror charges, using the method
of the Green’s functions w/mirror charges:

P From horizontal parallel plates
» From a long longitudinal cylinder

Magnetic field Electric field

y[mm]

Example of space-charge fields from horizontal parallel plates located at y = 43 mm, due to a
negatively charged beam, as calculated by RF-Track.
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Electron Cooling “Hybrid” model: fluid electrons, kinetic
lons

P The ion beam is represented as an ensemble of macro particles

P full 6d phase space, e.g.

Xy, v, P

for accurate tracking and for capturing non linearities

P integrate the effect of cooling force + solenoidal magnetic field, in Az

P> The electron beam is represented as a fluid (plasma) on a 3D cartesian mesh

P> it enables to consider arbitrary electron density / velocity distributions
P each cell (i, j, k) of the 3D is characterised by

ne, i electron density [#/m3]
Vjk average electron velocity [c]
Acy  jk electron transverse temperature
Ag), ik electron longitudinal temperature
P automatic tri-cubic interpolation of each quantities, to work at any arbitrary location (e.g. ion
positions)

P clectron evolution follows the Euler equation of fluid dynamics, in At (to be implemented)

P Embedded in a solenoidal magnetic field (next step: use a measured / numerical field map)
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Example of simulation script (Octave)

A% Load RF_Track
RF_Track;

4% Electron beam parameters

Electrons.Ne = 8.27e13; / electron number density #/m~3
Electrons.beta = 0.094; / c

Electrons.Q = -1; / e

Al Cooler parameters

Cooler.L = 3; / m

Cooler.B = 0.07; / T

Cooler.r0 = 0.025; / m, electron beam radius

4% Create an element of type ElectronCooler
/ electron mesh size
Nx = Ny = Nz = 16;

/ eletron wvelocity
Vx = Vy = 0;
Vz = Electrons.beta;

EC = ElectronCooler(Cooler.L, Cooler.r0, Cooler.r0);
EC.set_Q(Electrons.Q);

EC.set_electron_mesh(Nx, Ny, Nz, Electromns.Ne, Vx, Vy, Vz);
EC.set_static_Bfield(0.0, 0.0, Cooler.B);

X! Track bunch B0 through the cooler
B1 = EC.track(BO);
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Benchmark of the cooling force [literature/BETACOOL]

The RF-Track implementation of the cooling has been benchmarked against the experimental
results proposed in [Nersisyan]. Their model was checked against measurements and against
predictions obtained with the model presented in [Parkhomchuk], which appears in
BETACOOL.

The longitudinal cooling force was evaluated for various fully stripped Xe ions as function of the
relative ion velocity with respect to the rest frame of the electron beam, obtained from
measurements at the electron cooler of the ESR storage ring.

ne =102 m—3
kT, =0.11eV
kg T, = 0.1 meV

B=01T

The transverse ion velocity v, is treated as a free parameter.

[Parkhomchuk] V. V. Parkhomchuk, Nucl. Instrum. Meth. Phys. Res. A, 441, 9 (2000).
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Benchmark of the cooling force

10™0E :
1001&; )
105k

Longitudinal cooling force for various fully stripped Xe>** ions as function of the relative ion velocity with

respect to the rest frame of the electron beam. Black marks: experimental data. Solid curve: binary collision
approximation. Dashed curve: Parkhomchuk's empiric formula (BETACOOL). Red triangles: RF-Track
osimulation: — Electron Coo
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Dependence on the transverse velocity

10! ETTTITTTI—rTm—rr—

B
E ]
2 0t
u-: F
102 E :
F <
v oo oo i %
10° 10* 10° 10® 107 -
relative ion velocity (m/s)
The number which best fits the data is (x’) = <V,J_/V,“> = 0.3 mrad, compatible with the

estimated beam divergence [Ner5|syan].
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Measurement of the cooling force [LEIR]
We measured the cooling force at LEIR, with Pb ions, Q = 54%.

P> The cooler was set with electron
beam current 210 mA, with
temperatures

kgT. =0.1eV and

kB TH =1 meV,
in a solenoid magnetic field of
B=0.07T

> we performed a velocity scan of the
electrons, in order to evaluate the
force at different

AV =vi — v,

P The cooling force is computed as

N
F=20
At

o[/ Measurements,taken with.the help of,N = Biancacci, D. Gamba, and A:Saa Hernandez |

< Figure 2
Fle EOU View [nsen Tools Deskiop Window Help
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Benchmark of the cooling force at LEIR

F, [eV/m]

100

‘ ‘ Simulated ®
Measured 4 |
f :
)
)
)
A
‘%‘. 3
H A..
a o2
a ’o' a 4% |
[ ) ..
- °
10000 100000 1x108
Vi [M/s]

The Cooler's parameters have need to be adjusted to match the experimental curve, anyway to

reasonable values:

Ne=4x108 e~ /m3 T, =0.01eV; T = 0.001 eV (note that the e~ current depends on
electron beam size, but the force depends on the electron density)

[ Acknowledgments: N. Biancacci, D. Gamba, and A.Saa Hernandez ]
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Simulated measurement

A simulation of the measurement itself has been put in place (self-consistency test)

1000 T T . ey :
Analytic formulee ——
Simulated measurement —»—

10 |

F, [eV/m]

100 1000 10000 100000 1x10® 1x10’
Vil [M/s]

1. 50 ms of cooling before the electron velocity difference is excited

2. The estimate of the cooling force is computed considering the first 1 ms
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Simulated measurement: dependence from electron
current

A simulation of the measurement was performed for different electron currents:

e En v e Tcs Qe riow b

Dads| k@i oseL- [0 E =T

1000 lg=210mA ——
lg =280 2
lg =3¢ 10°
=4
E
—_ = = ¥
E E = |1
: B g
u w 2 o
H
8
‘ .
100 1000 10000 100000 1x10° 1x107 100 1000 10000 100000 1x10° 1x107 10° . .
Vi [mis] Vi [Ms] 10° F
A Vel assumed [m/s]
uniform distribution (simulation) hollow distribution (simulation) measurement

[ Acknowledgments: N. Biancacci, D. Gamba, and A.Saa Hernandez ]
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Simulated measurement: delayed electron response

A simulation of the measurement was performed including delays in the electron gun’s response

Simulated measurements

1000 — T r r T
instantaneous electron response ——
100 ¢
£
3 10f
N
w
1 -
0.1

100 1000 10000 100000 1x108  1x10”
Vg [M/s]
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Simulation: from E-cooling to E-lens

RF-Track implements E-cooling.
P The simulation considers

P Scattering ion-electrons (friction force)
P |ons self-fields in free space
P It ignores:

P Electrons self-fields

P Electrons dynamics, electrons are considered as rigid (i.e., their state parameters are
constant)

In order to simulate E-lens should also consider

P The self-fields created by the electrons (mostly magnetic)

P This is already possible, using multi-species beams, but it is impractical for realistic
simulations
= Extended the plasma simulation to feature such effects (some work needed)

P> The effect of the ion bunch on the electron plasma
= Implement the Euler’'s equations of fluid dynamics (some work needed)

To complete the picture: the shieling effect of the electrons on the ions self-fields (some work
needed)
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Conclusions and Outlook

» Electron-cooling has been simulated in RF-Track

> New model of cooling force
» New method for including thermal effects

» Benchmark of the cooling force

> against results in literature/BETACOOL has shown very good matching
> against measurements at LEIR shows very reasonable results (many
unknowns on the experimental conditions)

» Electron-lens simulation:
» |t's within reach, some code development is needed
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Extras
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New formulation of the cooling force

The book performs critique of the mentioned papers, and even goes in the detail of the
equations implemented in BETACOOL.:

14 2 Previous Work, Status and Overview

As was already noted above this energy transfer vanishes for symmetry reasons
unless the ion has a velocity component transverse to the magnetic field. For the
special case v, = 0 this was previously derived in [120]. Similar expressions with
the unexplicable replacements 27, — 37, and 1 - 97 /97, — 1 -2} /v;, are used
in [35, 85]. For the energy loss (2.9) an integration with respect to the impact pa-
rameter has to be done. The integrand can be approximated piecewise by (2.8) for
§ <aand by (2.32) (5§ < d) or (2.36) (5 > &) for § > a. This leads to Coulomb log-

[35] Ya.S. Derbenev, A.N. Skrinsky: Part. Accel. 8, 235 (1978)
[85] I.N. Meshkov: Phys. Part. Nuclei 25, 631(1994)
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The new cooling force: non-magnetised electrons

In the reference frame of the electrons

:_4’”;17‘“2/// [LC(Z] F (Ve) d7e

, b = me is the reduced mass, U is the relative ion-electron velocity,

t

Qion€ 2

4meq

where K =
U=V, - Ve

and f (Ve) is the electron velocity distribution function, typically a Maxwellian:

2

. 1 1 v2 g
f(Ve) = ———5—exp— L .

(Ve) (2m)? D14 &P <2Ai + 247

If \7, > A (asymptotic behaviour), U~ \7, and the integral is no longer needed:

_47rneK2 L U

F iy
% e

Lc is the modified Coulomb logarithm (see next slide).
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The new cooling force: non-magnetised electrons

The modified Coulomb logarithm, L¢, is:

1 2
Le == log <1+r”;“>
2 rmin

If compared with the standard Coulomb logarithm, Lc = log (C’“ax), the modified Coulomb

logarithm avoids unphysical results for rmax < rmin and accounts for head-on ion-electron
collisions. [Nersisyan]

| U2 . .
fmax = Min <rapem.re7 Apy/1+ AT/:‘}’ UAt) maximum impact parameter
e

K
pU?

Here:

Fmin = minimum impact distance
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The new cooling force: magnetised electrons

There are three contributions to the cooling force:

27 |

@i

2né
T E T35

5

Fig. 2.5. Schematic trajectories of relative motion. Top: Weak field, s <« a. Center: Stretched
helices in case of a strong field, 5 = a, 5§ < §. Bottom: Tight helices in case of a strong field,
5= a, 53 6. After [124].
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The new cooling force: small impact distance

1. (small impact parameters) rmin — ¢

The effect of the magnetic field is negligible:

- 4mne K2 U . .
F:,”Te/// [LFUJ F (V) die

with

1 r2
> Lp=_log|1+-F|,
2 rmin

—

> f (ve) is again a Maxwellian distribution, and
U2BH+Aﬁ ) ) )
> e = +— — is the pitch of the electron helix
e

P fiin = T}fﬂ is the minimum impact parameter
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The new cooling force: intermediate impact distance

2 (intermediate impact parameters) rp — ry.

Being \_/‘é,“ the component of the electrons’ velocity parallel to the magnetic field, we

define: = = =
Ver = Ve — Ve”7
the force is .
o 4rneK? Ug
F=—7-—"- La—=| f (ve) dv.
p / agg | F(ver) dvep
with
UB - \71 - Ve”?
Ugl =V
U = Vij = Ve

2
> The Coulomb logarithm is, L4 = 1 log (1 + %)
2

%)

_ 1
> f (VeH) = 777&” exp — 530

V2 +a2 :
> =YL 2 is the Larmor (or cyclotron) radius of the electron.
e

39/40 A. Latina — Electron Cooling Simulations — E-coolers and E-lenses meeting



The new cooling force: large impact distance

3 (large impact parameters) r, — rmax

Eq. (2.36) in Nersisyan,
U3 - Us. U/23\|
L= %" (UB + 1- F(vey) dve,
U3 2 Uz, el e

™

_ 4mneK? /
1

> with Ug and f (Vey) like in the previous case,
> Ly = log (22),

o
P rmax is the maximum impact parameter (~Debye length)

The asymptotic behaviour for UBH > A, e UB S \7, is:

_ 4mneK? Ly Uz,
" Ug

2
FLo_ _Amnek? | Up, Usy (1 “B),

M
p Uy 2 U2,

Fi= Usy»
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