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THE SECONDARY ELECTRONS IN THE
ELECTRON COOLING SYSTEM

E. Syresin

Secondary electrons in the electron cooling system determine the current losses [1]. Their
parameters depend on the collector efficiency. In this report the behavior of the secondary
electrons in the LEAR electron cooling system with S-shape bending toroid magnets is
examined. The parameters of secondary electrons for primary electron beams with a current
I=0.1-3 A and an electron energy 3-30 kV are discussed. The second problem, which takes
place with secondary electrons, is related to generation of neutralized electron beams in the
electron cooling system [2]. The generation of very dense neutralized electron beams with low
energy may be applied for cooling of lead ions dedicated to LHC [3]. Due to the beam-drift
coherent instability [2], the upper limit current density is restricted by : [4].

. kvBe
Jmax = L, 0 ’ 1

where
v is the electron velocity,

B is the longitudinal magnetic field,
L, is the neutralized beam length,

k is a numerical coefficient.

It is a convective instability which appears in stationary conditions due to the feedback.
This feedback may be created by secondary electrons [4]. When the wave amplification
coefficient K and the feedback coefficient y satisfy to the condition:

K <1 2
the neutralization beam is stable [4]. The level of the feedback coefficient is dependent on the
density and on the energy distribution of the secondary electrons.

There are three kinds of secondary electrons in the electron cooling system:

1. Electrons reflected from the collector and that make a single pass between it and the gun,
2.  Stored electrons performing many oscillations between the collector and the gun,
3. Lowe-energy electrons created by the ionization of the residual gas.
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The trajectory of fast stored and reflected electrons is given in Fig. 1. The density of
reflected electrons is determined by:

g = Ii (3)
n, I
Here np, I are the beam density and current, 2.y, I,.r are the density and current of reflected
electrons. The density of stored electrons ngy is determined by:

ng Iy Te
=S St _es 4
nb 1 21’" ( )

where I is the current of stored electrons, 7, is the escape time of stored electrons, 7 is the
half-period of stored electron oscillations between the gun and the collector. For stationary
conditions the current of stored electrons is equal to the current losses of fast electrons:

Iy =1, 4)

In this report we will estimate the current and density of electrons reflected from collector
surface, and also the current losses and density of fast stored electrons.

Fig. I - The trajectories of fast secondary electrons

1. BEHAVIOR OF THE FAST STORED ELECTRONS IN THE SYSTEM

WITH ION TRAPS AND WITH S-SHAPE BENDING MAGNETS

The motion of the fast stored electrons in the electron cooling system is determined by the
space charge of partially neutralized electron beam, the transverse electric field of the ion traps
[5] and also by the toroid bending magnets. For the purpose of neutralization, two ion traps
consisting of two metallic half-cylinders separated by high-resistive glass insulator, have been
installed outside the drift space (Fig. 2). The electrodes are polarized by independent positive
voltages Uy, and Uy,, such that a transverse electric field also exists:

Uy -Uy

E, = T (6)
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where b is the trap radius. When stored electrons pass through these electrodes, their trajectories
are deflected by AX, due to crossed, transverse electric and longitudinal magnetic fields:

AX =1, Up-Uy 0)
nv,, B

where /; is the trap length and v;; the stored electron velocity inside traps.

Fig. 2 - The neutralization ion trap. (1,2) half-cylinders, separated by high resistive
glass insulators, (3) -@-- equipotential line, E, - transverse electric field of
trap, AX - displacement of electron trajectory inside the trap.

The space charge of the electron beam defines the motion of the stored electrons. Due to
the space charge of the neutralization beam, stored electrons rotate with an angular frequency

wd='—s’

Br
where r is their radial coordinate. E; is the radial electric field of the neutralized electron beam.

The electron beam is neutralized between two traps. We consider the following distribution of
electron and ion density, presented in Fig. 3.
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Fig. 3 - The density distribution of ions and primary electrons.
a;: ion beam radius, g,: electron beam radius, n;: ion density.



The radial electric field of neutralized electron beam is equal to

0 O<r<ag;
2
n a
Em=<-2-:-§-r(1—n-r-§-) g;<r<a,, ®)
2
Zo8% (1 - <r<b
2er (i-n) ax=<r
where 1) is the neutralization factor, g; is the ion column radius, a, is the electron beam radius, b
is the drift chamber radius. The electron beam has a space charge (1 = 0) between the collector

and the neutralization electrode and between the gun and the neutralization gun electrode (see
Fig. 1). The radial electric field on the charge electron beam is equal to

nye

-—r a<r<a
26, i e
E, = neea? )]
2pf% a,<r<b
250"

Due to the beam space charge the stored electrons rotate in the azimuthal direction. The change
of azimuthal electron angle between two electron reflections is equal to

WLy + @4, (r)Ly =

AW(T) =7 2 T"wdef, (10)

where
7, is the half-period of stored electron oscillations,

L; is the distance between traps,

W4n = Eg/Br is the drift frequency of the neutralized electron beam,
L; is the length of the charged electron beam,

w4 = Es/Br is the drift frequency of the charged beam.

Fig. 4 - The trajectory of the stored electrons in the radial-azimuthal plane
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The trajectories of stored electrons in the transverse plane r, y are determined by the
displacement inside the traps and the azimuthal rotation due to the beam space charge (Fig.4).

The behavior of the stored electrons is also determined by the bending toroid magnets.
When stored electrons pass through the bending magnet, they obtain a trajectory displacement
(Fig. 5a):

Ay = po, (1)
where
p is the Larmor radius of stored electrons,
p = v/wp, v; is the stored electron velocity inside the drift tube,
wp 1is the electron cyclotron frequency,
@, 1is the bending angle; for LEAR ¢ = #5.

When stored electrons pass through the second bending magnet, this displacement is
partly compensated by azimuth rotation electrons, which is related to the beam space charge.

Fig5a - The system with S-shape bending toroid magnets
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Fig. 5b - Displacement of stored electrons passing trough a system
composed of two S-shape bending magnets

The trajectory of stored electrons in the transverse plane for the S-shape electron cooling
system without ion traps is presented below.
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Fig. 6 - The trajectory of stored electrons in the S-shape electron cooling system

2. THE STORED ELECTRON TRAJECTORIES
IN THE SYSTEM WITH ION TRAPS

Inside the ion traps (Fig. 2) with different electrode voltages there exists a transverse
electric field [S]. The radial and azimuthal components of the electric field are equal to:

Uy -U, (0 -r*)psiny

E, =-—=
2 ’
Y b (b2 - rz) + (brcosw)2
(13)
2, .2)2
E = U,, -Uy, (b +12' )b cosy
r ’
> (b2 - r2) +(breosy)’
where
b is the trap radius,
r is the radial coordinate,
Vv is the azimuthal coordinate,
Uy, Uy, are the trap electrode voltage.
The equipotential line equation ¢ = const can be represented as
%2‘5’5—"’7 = const. (14)
-r

The radial displacement of the electrons inside the two traps during a single pass through
the electron cooling system is equal to

2
ar=2Ev, (15)
VslB



The change of the azimuthal angle during this time can be estimated by

“2E L wugme (16)
r

Vs1
where E,, E, are the radial and azimuthal electric fields inside the traps, wdef‘thc drift frequency
(Eq. (10)). Let us consider fast stored electrons and suppose

Al]/ = wdef‘r" << 1,
amn
2AX
—<<1,
b
where AX is the displacement inside the trap (Eq. (7)). For LEAR parameters: L = 4.2 m,
Li=32m,Li=1mb=5Scm, ,=10cm, Uy =Uy =6 kV, Uy =Us =0, a. = 2.5 cm,
=2 cm, 11 = 0.64, B =600 Gs,

a) U=10kV,I=1A,AWa;) =0.13, Aya.) = 0.27, 2AXA = 0.042,
b) U=3kV,I=03A, AyWa) =0.13, Ay(a,) =0 .27, 2AXb =0.076,

where

T, =LAy, vsis the stored electron velocity outside traps,
vs = QUm)12,

U is the cathode voltage,

vs1 1 the stored electron velocity inside traps:

)
v = v,(1+ U2'2UU") , 8)

Uy, U3, are the electrode voltages of the second trap and / the beam current. In the case of Eq.
(17), Egs. (15) and (16) can be written in the following form:

dl‘ 2EV l’

dT B Vg1
(19
dy 2E, |
— =W T ———,
4 dt def ” B Vg1

where T = ¢/7), ¢ is the time. The equations describe the electron radial-azimuthal displacement
averaged along stored electron trajectory (Fig. 7) for

dy dydr E, By
¥ =2t 20
"t ardar E, ", 1 @0

The electron trajectory in the transverse plane r, y is determined by Eq. (18).



Fig. 7 - Trajectory of stored electrons in the radial-azimuthal plane
averaged along trajectory trap displacements

The solution of this equation is represented in the following form for 0 < r < a:

rr=rd +2—”2(0-t7 ) 1)
(i 0
where
~ brcosy - bry cosyy nbBvy
U =arct , Ug=arct v 0= Qg Ty 22
g2 Yo L 4t Uy~ Uy) (22)

Here ro, yp are the initial electron trajectory radius and azimuthal angle respectively, wger =
(npe’2e B)L1/L is the effective drift frequency of the electron beam outside the neutralization
system. For a stored electron trajectory of radius a, > r > g; and effective drift frequency one can
write the solution of Eq. (20) (see Egs. (8)-(10)):

2 2
2_2. L2, 1" 2b° -
rP=n +-Enaeenrl—2+a—2(U—U,), 23)

where
7 is the neutralization factor,

L is the distance between the gun exit and the collector entrance,
L, is the length of the neutralized beam,

L the length of the charged beam,
0y = o((Wyc), W4 = npe/28 B,

b = Uy a<np<a, r_{ro g <rp<a,
1=~ ’ 1~ .
Uy O<np<a g O0<p<g



Here Up; = arctg(ba; cosypi{b?-a;2 )), Yo is the azimuthal angle for r = g;.
The stored electron trajectory of radius b > r > a, is described by formula (24)
r 1 /-~
fn—=—\U-U, 24
n= o (0-Ua) 24)
where

2
ne a L ~ ba,cosy,
a3 = a(04,(b)), @4 (b) =—2— ‘(l- —), Uy, = arctg—S5—5>%
3 = (@4 (D), gy (D) 2e B\ ML ) Y =arcig P —a?

U, a,<np<b, I a,<r<b,
Up = BH=

Up O0<ny<a, a 0<p<a,

Yoz is the azimuthal angle for r = a,. There are two kinds of stored electron trajectories (Fig. 8).
Trajectory (3) corresponds to the crucial parameter o3« ,when single-turn trajectories come into
multiturn trajectories. The crucial value of o4«, when r = b, = 0 in equation (24), is

(25
Fig. 8 - Trajectories of stored electrons for the primary electron beam
with different space charges.
1-2) Single-turn trajectories, 3-4) multiturn trajectories.
The minimal value of ay«,whenr < q, is equal to
T 1 2 ba
Q3 = — 1—-—arct £ . 26

3 2£n(b/ae)( 7 gb’-af) (26

This value corresponds to the crucial beam density, with multiturn trajectory, for stored
electrons produced inside the primary beam,
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Mre = Cle I, 2(Uy —Uy)e 1
" e, a L1 -n(L/L)][1+(Uy - Uy) 20T

For typical LEAR parameters Uy =6 kV, Uy, =0,L =4.2m,a,=2.5cm, /; = 10 cm we
obtain the crucial value of np+ '

27)

2.3x10" m™
(1-nL/L)1+BGKV/U V)

Npe =

This crucial density np+ corresponds to a charged electron-beam current without neutralization
(n=0)
a) U=10kV,1.=0.39 A,
b) U=3kV,I«+=0.15A,
or to a neutralized beam current with a neutralization factor 71=0.64,a.,=2.5cm,q; =2 cm, L,
=32m
ay U=10kV,I.=0.75A
b) U=3kV,I«.=029A.

Single-turn trajectories are realized for low space-charge electron beams, when n, < nps.
The dependence of the trajectory radius for r < @; on the azimuthal angle and on time is given by
following formulae with an accuracy r752 < 1:

r’= b’ coszy/+r2+2—br cosy, llz—zcosw
‘_a§ 0 a 0 0 a ’
| (28)
2
2_w2 b 2b_ _
F&+— ——Tsin(@g st + V),
2 in(w4gt + )

r

where rg, Y are the initial trajectory radius and phase, respectively.

Fz-r2+2br cosy, +b2
(g ov 7

TpCoOSYqo — b/a)
F .

Y = arcsin (
For stored electrons, produced at point ro = 0, we obtain the dependence of the trajectory
radius on time

2b
r=—sinwyt. 29
p def (29)

The time of escape from the ion beam radius for this stored electron is equal to

2 aresin% = 20 gregin % (30)




11
For an electron beam with the following parameters 7 = 0.64

a) U=10kV,I=04 A, 7, =117,
b) U=3kV,I=02A, 1;=71,

The density of stored electrons inside the ion beam radius is estimated to be

L Lo Ter =2x107
n Ib 21"

for Ij,yf = 5 x 10-4. For the electron beam “without space charge” the time of escape does not

depend on the azimuthal turn angle between two stored electron reflection Ay. The time of
escape from the ion beam radius, averaged at the initial radius rp and the azimuthal phase yp of

the stored electron, is equal to
or 4 a;
T, =| —+— |t — 31
e (32 31:) " Ax Gb
For an electron beam with 71 = 0.64 this time of escape is estimated to be

b) U=3kV,I1=0.1A, 1, =91

Considering an electron beam with a space-charge density
1y > Ny, (32)

where np» is the crucial density for single-turn trajectories. This case corresponds to multiturn
trajectories of stored electrons. The trajectories of stored electrons in the first approach are
closed. This result is obtained when Eqgs. (15) and (16) are transformed to differential Egs. (16)
and get the average trajectory of stored electrons. Due to a small kick inside the trap, the stored
electron receives an additional displacement from the average trajectory (Fig. 9). We can try to

estimate this diffusion displacement. The displacement between trajectory and average trajectory
is equal to AX (Fig. 9). For an azimuthal angle 7 > y > 0 we have a drift motion and the full

displacement is equal to

AZ=3Ax =X
Ay

For an azimuthal angle 27> y> x this value is negative

az~-X
Ay
The azimuthal phase y through one tum is occasional and we obtain diffusion with
displacement +AZ. The square of displacement increases with time as

AF? = AZ% @y 0t
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Fig. 9 - The real and average trajectory of stored electron

The dependence of displacement from average trajectory on time is given by:

2
=7 +§—V(%iJTL", (33)
where 7: is the radial coordinate of the average trajectory. The time of escape is estimated to be
b2
Tes = Tu[ﬁ}“ﬂ’- (34)

When the azimuthal turn angle between two reflections
Ay>>1,

the stored electrons circulate in an azimuthal direction and obtain displacements £AX inside
traps. The azimuthal angle in this case is occasional during one reflection. The displacement
from a circular trajectory increases with time as

2
2 2 2 AX t
re=r +b° — |—.
° (b )Tu

The time of escape for stored electrons is estimate as

b2
Tes = TII{FJ- (35)

The dependence of time escape for stored electrons on azimuth turn angle Ay is given in
Fig. 10
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Fig. 10 - Dependence of time escape on the azimuthal angle Ay
between stored electron reflections

The escape time for stored electrons is determined by the relation between two parameters
Ay and AXH. When Ay = AXA, stored electrons have single-turn trajectories and during time
T.s = 107 escape the system. For typical LEAR parameters the time for multiturn escape is
estimated to be:

a) N=0,U=10kV,I=06A, 7s=220 5,
b) n=0,U=3kV,I=025A,7,=97 13,

c) 1n=0.64,U=10kV,I=08 A, 17,=117 5,
d n=064,U=3kV,I=03A,1.,5=50 5.

The density of stored electrons in the electron cooling system with ion traps for multiturn
trajectories is equal to

cases a, b) o - (-I-EXI—"—J =0.1-0.02,
ny, I 21'"
cases ¢, d) L. (L’-‘-";I-&‘-) =0.01-0.05,
n, | T"

where I},/1 = 5 x 10-4. Really this density is reduced due to additional escape in the toroid
bending magnets.

3. ESCAPE OF STORED ELECTRONS FROM THE SYSTEM
WITH S-SHAPE BENDING MAGNETS

The stored electron trajectory in the electron cooling system with S-shape bending
magnets is determined by two parameters:

Ay =,y
37N
Arp _2p@s . Ay
b b "y
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where Ay is the rotational angle due to space charge effects, Arg is the displacement of the
electron when it passes through both bending magnets, p is the Larmor radius (see Eq. (11)),
and ¢, the bending angle. We consider the case, when

Ay <<,
(38)
Argb << 1
For small azimuthal and radial displacement one obtains the following equations
A% osy
a 7
(39

dy .
—— = @4 + A
r o ’la osiny

where ¢ is the time, r the radial coordinate, y the azimuthal coordinate. The solution of this
equation is given by following formula

tnl = Aro(smw - im_'l’) (40)
n np r

where rg, Yo are the initial radial coordinate and azimuthal angle, respectively. This is the
average stored electron trajectory (Fig. 11).

Fig. 11 - 1) Average trajectory of stored electrons; 2)Real trajectory of stored electrons.

The escape of stored electrons from averaged trajectories is connected with diffusion,
which appears due to a kick in the bending magnets. The full displacement in both magnets for
stored electrons with azimuthal angle 7> y> 0 is equal to

2Anp
_Aw_pq)..
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The full displacement in both magnets for stored electrons with azimuthal angle 2z > y >
7 is estimated as
Ar

AZ =-—L =—pop..
Ay PP

The azimuthal angle through one tumn is occasional and one obtains the diffusion escape

2= +AZ%w t=1¢ + p2¢.2Aw-£—.
I
The escape time is equal to
b* )1
Tos =1 —_ 41

es II(W] Ay 41)

When the rotation angle Ay>> 1, the escape time is estimated to be

b2

Tes =Ty ',')'2;‘7) (42)

The dependence of the escape time on the azimuthal rotation angle Ay for S-shape and U-
shape bending toroidal magnets are presented in Fig. 12.

A

T '

1 N 2
Fig . 12 - The dependence of escape time on the azimuth turn angle Ay.
1) S-shape bending toroid magnets, 2) U-shape magnets.

The values of the escape time for stored electrons in the system with S-shape bending
magnets and with electrostatic ion traps are given in Table 1. The density of stored electrons for
multiturn trajectories in the system with traps and with S-shape bending magnets is equal to

L (1+3)1072.
ny

The density of stored electrons for I < /. is equal to ng/hy, = 2 x 10-3, for beam current
I > I+ it increase up to ng/np = 2 x 10-2,
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Table 1
Electron energy KeV 3 3 3 3 10 10 10 10
Beam current A 0.5 0.25 0.5 0.5 0.6 1.5 0.8 1.5
Trap voltage, Uz,  kV 6 6 6 6 6 6 6 6
Neutralisation factor 0 0 0.64 0.64 0 0 0.64 0.64
| Magnetic field G 600 600 600 600 600 600 600 600
Escape time for traps 1,/T 194 94 77 50 220 550 117 194
Escape time for S-shape
bending magnets Tes/ T 134 84 69 48 66 35 63 54
Current losses, lio/Ip 104 5 5 5 5 5 5 5 5
Density of stored
electrons, ng/np 3.3x102| 2.1x102| 1.7x10°2 | 1.2x102 | 1.6x102 | 8x103 | 1.5x102 | 1.3x102

4. REFLECTED, SINGLE-PASS ELECTRONS

The current of reflected electrons which single pass through the electron cooling system is
given in Ref. [6]. The current and energy distribution function for these electrons are calculated

here using motion equations. We examine the case where the following conditions are satisfied:
Uc>> Urep
(43)
Uz2U,

where U_ is the collector potential with respect to the cathode voltage (U, = 3kV), U, is the
repeller potential with respect to the cathode (U = 0,3-0,5 kV). The dependencies of the
magnetic field and longitudinal electric field on the longitudinal coordinate and potential
distribution are represented in Fig .13. The current of electrons reflected from the collector
surface is determined by the efficiency of the magnetic trap and the electrostatic barrier. The

efficiency of the magnetic trap depends on the relationship of the values of the magnetic field on

the collector surface and near the repeller. ares
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Fig. 13 - 1) Collector, 2) Repeller, 3) Collector coil, 4) Magnetic shielding, 5) Depen—
dence of the magnetic field on the longitudinal coordinate, 6) Dependence of the
electric field on the longitudinal coordinate, 7) Equipotential line.
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For typical LEAR conditions the magnetic field in the drift tube is equal to B = 600 G, the
magnetic field inside the collector coil is about Bc = 800 G, the magnetic field near by the
repeller Br =100-150 G, on the collector surface it is equal to Bs =15-20 G. The cosine angle
distribution of the secondary electron flux from the collector surface is given by:

% = i_—‘acoso, 44
where j; is the beam density on the collector surface, o is the secondary emission coefficient,
and 6 the angle of the secondary electron velocity normal to the collector surface. The energy
distribution for these electrons can be approximated by:

d c
Td%={f?+b°5(E—eU‘) 45)

where

E is the electron energy,
a. is the secondary emission coefficient for elastic scattered electrons, a, = 1,

by is the secondary emission coefficient for inelastic electrons collisions, bg = 0,03.
For magnetized secondary electrons, when
P <<L, (46)

the transverse adiabatic invariant along the electron trajectory is conserved, i.e.

s

where

v, is the transverse velocity of electrons with respect to the magnetic line,
vyo is the initial transverse velocity on the collector surface,

B and B; are the magnetic fields inside the collector and on its surface,

L. = 30 cm is the collector length,

Pc = v/t is the Larmor radius of the electrons on the collector surface,

ve = [2eU, [m is the secondary electron velocity on the collector surface;

® = ¢ By/m.

The energy conservation law, when applied along the secondary electron trajectory, can
be represented by:

mv_f mﬁo B

2 2 B,

—e@ =const, (48)

where v; is the longitudinal electron velocity along the magnetic field, ¢ is the potential, and B

the magnetic field in a point inside the collector. The energy of secondary electrons which
escape the collector is characterized by the repeller electrostatic barrier



18

2 2
eUc>Es-"l‘;$°-+l’-;—’£>e(Uc-Uup) (49)

It is represented by a circle on the phase plane, which is given in Fig. 14. Here mviolz and
mvfcﬂ are the transverse and longitudinal electron energy on the collector surface, Uy = U, —
U’?o

m vj /2

eUc ~.

Fig. 14 - The phase plane in energy transverse and longitudinal
coordinates on the collector surface

From the law of the energy conservation one obtains the following relation between the
longitudinal and transverse energy on the collector surface

2 2
my mvio( B,
E-eU:~Upp) -2 (_Bs - 1)> 0 (50)

where B, and B are the magnetic field near the repeller and on the collector surface. The

longitudinal velocity near the repeller v =0, hence the transverse velocity here can be estimated
as v; = (Br/Bs)vio. Equation (50) on the phase plane respect to sector (2). The maximum
transverse velocity of electrons located inside this sector (2) can be calculated from Egs. (50)
and (51)

2 2
s VIO _ oy (51)
2 2 ¢
It is equal to
AE = U - (52)

Only the electrons located inside sector (2) on the phase Plane of Fig. 14 escape the
collector. The secondary electron flux from the collector is given by the relationship

. _jf do,_ ..
Jref = -;Lz -EEZnschosﬁ d6dE (53)
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where j is the beam current density in the drift tube, j..r the secondary electron current density in
the drift tube, S, is the sector (2) in Fig. 14. From the expression of ¢ given by Eq. (45) we
obtain, after integration the following result,

Veep B
Ju. B’

Jref = 21[“{: = +by (54)

For a typical LEAR case Uyep/U; >> b, the secondary electron current density from the
collector is equal to

2
) (U B
Jref =210c(—"’-l;c ) Ef (55)

The current density of secondary electrons from collector for typical LEAR parameters
Urep/Uc=0,1-0,3; B/B, = 0,1 -0, 2 is equal to:

Id 2 2x1073+1072 (56)
J
The longitudinal and transverse energy distribution function is an important characteristic
for electrons reflected from the collector. The longitudinal and transverse energy of secondary
electrons, which escape the collector, near the repeller, is equal to

mv2

eU,,, > —21 >0,
(57)

where

In the drift tube these values can be represented as
er > ES >eU0 —AE,
AE>E, >0 (58)

B
AE =eU,,,— B

where B, Br represent the magnetic field in the drift tube and near the repeller, respectively. The
longitudinal and transverse energy distribution functions in the drift tube are given in Fig . 15

The Larmor radius of the secondary electrons in the drift tube is equal to
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P4 = 2AE/m =0.3cm
@p

for B = 600 G, Br = 150 G, an electron beam radius a, =2.5 cm and a drift chamber radius b =
Scm, the following condition is satisfied:

a,+py <b. (60)

f(E f(E
), | (1)4

AE

> >
eU E AE E

o S

Fig. 15 - The longitudinal and transverse energy distribution in the drift tube

This means that almost all secondary electrons, reflected from the collector, through a
single pass in the electron cooling system return to the collector without current losses. In this
case the current of reflected electrons from the collector is larger than current losses. The density
of reflected electrons is equal to

b - 2%1073+1072 61)
ny

where ny, is the beam density.

5. THE CURRENT OF STORED ELECTRONS IN THE SYSTEM

WITHOUT ION TRAPS

The density of stored electrons is determined by their reflection at the collector entrance
and time of escape from the beam. Here the reflection coefficient on the collector entrance,which
is characterized by current losses for stationary conditions, is examined.

The phase energy plane represented in Fig. 16 corresponds to secondary electrons, which
escape the collector. This phase plane is related to the electrons, which pass through the region
near the repeller.

The secondary electrons which escape the collector after reflection from the gun return in
the collector. Part of their longitudinal energy is transformed into transverse energy due to non-
adiabatic motion on the collector entrance. As a result, the electrons with small longitudinal
energy near the repeller
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E, <E,
(62)
E,, <E,

S2

Fig. 16 - The phase plane in the transverse and longitudinal coordinates for
electrons which pass through the repeller region

are reflected from the repeller potential barrier and stored in the electron cooling system. The
change of the transverse energy after single pass through the system is equal to

AL
AE| = ,’E 1eU ?:LL cxp[—;—jl (64)

where

E;; isthe transverse energy near the repeller for secondary electrons,

U is the cathode voltage,
a is the electron beam radius,

e

AL s the length of the scale for decelerated electric field on the collector entrance,
p. = v/ wg,,

v =\2eU/m,

wp, =eB /m.
The transverse energy here is comparable to the longitudinal energy.

2

a 2AL
E,,=AE, =FE =eU—5sexp| —— 64
Lr LSE, N "P[ P ] (64)

For a LEAR case (@, = 2.5 cm, AL =5cm, U = 10 kV, p_, = 2.5 cm) this value E_ is
equal to

E,=50eV.

The current density of stored electrons can be calculated from the following formula
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dse o8
Jreg  JF(E)Wv dv,dw,
S,

[ f(E)v,dv,av,
- [eU,ep

E 32 s
=3x10 (65)

where S is the sector with energy E < E, and S the sector with energy E < eU,, in Fig. 16.

The current of stored electrons is equal to current losses for stationary conditions. The value of
the stored electron current is estimated to be

3/2 327712
E, U U o B 3AL
Iy =11 = In,{ ,e,,J = Ia, 7 F e exp[——p_ (66)

The value of stored electrons for LEAR condition (U = 10kV, U, =0.5kV, U. =3 kV, ByBr
=0.125, a, =2.5 cm, AL = 5 cm) is equal to

Iios/l = 104 67)

6. THE CURRENT OF STORED ELECTRONS IN THE SYSTEM

WITH ION TRAPS

The motion of stored electrons in the electron cooling system with traps is presented in
Sections 1 and 2 of this report. Here one estimates the coefficient of reflection for the stored
electrons from the collector potential barrier (see Fig. 13). The part of electrons with low energy
near the barrier that is reflected oscillates between the collector and the cathode. This reflection
is related to the electron displacement inside the traps and with radial potential distribution near
the potential barrier. The radial potential distribution here is estimated to be

r

- I 2 b
= - . —_—] ] — i
O =U U,m,,)+4 vm(l p +2mam} (68)

where

Unmin is the potential of the collector electrostatic barrier,

Vm = m is the electron velocity in the electrostatic barrier region,
Umin = 0.2-0.3 kV, is comparable with the repeller potential,

Umin < U,-ep,

a, is the beam radius in the potential barrier region,

b. is the collector radius.

The second number in Eq. (68) is related to the potential distribution due to the electron
beam space charge. The potential distribution near the potential barrier is given in Fig.17 a).

The escaping electrons pass through a region with a potential minimum U, the returning
electrons pass through a region with a potential minimum U3 due to displacements inside the
traps. The electrons with initial azimuthal angle 7 > y >0 obtain displacement inside the beam,
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where the potential minimum U, is higher than U;. These electrons are reflected from the
potential barrier, if their longitudinal energy E, is less than

E, <e(U;-U,)=eAU. (69)

-r

Fig. 17 - a)The potential distribution near the potential barrier.
b) The displacement of stored electrons in the collector potential barrier due to traps.
1, 3: points where electrons escape the collector; 2,4: points where it return in the
collector due to displacement inside the traps.

The potential difference AU is equal to

AU = 1 r,,,AZX,,,”= I 4AX 70)
2megv,, ap, 2nggv,, a,

where

AX,, is the displacement of the secondary electron in the collector potential barrier,

AX s the displacement of electron in the trap,

4AX is the full displacement of the electrons in the traps during one oscillation between the gun
and the collector. The current density of stored electrons is equal to

. 3/2
Js 1/ AU )
jref 2 Urep

where jir is the current density of the electrons reflected from the collector surface. The value

“1/2” in Eq. (71) is related to electrons which obtain a displacement due to a trap inside the
beam. One can estimate the current density of stored electrons

: 32 32
-{LE«E( ! ) (4AX) - (72)

Jref 47EQVmU min a.

The current loss in the electron cooling system with electrostatic traps is equal to

Isy =lips =Ijps + IR, (73)

v
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~ where

32 32
a, 47egV,, U min
here I}m represents the current losses without ion traps, I,.r is the current of electrons, reflected

from the collector (see Eq. (55)). The current loss is proportional to the difference of the trap
electrode voltage as (U - Uy,) (see Egs. (73) and (7)). The value R characterizes the part of the

beam reflected from the collector, which oscillate between the gun and the collector. For a
typical LEAR case (a.=2.5cm, l; = 10 cm, Uy = 6 kV, Uy, = 0, Upin = Urp = 0.5 kV) this

coefficient is equal to
a)U=10kV,I=1A,R=0.15, b)U=3kV,I=03A,R=0.07.
The current losses without traps is estimated to be I,/ = (0,5-2) x 104, With the traps it
is 2-4 times more higher /;,J/I = (2-5) x 10-. The density of stored electrons is determined by

the current losses and the time of escape (see (4)). When current losses with traps are larger
than without traps, the density of stored electrons depends on the trap voltage such that

2
=V, I<I,
& = (Uzl I ) . (74)

nb (UZ‘ -Ul‘)—vz I > I.;

where Uy, U), represent the trap electrode voltage. The density of stored electrons characterize
the feedback coefficient [4]. For minimization of stored electron density is required the
reduction of two parameters; the current losses and their time of escape.
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