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In this paper we present a compact theory of electron cooling. In the frame in which the electron beam is at rest,
we estimate the friction coefficients and the diffusion tensor for cases with and without a solenoidal field and the
space charge of the electron beam. Cooling rates are given by the friction coefficients and equilibrium beam sizes
by the elements of the diffusion tensor. Scaling that considers the cooling-region length relative to the periodic
lattice structure and transformation to the laboratory frame are not discussed.

I. INTRODUCTION

Electron cooling uses the energy transfer from
the hot heavy particles to the cold electrons in
Coulomb collisions. The process was investi-
gated many years ago by Spitzer' to derive the
momentum and temperature relaxation time be-
tween the two kinds of charged particles. Thomp-
son and Hubbard?? obtained the diffusion and
friction coefficients of the Fokker-Planck equa-
tion without magnetic field by statistically aver-
aging the trajectory of a test particle in fluctuating
fields. When the Fokker-Planck equation is in-
tegrated over velocity space, the moment equa-
tions express the momentum and energy relax-
ation and give the relaxation time of Spitzer. The
Thompson-Hubbard method has the advantage
that it is easy to understand and to apply in var-
ious cases. Moreover, the method is an alterna-
tive one to obtain the Balescu-Lenard collision
term,*> which generally determines the time ev-
olution of the velocity distribution function.
Using the Thompson-Hubbard method, Ichi-
maru and Rosenbluth® calculated the Fokker-
Planck coefficients of a plasma in a uniform mag-
netic field in terms of the spectral function of fluc-
tuating fields and the plasma dielectric response
function. The relaxation process in plasmas with
the magnetic field has also been studied by many
other authors.””'® They usually derive an
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expression for the kinetic equation, which self-
consistently includes the Coulomb interaction,
and the Fokker-Planck coefficients, which are
still described by the troublesome integration of
the spectral function of fluctuating fields.

Budker proposed the electron cooling method
for heavy particles. The cooling of protons by
cold electrons has been studied at Novosibirsk
to observe the damping of betatron oscillations.

The theory of electron cooling in an accelerator
was given by Budker et al'' and Derbenev and
Skrinsky'?'!* on the basis of the Landau collision
integral, which is an excellent approximation of
the Balescu-Lenard collision term.*® The drag
force on the heavy ion obtained agrees with the
result of Spitzer or Thompson and Hubbard with-
out magnetic field. The energy cooling time is
also the same as the Spitzer’s temperature relax-
ation time for an isotropic velocity distribution.

The drag force in a solenoidal magnetic field
was given successively by Derbenev and Skrin-
sky,!* Rosenbluth,'* and Bell."” In that case,
since the electrons are trapped by the magnetic-
field lines and the motion transverse to the mag-
netic field is prohibited in a range larger than the
electron Larmor radius, the transverse spread of
electron velocity has no effect on the drag force.
As a result, the cooling time with magnetic field
is shorter than that without magnetic field if the
spread of parallel electron velocity is much nar-
rower than the transverse spread. The effect of
the space charge of electron beam on electron
cooling, which was first studied by Dikansky et
al.'® is also important because it might give a lim-
itation of the electron cooling.
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The electron cooling in accelerators has some
features different from the usual relaxation proc-
ess between two kinds of particles in a plasma.
Accelerator physicists want to make the beam
emittance small by electron cooling. Since the
emittance depends on both velocity space and
position space, it is usually difficult to calculate
analytically the variation of emittance in fluctua-
tion fields. On the other hand, the momentum,
energy and temperature relaxation processes dis-
cussed by plasma physicists are connected only
with the variation in velocity space. Therefore,
strictly speaking, the energy relaxation in plas-
mas should be distinguished from the variation
of emittance, but, if we are interested in only the
variation of momentum and energy, the calcu-
lation of the relaxation process in plasmas can
be applied to the beams in the accelerator. If the
emittance is practically determined only from
velocity space and is almost independent of the
spread in position space caused by fluctuating
fields, the decrease of emittance will agree well
with the energy relaxation result. Otherwise, the
damping of emittance in heavy ions is often
slower than that of energy.

In this paper, we will derive the friction coef-
ficient and diffusion tensor of heavy ions in ve-
locity space, with a solenoidal magnetic field and
space-charge effects on the electron beam also
taken into account.

II. DERIVATION OF THE FRICTION
COEFFICIENT AND DIFFUSION
TENSOR

In order to study the kinetics of the electron cool-
ing, we will calculate the friction coefficient and
the diffusion tensor in velocity space of the heavy
ion. We adopt the Thompson-Hubbard ap-
proach®’ which calculates them from a statistical
analysis of the motion of a test particle in the
background fluctuating fields. The calculations
are done in the rest frame of the electrons.

1. Particle Motion in Fluctuating Fields

The electron and ion charge densities are as-
sumed to be given by

Pe=qg22dr —r,) - ()

Pp = qp0(r — 1), (1b)

where ¢ = —e and q, = Ze. The vectors r, =
r,(t)and r, = r,(f) are, respectively, the positions
of the s-th electron and the ion. It is sufficient to
calculate only the electric field corresponding to
the scalar potential, because the velocity devia-
tion of each particle from the streaming velocity
of the beam is much smaller than the velocity of
light. Hence, we can use Poisson’s equation

Vi = —4mp, p=p.+ pp- (2
In this case, Eq. (1) can be rewritten by using the
Fourier expansion

- __4 f fk(r—r)
Pe (211_)32:4 e dk

- _ _4p f Ky (F —rp)
Pp (211_)3 e dk; .

Moreover, we can write the electric field as

E=E.+E, (3a)
- L f£ ik(r—ry)
E. 52 E 2 € dk  (3b)

LI
E, = -5 LEem T k. (3c)
When there is a uniform magnetic field B in the
z-direction of the main motion and a radial elec-
tric field E, = —2mner due to the space charge
of the uniform density n of the electron beam as
the zeroth-order fields, the equation of motion
of the s-th electron can be written in the form

P = Vs (4a)

I

Vo = 0,71y + Qv X 7 + %E (4b)

and that of the ion can be written as

=, (5a)

. -, 4 )
Vo= 02r. + Quv, X 2+ m—’;E = ~mLpE’ (5b)

where r, is the time derivative dr./dt, r, =
(x, y, 0)and 2 is the unit vector in the z direction.
Then w,? = —2meqn/m = 2we’nim, w};
—2meq nim,, Q = qgB/mc = —eB/mc, Q,

q,B/m,c and g, = Ze are defined, where Z =

—
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is used for the proton and Z = —1 for the anti-
proton. The last equation in Eq. (5b) is valid for
|Q,7,| <1and |w,7,| <1, and that condition is
well satisfied in the experiments,'” where 1, is
the transit time of the ion through the electron
cooling region.

2. Solution of the Equation of Motion
2.1. No Space Charge

We may calculate the trajectory of the s-th
electron by integrating Eq. (4) for v, = 0.

r(f) = 14(0) + H(t)v,(0)
+ 4 [ dt'H(t — ') Elry(1"), ']
mJo
vi(t) = G(£)-v(0)
L4 f "drGl — ) Elnde). 1,
mJo

where ry(0) is the initial position and vy(0) the
initial velocity. Putting t — ¢’ = 7, we can write

ri(t) = r(0) + H(1)'v«(0)
+ if’d'rH(-r)-E[rs(t - 1),t— 1] (6a)
mJo

=R + Ar,,
vs(t) = G(1)v4(0)

+ ifldTG(’r)'E[r:(t —7),t— 1] (6b)
mJo

=v, + Avy,
where Ar, and Av, are the terms containing in-
tegrals and where
1 sin Q¢ Il —cosQt 0
H@) = a —(1 — cos Q) sin Q¢ 0
0 0 Qt
dH(D) cost sin{dt O
Git)=——= |—sinQ cosQr O
0 0 1

Since the magnetic field makes only a small con-
tribution to the trajectory of the ion, we may ne-
glect its effect for ions and put Q, = 0.

rp(t) = ry(0) + tv,(0)

t
+ 22 | gerElr ot — 1), — 7] (7a)
mpJo
=R, + Ar,

V(1) = v,(0) + Z—';J; dtE[rp(t — 1), t — 1]  (7b)

=Vpo + AV,,,

where again the terms Ar, and Av,, are the terms
containing integrals.

2.2. With Space Charge

We introduce the space-charge effect of a uni-
form electron beam by a radial electric field
Er = —2mner. In this case we can obtain as the
solution of Eq. (4)

Vs(t) = Klvs(o) + KZr,v(O)
+ ide'rKl('r)-E[rs(t - 1)t — 1] (8a)
mJo

=V, + AV:

ry(t) = K3v,(0) + Kary(0)
+4 f " KA Elr( — 1.1 — 1] (8b)
mdJo

=R, + Ar;

Here we define

1 a, a» 0
Ki((t)=——| —a> a, 0
(w1 - w2) 0 0

(w0 — w2) 0 0 0

1 Fa;, —da 0
Ki(t) = — | aa as 0
@i=02)| o0 0 (0, - w2

w2 _a3 —da 0
Kyt) = ——| as as 0

1 as =—dae 0
Kit) = — | as as 0
(i — w2)

_0 0 W — W2
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where a; = ®; CoOs Wt — W, COS Wot, Az = W
Sin w1 — w, sin Wy, as = sin o, — sin w,t,
a4 = COS Wit — COS Wat, as = —w, COS w;!

+ w; COS w,t, and ag = w, sin 0t — w, sin
w,t. In these equations,

w1 =3[-Q + (Q? - 40,)"?] = -0 (>0)
and
02=4[-Q - (Q% - 40,H)"?] = —w,%Q,

where the approximate expressnons are valid for
|2 > |w,|. This condition is usually satisfied in
the experiments.'” In the case with space charge,
the trajectory of the ion is still well described by
Eq. (7).

3. Diffusion Tensor in Velocity Space

We will calculate the velocity-space diffusion
tensor of the ion by using the solution of the
equation of motion.

3.1. Diffusion Tensor Without Magnetic Field
and Space Charge

The diffusion tensor of the ion is defined as

1 Av,,Av,,> _ 1<1 >
2< ./ "3\ dvAve

_ v,
<A Ve 9)

D,

1]

where 7. is the correlation time of the fluctuation
field. Since the self-field of the ions is to be ex-
cluded, we use E = E.. Hence we can obtain
from Eqgs. (5b) and (7b)

2 t
= quf dr

X (Ee[rp(t), t]Et’[rp(t -

7),t — 1))

Since the quantity (E.'E.) is assumed not to de-
pend explicitly on ¢, we may extend the region
of integration with respect to 7 to infinity. Thus
we have

(10)
X (Eelr,(t), IE[r,(t — 7), ¢t — 7]).

On the other hand, we can calculate approxi-
mately the fluctuating electric field for |k-Ar,|
< |k-Arg| < 1 from Egs. (3b) and (6a).

ql < k ik(rp—r
~5mi S [ dkgere

Eclr,] =

- zﬂzzfdkkzemm,,—m)

X [1 + ik-(Ar, — Ary)] (11a)
= zﬂzzfdka ik (R, —Ry)
X [1 — ik-Ar;]

and similarly
9 pi ik (Rs—Rp)
E,lr,] = ——fdk.klze ,

x [1 + ik, Ars], (11b)

where we neglect ik-Ar, because |Ar,/Ar,| = m/
m, < 1. Using only the first term in Eq. (11a),

(Eclry(), IE[r,(t — 7), ¢t — 7))

afabm
El ik (Rp — Rs)r—‘r)>
x (%‘,fdk. e .

2q* kk .
= —:Ir— > f dkF exp{ik-[(R, — Ry):
- (Rp - Rs),—J}

where (R, —
tity at ¢.

Moreover, we replace = with [dr dv g(v) =
n [ dv g(v), where n and g(v) are, respectively
the uniform number density and the velocity dis-
tribution function of the electrons. We can now
write the diffusion tensor as

D, = zq”q"fdfahjdk X e%v)  (13a)

Ro)i--]. (13b)

R,),, for instance denotes the quan-

0=k [(R, — R, — (R,
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In the case without magnetic field and space
charge, we can write 6 from Eqs. (6) and (7) as

6 = ik-ur,

where u = v, — v. Hence we obtain the familiar
diffusion tensor,

D, = 2""‘”’ f dv f 2 K Sk -we )

ud; — uu;
3

2 2
___2*:rq,,qnlnAfdv av).  (19)

2
mp

where we take the Coulomb logarithm, In A =
In€k max/k min) out of the integral because its ve-
locity dependency is weak. Here k ,.x = kp and
kmin = 1/b, are valid, where kp is the rec1proca1
of the electron Debye length and b, the minimum
impact parameter.

3.2. Diffusion Tensor With Magnetic Field and
Without Space Charge

In this case, the diffusion tensor of the ions is
also given by Eq. (13). Therefore, we calculate
Eq. (13b) by using Eqgs. (6) and (7).

klvl

Q
X {sin[Qt — 7) — ¢,] — sin[Qr — ¢, ]}

0 =ikv, — k)t +i——

where k, = (k%> + k,2)"2, v, = (v,2 + v,H)'"?,
¢y = "bv q’ka lbv = tan—](v /vx)a and l"k =
tan~'(k,/k.). Thus we can calculate the diffusion
tensor from Eq. (13) by using the Bessel function
expansion formula

2"" [ 4 v [ ar [ ks

x [g J Qe e kv )
8

M0 [ [ o

— vQ)g(v) (15)

where { = k,v,/|Q| and J, is the Bessel function
of the v-th order.

x 3(k'v, — kv,

If the magnetic field is very strong, the con-
dition { < 1 becomes valid. In this case, the dif-
fusion tensor 1s simply written as

2q,, Jd J‘dkkk

X 3(k-vp — kzv2)g(v)

2.2 i~
_2mgp"qnin A, f dv i M o(y)  (16)
mp? u

forkp <k<k,, whereu=v, — v, v, =v.1,
A, =k,/kp, and k, is the reciprocal of the Lar-
mor radius.

3.3. Diffusion Tensor With Magnetic Field and
Space Charge

In this case, we can merely calculate 6 by using
Egs. (6) and (7).

0 = ilkv, — kv, )t
+ i {sinfw,(t — 7) — @,]
— sin[w,, — ¢l

— sinfw,(t — 1) ~ ¢,]

+

sinfw,t — ¢, ]}

+ i{—cos[ay(t — 1) — ¢]

.+_

cos[wit — o}

—+

i3 {cos[wy(t — 7) - ¢]

— cos[wyt — @]},

where we define ¢, = ¢, — Ui, @ = ¢ — U, r
= (2 + yH)'2, d; " tan- Y(ylx),

_ kv kv _ wkyr
C'*w,-—sz Q] ”’ Cz—w.-—wzh szﬂ
and

k.r
C:; = wl_J— = kJ__r
[OF} 2

Consequently we can calculate the diffusion ten-
sor from Eq. (13) by using the Bessel function
expansion.
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2 2.2 kk
D, = 24" f dv f dk 5 1iI211a8(@Q,)g(v),
D

(17)

WhereQrEk‘Vp—szz_Vl(D] + Vvwy + V3w,
— V4w and

=273 (18a)

1232-]32(@1) (18b)

I;=273 () (18¢)

1, 52134 (€3). (18d)

If there is no space charge, w; = —Q, w, = 0,
{1 = kv, /|Q), and {, = 0 are valid from w,
= 0. Therefore, I, = I; = I, = 1 is given and
Eq. (17) reduces to Eq. (15) which is previously
given for no space charge.

If the magnetic field is strong, we can rewrite
Eq. (17) for‘|§1l < 1as

2qp

D, = f dv f dkk“ LLS(@Q)g(v),  (192)

where Qr = k'Vp - kzvz + V3w — Vaws. When
the magnetic field is even stronger, the condition
|| < 1is also valid. Then, since I3 = 1 is sat-
isfied, the diffusion tensor can be written as

2g,2q9°%n kk
D, = &‘ﬁ—EfdvfdkFJvz(zg)
mp v

X d(k'v, —

(19b)
kzv, — V(’)2)g(v)

Here it should be noted that {; = k,r is often
much larger than unity in the experimental con-
dition.'” In this case, the integration of Eq. (19b)
can only be done by numerical calculations.

Next, we rewrite the diffusion tensor in a form
that can be analytically integrated, under the con-
ditions [{;| < 1, |{5] < 1 and |{3] > 1 because
these conditions will be approximately satisfied
in the experiments. 1n this case,

0 =ikv, — kv, — {3025in ¢)7

= j(k-u + k. wsin ¢)T

= o, T

is given, where o, = k,(u, cos ¢, + w sin ¢)

+ ku,,u=v, —v,and
{303 01027 WVy
w= — = = - - = = Vy.
k. w; — W2 Wy — W

The quantity, v, = — w,r is the rotation velocity
of the electrons due to the solenoid magnetic field
and the radial electric field of the uniform space
charge. Hence we obtain the diffusion tensor.

D, - 2"" a’n f f % 5(a,)g(v).

Integrating this equation with respect to k, the
following expression is obtained.

21q,°q*nIn A,

D, =
p mpz

2 s — y .
[avtR ), o)

where u = v, — v, is used for |u, cos ¢,| >
|w sin ¢[; on the contrary, u = v, + Vpz = Ve
should be used for |u, cos ¢,| < Iw sin ¢| and
= (w sin @, —w cos ¢, 0). Then, the diffusion
tensor given by Eq. (20) can be approximately
applied to either case withu = v, + v, — v,.

4. Friction Coefficient in Velocity Space

We will calculate the friction coefficient of the
ion in velocity space. Although only the variation
of momentum of the ion is calculated, it gives the
correct friction coefficient because we can ne-
glect the displacement on the ion.

4.1. Friction Coefficient Without Magnetic
Field and Space Charge

The variation of the momentum of the ion or
the friction coefficient is defined as

Av),) dvp>
={(—%t) = (—=%£). 21
’ < 'rc> dt @)
Since the self-field of the ion can be ignored, we
obtain from Eqgs. (5b) and (11a).

avp _ 4qp
i mpEe[rp(t)]
— 9pqi
C2n? mp

X zfdk:,:ize"k'mn—m)r[l — ik-Ar,].
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The first term does not contribute on the average.
On the other hand, we have from Eq. (6a)

Ar, = if’ dvH(7)E[rs(t — 7),t — 7]
m Jo

4 . _ _
—.—mfo dr H(t) Eplrs(t — 1), t — 7]

= = qqpl f dr H(t)

ki
x f iy 75 R
1

Here we neglect the contribution from the back-
ground electrons. This approximation is satisfied
when the interaction length is shorter than the
Debye length.

Substituting these equations into Eq. (21), we
obtain

_ /v _ _4,°q’
Ap_<dt B ,,m411'4<>

=S [ @Ko ns
t K,
X k-J; dTH('r)'fdklE?
x em-(ns—np),_,>

(2w)32f fdk k kH(T) L

Since 8 = ik'[(R, — R;), — (R, — R,),_.] does
not explicitly depend on ¢, we can extend the re-
gion of integration with respect to 7 to infinity.
Moreover, we replace X, with [ dr dv g(v)
=n [ dv g(v). As a result, we obtain the friction
coefficient

2
A, = 4r°q mf J’ dr
m,m

fdk k kH(T) K yog(y).

(22)

If there is no magnetic field or space charge,

we get

H(7) = [7]

0 = ik-ar

u=v, — V.

Thus we have the friction coefficient

2qpqudfd’rfdk —1e’g(v)

mpma

zq,, k dd(k-u)
fdfdkk“d(k w £

—41'rqp2q2n InA
mpm

f dv —gg(v) (23)

where we take In A = In(k nax/k min) out the in-
tegral because of its weak velocity dependency,
and u = |u.

4.2. Friction Coefficient With Magnetic Field
and Without Space Charge

Since Eq. (22) is also valid in this case and 0
was previously given, we have

sin Ot
Q

k-H(7)'k = ki?+ 7k

Hence we obtain by using the Bessel function
expansion.

A, 2""”’[ fdffdk
mommw

y sin Q7
Q

2qp Ef fdk

y [8(a,+ Q) — d(a, — Q)k )

k.2 + Tkzz] e®g(v)

2Q)
k2 4%("‘—’)] T 20Rw), 24)
o
where o, = k'v, — kv, — uQand { = k,v,/|Q|

If the magnetic field is strong, || < 1, Eq. (24)
reduces to

qu f d
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fdk—k 2dS(OL) 2¥)

21qu2q2n In A,
mpm

2 _ 2 2
dev(ui 2uz315|l+3ul uzg(v). 25)

for kp < k < k,, where a = kv, —
v, — vzand A, = k,/kp.

On the other hand if the magnetic field is
weak, |{| > 1 and | Q7| < 1, the friction coefficient
without magnetic field given by Eq. (23) is again
given from 6 = ik-ut, k'H(t)’k = 7k? and u =
V, — V.

kyv,,u=

4.3. Friction Coefficient With Magnetic Field
and Space Charge

As can be understood by comparing Eq. (6)
with Eq. (8), the friction coefficient given by Eq.
(22) is also valid if we replace H(t) with K(7).
We therefore calculate

sin w;T — sin wsT N

k'K3(T)‘k =

7k ;2.

W — w2

Then 6 is already given. Using these expressions,
we have

“mpmm

» [Sin 1T — Sin woT

- Wy

k.2 + vk, ] e®2(v)

2q" f fdkk41 Ilsl s

0 2 2 dB(Qr)]
X ['—2((0] — wz) kJ_ + k dQ (V)

(26)

where O = 3(Q2, + w,;) — 3(Q, — w;) — 31,

+ w3) + 3(Q, — w3), 2, =kv, — kv, — viw,
+ vow, + V3w — V40> and Il to 14 are given
by Eq. (18).

When the magnetic field is strong, we can write

Eq. (26) for |§.| < 1as

R PP

Q L., .dQ)
X [Z(w. o) ki®+ k, a0, ]g(v),

(27a)

where ), = kv, — kv, + vio, — v40,. When
the magnetic field is even stronger, [{,]| < 1, I;
= 1 is also valid and Eq. (27a) reduces to

2q,°9*n f
A, =204~
P mom ; dv

ki_ 0
X jdkk" [Z(un - w2) ke
dd(Q,

7(97)] J2(L3)g(v),

where ), = k'v, — kv, — vw,. The integration
of Eq. (27b) requires numerical calculation be-
cause {3 = k,r is often much larger than unity.

Next we rewrite the friction coefficient in an-
other form for |{,| < 1, |{,] < 1 and |{3] > 1 by
using a procedure similar to that used in the cal-
culation of the diffusion tensor.

2.2
Apzzq_PfI_anvfdk%kzdﬁ(ar) o),

(27b)

+ k,?

mpm

(28)
where o, = k,(u, cos ¢, + wsin @) + k,u, apd
u = v, — v,. By integration of Eq. (28) with

respect to k, the friction coefficient is found to
be

Ap =

—21qu q nlnAzfd

2 2 2
o wa” = 2u; )lsu + 3u, o), (29)

u

for kp < k < k,, where u = v, — v, is used for
|u, cos ¢,| > |w sin ¢|; on the contrary, u = v,
+ Voz =V is used for |u, cos ¢| <|w sin <p] and
= (w sin ¢, —w cos ¢, 0). As a result, the fric-
tlon coefficient described by Eq. (29) can be ap-
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proximately applied to either case with u = v,
+ v, — V..

When we rewrite Eq. (29) in a cylindrical co-
ordinate system by using the transformation

Apr = Apccosy + Apy sin i
Ape = —Apesiny + A,y cos Y,

we have

Apr =0 (30a)
2 nln A - 2u 2)w

Apy = Zma-anIn s f e )

(30b)

for |u, cos o, , where w = v, which
is the rotation velocity of the electrons in the
steady state. In this case, though A,. does not
materially change, v,, is entirely different from
the usual friction coefficient because A,, does
not depend onu, = v,,, |v,, | does not decrease
but v,, approaches w. In other words, the drag
force perpendicular to the magnetic field has no
effect on the proton for |w sin ¢| > |u, cos ¢,|
or for [w| > |v,.].

On the other hand, since k-K;(1)'k = k7 and
6 = i/k-ut are given for |{,| > 1 or for |w,T| <
|o 7| < 1and |w,t| <|w,t| < 1, the friction coef-
ficient without magnetic field given by Eq. (23)
again becomes valid for k > k.

III. CONCLUSIONS

We have shown a compact way to estimate
cooling rates and diffusion coefficients for an
electron-cooling experiment. We want to stress
the following two major results:

(i) The presence of a strong magnetic field
makes the cooling rate independent of the
transverse velocity spread of the electron
beam. In this case the cooling rate depends
solely on the longitudinal velocity spread.
An enhancement of the cooling can be ex-

pected if the latter spread is considerably
smaller than the transverse. Unfortunately
in some real situations,'” it is desired to
cool hadronic beams with a momentum
spread comparable, if not larger, than the
transverse spread. For these beams, the
cooling rates are not expected to be af-
fected by the presence of a solenoidal field.

(ii) The presence of space charge in the elec-
tron beam weakens the performance of
electron cooling. This happens because the
drag force is no longer directed radially
with respect to the axis of the two beams
but rotates, acquiring an azimuthal com-
ponent that does not affect the cooling. .
Therefore, long electron beams are not rec-
ommended for cooling.
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