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1 Magnetization electron cooling

1.1 The Friction Force

For a case of absence of the magnetic field at a cooling section the cooling force can be
written down as follows [1]:

Ame*Lon V-V

e m | V-V ?

F(Ve)dVe, (1)

where Le = In(pmaz/pmin) is the Coulomb logarithm of interactions, pmas = min(V/w,, 7V, a),
Pmin = €2/mV?, T is the time of a particle’s single path through the electron beam, V' is
the particle velocity, V. is the electron velocity, w, is the electron plasma frequency.

The presence of the magnetic field generally results in the appearance of three different
regions of impact parameters [2].

Small impact parameters, where the presence of the magnetic field is not essential:

2
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where V3 = V — Vﬁe. Intermediate impact parameters, where a multiple repeated passing
of the electron by the particle is essential:

Ve Va .

— map >p> —. (3)
wr, wy,

Large impact parameters, where the particle interacts practically with the Larmor circle

moving along the magnetic field:

Pmaz = P > PL- (4)

The contribution of these three regions to the friction force, for a longitudinally "flat”
electron distributions Vi >> V| = 1\/2e2n1/3/m can be written as follows.
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The contribution of the fast cooling is

b

dmetn v D
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In a multiply repeated collision region we can estimate the friction force:

[
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In(Vie/V). (6)

And for large impact parameters, i.e. the case of strong magnetization, the friction force
is equal to:

2retn f/‘
5N (Pmaz/PL)- (7)
™m vz 4 ]/l'tij

For a small V' the friction force has its maximum near V' = V|, and maximum force is:

F=—

Foow = 2620?53, (8)
For practical use we can make unification of all this equations in the simplest form:

—

4e'n V Pmaz + PL
In )

m m?' Pmin + PL
2

where Vepge = (/V). + AV}, AV, -transverse motion of electron caused by transverse
mag_netic and electric fields. In the case p.. << pr, we have partial magnetization when:

F=- 3 (9)

AVLE Tmaz * WL
Vi

and cooling decrement versus with V as A & 1/V? as it was founded at NAP-M cooling
experiments [3].

Iy =

(10)

2 The Limitation of the Ion Beam Intensity

Some effects making limitations for obtaining high ion currents are observed at interaction
of an ion beam with an electron cooling beam. These effects so called electron heating
are observed at the CELSIUS facility [4], and limitations of the proton beam intensity at
the electron cooling ring at the Indiana University [5].

The most fundamental limitations are connected with the process of cooling by itself
[6]. The ion moving in the electron beam excites an electron flow disturbance, creating a
[riction force. As a result an electric field braking the ion appears in its area. In a case
when the 1on moves slowly and the electron beam temperature is high enough, dimensions
of this area are determined by a Debaye shielding radius. In a very cold electron beam
the area dimensions depend on velocity of the ion and its transit time in a cooling section.
Fig.1 and Fig.2 show example electron distribution and friction fields after passing the
ion at the electron beam way equal 10 p,,;,.
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Figure 1: The distribution of electrons after interaction with an ion.
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Figure 2: The friction force along and transverse an ion motion.




In a case of the intensive ion beam there are a lot of ions in the interaction area at
the same time, and the electrical field £ is determined by a total effect of all the ions:

= —“Mivg, (11)

where A is a cooling decrement, Ze is an ion charge with a mass M and velocity v;. N
is a number of ions being in the interaction area. A transit time for each ion inside this
area is determined by a velocity spread of the ions relative movements:

a

V<u?>' (12)

where a is a radius of the mutual influence sphere,v/< v? > is a mean square spread of
the ion velocities. Hereinafter we shall suppose that the relative movement of the ions
is determined only by a longitudinal spread of velocities considering special features of
movement in a storage ring magnetic system. Equations for the particular ion movement
have the following form:

T =

d 2 n 2 m2
—(Z = &+ dedve) —¢ = —2Xp? + N\’ r < p? > . (13)
.

For this equation it is supposed that there are no correlations in the movement of particles
< vvg >= 0for i # k. It is obvious that heating from adjacent ions prevent from damping
with a decrement A . A threshold number of ions, allowed in the interaction area, equals:

ngh = % (14)

For the condition of stability the coherent decrement should be small in comparison

with an inverse transit time in the interaction area (time of existing fluctuation). If we take

a cross-section of the ion beam interaction area to estimate a dimension of the coherent

area, the transit time is 7 = a/vy/(Bendp/p) (Hereinafter n = pdf /(fdp) !!). From the
condition (14) A < 2/7 the cooled ions threshold number is estimated as the following:

77ﬁ4alendp/p_

2nerer; 4

Nth < (15)

2.1 The Comparison with the Intensity Limitations at the Elec-
tron Cooling Facilities

This estimation is obtained from the simplified calculation and should be carried out
more exactly. Nevertheless, let us try to compare these predictions with data obtained
at the Indiana University cooling facility [5]. There was observed the proton current
limitation of 6 mA at the following cooler parameters: 0.3 A electron current, 2.5 ¢m
beam diameter, 45 MeV proton energy, 2.5 m cooling section length, size of the cooled
beam a=0.1 cm, momentum spread Ap/p = 0.5107* n = 0.86 (Fig.3). From the formula
(15) we obtain Ny, = 5.710'°, this is in compliance with a current of 8.0 mA, presenting
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the best agreement with the experiment (6 mA)! At the CELSIUS facility [4] high losses
in a beam were observed at proton currents from 4 to 25 mA, this is in correspondence
with coasting currents without RF 25-300 mA. It is obvious that this value is much higher
than the limit and is attended with the beam heating, but not cooling. An experiment on
the helium ions cooling was carried out at the CELSIUS facility in December 1992. High
losses were observed at 60 mA electron current as long as the ion current dropped below
0.04 mA. After that the ion losses sharply stopped and the beam life time became very
long. They observed an injection under which only 0.02 mA was injected in the ring as a
result of an error in the injector, under this situation no losses at cooling were observed.
Fig.4 (upper picture) shows a pickup signal when the current quickly decreases at 3mA
injection, and one at 0.02mA injection when the signal slightly increases, this is connected
with a decrease of the bunch length under cooling. Fig.4 (lower picture) clearly shows
losses at repeated injections in the storage ring, and absolute absence of losses at a signal
less than 41dB, this corresponds to 0.04 mA jon current. At the accelerating voltage
switched off the beam extended over the whole orbit (coasting beam), and the threshold
current increased to 0.52 mA, corresponding to a grouping factor about 13. When the
electron current decreased to 30 mA, the ion current increased up to 1.6mA. As this took
place the cross-section dimension of the ion beam was not measured because of absence of
a profilometer, so it makes more difficult to compare with theoretical predictions. But it
is possible to use a well-known fact that under electron cooling of an intensive ion beam
the cross-section dimensions are limited by a Laslet displacement value of betatron tune

0.2-0.3:
Nri3.R
a*ly32y®’
where [3, is an aperture function. So for the above-stated parameters of [UCF Av = 0.27.
Under, this the momentum spread value depends on interbeam scattering, and the balance
sets in when longitudinal and transverse temperatures are equal in the beam reference
system. As a result of these self-consistent calculations we obtain the following estimation
for parameters of the cooled ion beam: at /,.=60mA a=0.09 Ap/p = 0.510~* and 0.52
mA threshold current, and at [,=30mA a=0.12 Ap/p = 0.710"* and 2.0 mA threshold
current. As it is seen, the estimations are in good agreement with the observations. At
the NAP-M accumulator the maximal cooled current was 50 mkA and only allusions to
instability were observed [3]. Under currents of about 50 mkA spontaneous flashes of
the beam bunching accompanied by enlargement of transverse dimensions were observed.
The beam cooling was going on at the proton energy of 65MeV and electron current
of 0.3A after acceleration of the beam, and an accumulation mode was impossible. It
should be noted that a small length of the cooler (1 m) is compensated by a very small
beam momentum spread and unique small transverse dimension of the cooled proton
beam a=0.01cm. A threshold momentum spread for NAP-M depends on the current and
follows from the equation (14): Ap/p = I(mkA)*6.761075. It is seen that this instability
possibly limited the beam momentum spread at NAP-M under high proton currents.
The Table 1 collected data from the different coolers.

Av = (16)
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Figure 3: The injection beam at Indian cooler. Beam current as a function of time during
continious stripping injection with cooling accumulation. V., = 10V.

Cooler ring Indian | NAP-M | CELSIUS

. Energy of electron beam (keV) 26 35 6

i Electron beam current () 300 300 60

" Radius of electron beam (cm) 12 i3 1

lIon beam current (mA) 5 .05 1
Radius of ion beam for li=0mA(cm) | .07 .01 .
lon charge (Z) 1 1 2
lon mass (A) 1 1 4
Maximal Laslet turn (dQmax) 25 A5 .25
Beta function x (m) 13 13 13
df/f/(dp/p) g d° - .8
Circumference (m) 84 50 84
Bunch length (m) 84 50 84
Length of cooling section (m) 2.5 1 2.5
Radius of ion beam (cm) 14 014 2
Momentum spread dp/p 4.010~° | .510~> | 5.0107°
Threshold ion current (mA) 6.62 .094 1.54
Maximal cooling beam (mA) 6 0.06 0.52

Table 1: The data from the different coolers.
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Figure 4: The result of injection helium ions at CELSIUS. Upper fig 1sec/div injection
large current 3mA and very small current 0.02mA. And the lower fig. demonstrate multi-
injection (time scale 2sec/div) when current losses just after injection and losses at process
of cooling,.
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Damping of Betatron Coherent Modes in Coasting
Beams due to Non-hamiltonian Interactions Between
Particles
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Abstract

In this paper we study the stability of the transverse coherent oscillations of
a coasting beam using a simplified model, where the forces between particles are
presented by sums of the cooling forces of the interacting particles. Within the
framework of this model no unstable coherent modes are found.

1 Introduction

Recently, a model explaining the so-called electron heating of ion beams (see in Ref.[1])
was suggested in Ref.[2]. In this model, the interaction of the cooled particles through
the electron cooling device could result in the beam heating, when the number of ions in
the beam exceeds some critical value. The interactions of ions in Ref.[2] were described
by the following non-hamiltonian forces

N;
Fpa=-AY pws, a=1...N. (1)
b=1 :

Here, ) is the cooling decrement of a particle, N; is the number of the interacting particles.
Previously, the model with the forces given in Eq.(1) was used to study the intensity
limitation on the cooling rate in the so-called stochastic cooling systems, where the lim-
itation occurred due to the instability of coherent oscillations of the cooled beam (see,
for example, in Ref.[3]). In the case of stochastic cooling, the instability is caused by the
- delay between the measurement of the coherent signal of the beam and the correction of
deviations, producing that signal, and by the necessity of too strong corrections.

In electron cooling devices ions are cooled due to their radiation of the plasma waves in
the cooling electron beam. The measurement and the correction of the particle deviation
occur here quasi-permanently. That results in the difference in the stability conditions
for coherent oscillations of ion beams, interacting with the electron, or stochastic cooling
devices.
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In this note we show that for particles interacting through the forces, given in Eq.(1),
a direct solution of the linearized Vlasov equation predicts no unstable betatron modes
of a monochromatic coasting beam.

2 Dispersion Equations

In a coasting beam, the motion of a particle with the momentum p = Mv is described
using the following formulae

z = a,co8,, p,=—Muw.a,siny,,
. . A
t’bz = W; = Wpl,, 9 = wgt + (}5, ¢ = apr""pﬁ, (2)
Mw,a
Ap = p—po, Li=—5

Here, I, and 1, are the action-phase variables of unperturbed betatron oscillations, oy =
1/~4*—1/~% is the slip factor of the ring, po is the momentum of the particle moving along
the reference orbit.

If f = f(I.,%., Ap,0,t) is the distribution function in ion beam, the force in Eq.(1)
can be presented using the following expression

F,= -—g j dI,dip,dApd8'g(0')ps f Ly b, Ap, 0, 2), 3)

where g(0) is the functlon describing the correlations in the particle cooling. For the sake
of simplicity we assume that g is a step function

— 1: ]9| = 90
g(ﬂ) - { 0, |3| > 90 ’

where 8y = I./(2I1), I, is the correlation length. If we replace the smooth distribution
function f by the beam microscopic density in the phase space

| f = 32 800 = ()6 ~ 5 ()8(0P ~ BpIS0 — 02,
I then Eq.(3) yields
Fy= 30 Zpaz (t)9(6a(2)),

and therefore,

N
b = =Mz = Zg(04(1) > p(lo(00)




If for all particles in the beam |6, — 8| > 260, the averaging of the last equation over the
rotation period results in

Pra = —Mw?z — Ap,,.

Hence, the constant X in Eq.(3) coincides with the single particle cooling decrement.

If
Nfo= Nfo(L,0p), [ dLdy,dpdt/ fo =1

is the distribution function of the unperturbed beam, the vertical coherent oscillations of
the beam are described by a small addend 6f to fo

f=fotb6f=Nfo+ Y frmnlls, Ap)emrtiné=iot, (4)
The amplitudes fimn obey the linearized Vlasov equation
0z afo oo
—i(w— wmn)fmn+N(3il)zF) 1 ol = (I (5)

Here, N is the number of particles in the beam and wpn = mw, +nwo. Now, we note that

2w ;
[}

0/, 21 Ay, 2
and hence
(R = 20T 5 [ atp [ a1 i = fors)
where

Substituting these expressions in Eq.(5), we find (m = £1)
ma; Nmdfo/dl,

290 W — Wnn

frm = “(Mudgn) Do [ 400 [ AL in = Frd (©

and
dfo 1 !
E |gn|2 f dAp/dI A [w - Wo(ﬂp) — Wy * & o WU(AP) +w; . (7)

In our calculations, we shall neglect the effects of the frequency spreads in the beam. Gen-
erally, this assumption results in the worst stability conditions. For such a monochromatic
beam the dispersion equation Eq.(7) can be written in the following form

z7rN A
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—ir N 4 1 1 w '
b 200w ;lgnl [z—n—v,+z—n+v,]’ x_t-u_o’ 8)
or .
—ir N
1= 370 - 1) + 8(a + 1)) ©)
where (see, for example, in Appendix A)
_ - |9n12
oe) = 3> (10)
o sin(2z0) sin? 26,
T rz 2nx? p: wit cot(ra). (11)

3 Stability Conditions

Since the right-hand side in Eq.(8) presents a rather complicated function, we consider
several cases, when the evaluation of the roots of the dispersion equation can be simplified.
Simplest solutions can be found in the region, where N*A <« wo (N* = N6y /n) and where
the decrements of the coherent modes'(§ = —Imz) are small as compared to the distance
in the unperturbed spectrum (z = tv, + n). For that reason, the roots in Eq.(8) can be
calculated using

Tn = MUy + 1 — 16, m=%£1, [|fna| €1 (12)
and
_ =iNz) [ |gn|? . 1 1 ] N7|ga|?
L= 200wo (—i&mn t ;3 9% [z —k-v, t z—k+v,)] = 200wobmn’
which yields
N7|ga|?
Smn o ST (13)

In this region, all betatron coherent modes decay with decrements §,,,. The sum of

decrements of all modes

Y- gl =

=—00

(14)

ERALLIRS NX
wo

Z Sniﬂ

coincides with the sum of the cooling decrements of individual particles (see, for example,
in Ref.[3]). For the low-frequency modes (6g|n| < 1), we may replace g, for g, =~ 0o/,
which yields

gowo n

A 0o
mn 2 N*=— N* = N-=, 1
bun = N'5e, N - (15)
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Prior to discuss others possible solutions of Eq.(8) we have to note a significant difference of
the obtained expressions for decrements in Eq.(13) and analogous decrements, calculated
for the case, when the beam wakes are expressed in terms of the hamiltonian forces.
In the last case, the calculations are based on the evaluation the Green function of the
induced fields(see, for example, in Ref.[3]). In the region, where coherent frequency shifts
(and decrements) are small as compared to the distance in the unperturbed spectrum,
the decrements of the coasting beam coherent modes are proportional to the product
mImG(n + mv,), where G(w) is the Fourier amplitude of the Green function (see in
Ref.[3] for more details). Since ImG(z) is an odd function of its argument, depending on
the sign of ImG(z)/z the stability conditions for coherent modes of the monochromatic
coasting beam may read m(n +muv,) > 0, or m(n +muv,) < 0. Although the sum of these
decrements can be positive, only the modes with |n| < |m|v, (or, |n| > |m|v;) will be
stable. On the contrary, the non-hamiltonian interaction of particles described by Eq.(3)
stabilize all betatron coherent modes (provided that their decrements are small). That
could be a defect of the considered model.

We note that the non-hamiltonian forces in Eqs (1) and (3) contain the single parti-
cle cooling decrements A, which already are the sums of decrements of coherent modes,
calculated microscopically [3]. For that reason, the forces in the model do not obey, for
example, the causality conditions. -

Another region of parameters, which provides simple expressions for the roots of
Eq.(8), is given by the following conditions

vbo <1, |z|bo < 1. (16)

Since #, presents the correlation length, for realistic tunes the first condition holds auto-
matically. In such a region, the leading terms of the Taylor expansion of ®(z + v,) in the
power series in zf, and v, yield

2
O(z) ~ g?ocot(vrm), (17)
and
1 = 102 [cot 7(z + v,) + cot m(z — 1,)]
2wy
= —ix[cot7(z +v,) + cot w(z — v,)]/2 (18)
_ —ux 8in 27z x = TN*\/wo.

cos 2wy, — cos 2rz’

Substituting here ¢ = exp(—2riz), we obtain

2cos(2my,)  1-—x
3 =0, 19
q T+ 1Ty (19)
or

cos(2mv,) \/x2 — sin?(27v,)
- 1+4x '

(20)

4+
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The oscillations are stable, if |g+| < 1. In the region, where x? < sin®(27v,), we write

A% .
q et ']T:—i'e:h ﬂ', # = a,rcta.n (ta.n[#z] 1 -— sin2 F,z) . (21)

Since |g+| < 1, these roots correspond to stable solutions. If x < 1, these expressions
result in

C e X o Nt
§= Ima:_zﬂ_- S
and (v = Rexz)
x?
Vkﬁ’:!:Vz-f-k:F—"'—'—', k=0,:|:1,...:tkrn“, kmu90<<ln
cos(2p)

In this region, in agreement with Eqs (12) and (15) the tune shifts of coherent modes are
small as compared to their decrements.

In the region, where x? > sin’(27v,), we have Img = 0. It means that here the
coherent tune shifts are so big that p = 0 (or 4 = =, if ¢ < 0). In order to find the
stability conditions we write

14+ x — cos(27v,) > \/x2 — sin?(27v,),
[1 + x — cos(2mv,)]* > x*—sin®(27v,),
24+2x —2(1 + x)cos(2nv,) = 2(1+ x)[1 — cos(27v,)] > 0.

The last inequality holds automatically. Hence, both roots in Eq.(20) describe stable
solutions for all y. Simple expressions for decrements can be obtained in the region
x> 1,or

N>N,= 2 T=290/WQ:

E:

Using Eq(20) we find that in this region the values of decrements are small

1 lNc - LIJQ—

Sorx 7N _ 2rNOox
According to Eq.(19), if x approaches 1, one of the roots of the dispersion equation (g4
or ¢-) tends to zero. Since |g| & exp(27Imz), in this region coherent modes may vary so
fast that the condition |z|fy < 1 will be violated. For such roots the right-hand side in
the dispersion equation Eq.(9) can be rewritten as follows (still »,0, < 1)

<1 (22)

1 = _ixF(m:V2)1 B = .’1:90, (23)

. m)
1 sin2p + sin? P (E;

5 ;
H 2 # cos fz — COS (%E)
0

(24)
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This equation shows that in the region, where x > 1, in addition to the roots in Eq.. (22)
the dispersion equation (23) has the root z = —i6 with

5’_!-)-C-ZNA. (25)
Wo

The total sum of decrements in this region () 3> 1) again is equal to the sum of decrements
of individual particles

=Y
o

- iy X

4 Conclusion

Non-hamiltonian interactions of the cooled particles which are described by forces in
Eq.(1) do not result in the instability of betatron coherent oscillations in 2 monochromatic
coasting beam. Meanwhile, in the region, where x > 1, the decrements of coherent modes
in such a beam can be very small. Without frequency spreads that circumstance may
result in an increase in the power of the Schottky noise of the beam. On its turn, the
collisions of particles and coherent fluctuations of the beam could significantly contribute
in the beam kinetics resulting in additional blow up of the beam [3].

In more realistic cases, the damping of such slowly decaying modes will occur due
to the beam frequency spreads. In the coasting beam, the frequency spread due to the
longitudinal temperature of particles can be very small. Important contribution to the
frequency spread of betatron oscillations in the deeply cooled beam gives the nonlinearity
of the space charge forces. Such a frequency spread can be small only for the so-called
crystalline coasting beams. However, for the last case the forces in Eq.(5) must be strongly
modified.

A Calculation of the rhs in Eq.(10)

The function

o0 |2 ' =

7l |gﬂ A
o) = 3 b (A1)
in the right-hand side of Eq.(10) can be calculated directly. We write
62 23: ©  sin?nby
Blei = r’z i ;Eg n?(z? — n?).
and
%2 gin? nﬁg 1 & (sin n90 sin’ nf
nz_:; n?(z? — ' ;Enz___; ( 32 —n?2)’ (A.2)

Now, we use (see, for example, in Ref. (4])
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@ sin? nf, _ bo(m — bo)

n=1 nz 2 (A3)
and
00 1.2
E :;1 n:g = % {cot(rz)[1 — cos(20oz)] — sin(260z)} . (A.4)
n=1 -

Substituting Eqs (A.3) and (A.4) in Eq.(A.2) , we find Eq.(11).
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Abstract

A cooling electron beam can be considered as a medium which responds to fields
generated by a cooled ion beam. Electron density perturbations are awaken by
ion fluctuations at an entrance of the cooler; due to cooler extent, this causes a
retardation in the electron response, giving rise to stabilization or destabilization
of the ion motion. This reaction is described in terms of an impedance introduced
in the ring by the electron beam. The transverse impedance of the electron cooler
is found , increment (decrement) rates introduced in the ion coherent modes are
calculated. The cooled beam is shown normally to be stabilized by the cooling one.

1 Introduction

An electron cooling [1, 2] is proved to be one of efficient methods for a storage of dens
ion beams. Hot ions collide with cold electrons of an accompanying electron beam inside
a cooling part of the storage ring. In the result, an ion thermal energy is transferred
to electrons, and ion phase density increases (details and referencies concerning electron
cooling can be found e.g. in [3]). However, long-range Coulomb forces cause a coherent
ion-electron interaction also. This interaction introduces decrements (increments) in var-
ious coherent modes of the ion beam, these rates are proportional to the electron current.
This problem revealed its importance especially after experiments at an ion storage ring
CELSIUS, Uppsala, where a decrease of an ion beam life-time with an increase of the elec-
tron current was observed [4]; the phenomenon is referred to as an ’electron heating’. The
- ‘intensity-dependent phenomena were also observed at NAP-M [2], IUCF [5] and TARN
" 11 [6]. These effects are not well-understood. It is not clear, in a particular, could the
coherent ion-electron interaction be responsible for some of them, as it was suggested in

@ . S |

 Here, an analytical study of the coherent ion-electron interaction is presented. An
expression for the electrostatic potential of an arbitrary multipolarity is derived in the
next section on a base of the hydrodynamic approximation for the electron medium. Then,
transverse impedance introduced by the electron beam is obtained, the coherent stability
is considered, the conclusions are formulated.

*e-mail address: Burov@inp.nsk.su
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2 Main Equations

Density perturbations of a cooled ion beam excites coherent motion in a cooling electron
beam. Electrostatic fields induced in the electron medium can give rise to coherent in-
stabilities of the ions themselves [8, 7, 9]. If the electron beam is good enough, it can
be considered as a cold plasma, with the Debye radius rp much less than the beam ra-
dius a. In this case, the electron temperature does not influence the coherent ion-electron
interaction, their thermal motion can be neglected and a hydrodynamic model [10] be
applied. S L

In a reference frame, the dynamics of the magnetized electron medium excited by
fluctuations of the cooled ion beam can be described by the following set of equations:

6_7534.,5%-— 0

ot 0z

v, e0®

o mozr- " (1)

= 4me(ri, — 1)

10 ( 0% 2?0 10°0
ror (5‘) t o2 T g
Here 12, is a bulk electron density, ri.,7; are electron and ion density perturbations, v,
is a perturbation of electron velocity, ® is an electrostatic potential. A magnetic field
implied here to be directed along the longitudinal axis z, which neglects an influence of
a bended entrance part of the cooler. The electron medium integrates the influence of
jon perturbations for plasma time ~ w!, w, = y/4nn.e?/m; a contribution of the bended
part can be neglected if a phase advance weTeena < 1, which is normally satisfied.

The equations of motion (1) have to be supplemented by zero initial conditions imposed
on the electron perturbations at the ion entrance in the electron beam:

ﬁe]z:——vt =0, 6e|z=—vﬂ =0 (2)

The solution of the problem with the initial conditions (Eq.2) can be presented as a
sum of a particular solution of Eqs.(1) and a general solution of the homogeneous set,
with 71; = 0. The arbitrary constants of the general solution are found from the boundary

conditions.
Looking for the general solution as o exp (igz — iwt) cos(l$), the result writes

AJi(kr), r<a .
o(r) = ; (3)

BKi(qr)+ CIhigr), r=>a

R )
. e - Ne€ /
Ue=——-‘q"®g Ne = — LE—Q) w =W:|: = iqwe // q2+K'2’

muw m w?

where J; is the Bessel function, K), I; are modified Bessel functions. The constants B,C
are specified by the constant A : due to electric field continuity,
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‘P]r:a-ﬁ = ¢‘|r=a+0, EI!‘:—“G-‘O = §;|r=a+0 (4)

The requirement for the potential to be zero on the vacuum chamber surface

o(b) =0 (5)

gives a sequence of eigennumbers x = &, (¢) with g = 1,2,3,... as a radial mode counter.
The eigenfrequencies are described by the dispersion equation (3):

wipt (q) = Fwi, (9) = £quiu (9), v (9) = we/1/¢* + i, (6)
The solution of the problem is simplified for two opposite cases. The first corresponds
to the vacuum chamber to be radially remote from the electron beam: b > a, ¢~%; the
second — almost to touch it: b — a < b. In the first case, when the vacuum chamber is
wide, the eigennumbers x;, are found from C' = 0. This condition together with Eqs.(4)
is satisfied when the transverse wave number & is a zero of the Bessel function Jj_;:

JI—I(K«U&G) = 0, (l,.u,) # (0, 1)
(7)

ko= a~'y/2/(In(1/(qa)) + 1/2), 1/b < g < 1/a.

If the metal surface of the vacuum chamber adjoins the electron beam, the eigennumbers
are zeroes of the Bessel function J;:

Jg(n;u) =0, b—a <K a. (8)

In a general case, the transverse wave numbers &y, = ki, (g) have to found from the
following equation:

K (¢b) (g1} (ga) Ji (k1ua) — K1uli (ga) J (Kiua)] - (9)
— 11 (¢b) [gK] (ga) Ji (kiua) — kiK1 (qa) Jj (Kiua)] = 0,

gives for a given longitudinal wave number g; the primes denote derivatives over argu-
ments. The solutions of the homogeneous problem form a complete orthogonal set, the
orthogonality relations

a 2 .
a
[ Hsar) I rirdr = 65 - (10)
0
are satisfied; in the limit cases

F = Ji(kipa) ifgb> 1
= Ji(kipa) fb—a Kb’

Thus, the basic set of solutions for the homogeneous problem (Eqs.1 with 7i; = 0) is
found; at r < a
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® = Apsdi(kir)cos(ld) exp(igz F iwiut)

U= —% — e Als Ji(riur) cos(l¢) exp(igz F twy,t)
m U
(11)
~ w A
by " 4re u'F‘i Ji(kiur) cos(I4) exp(tqz F wwy,t)

[N
Tufning to the pa.rtiéular solution, let us present the ion'density. pertﬁrba,tion as
expanded over this basis:

fii = fpdi(rier) cos(l@) exp (ikz — twit), w; = lwyt + kdvt, (12)

a

) 2 f. )
i = f it (r) Ji(er)rdr; i (r) = - (1+ o f 7; (r, ¢) cos(l¢)dg
0

where wy is a betatron frequency and §v = v;—v. < v is an ion-electron velocity detuning.
For this driving term, the particular solution has the same space-time structure:

dmen; . . w; n,
O=(1-g) o fe=0ih G=g7- (13)
where
_ ) »
9= G2 (k) —w? | |

is a screening factor describing the reaction of the electron medium on external pertur-
bations at the frequency w;.
The solution of the problem (1) consists of the particular solution (13) and a certain
solution of the homogeneous problem, such that the initial conditions (2) are satisfied.
A time dependence of the electron perturbation « exp(igz — wwt) at the ion entrance
z = —ut has to be the same as a time dependence of the ion exciting perturbation
o exp (—tkvt — iw;t) = exp(—1iqut F iwy,t), hence,

q=qut =k +w;/vF wy(q) v (15)

This requirement determines the (Doppler) connection between the electron and ion lon-
gitudinal wave numbers. Normally, the electron beam is rather diluted,

| a—-w/kvzu/v((l (16)
the (£) wave numbers are almost equal: q_ &~ ¢4, w-~ —wy,
(- — ) [k =205 (- +w,)/ (ku) = 206/ (k7 + ¢*) , (17)

the subscripts [, 4 are implied. Retention of the small terms ox « is caused by a mutual
cancellation of leading (+) terms in a total electron response (see below). The wave
amplitudes corresponding to the zero initial conditions (2) follows:
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When the wave amplitudes are found, the particular solution (13) can be forgotten.
This part of the total solution describes an instant reaction of the electron medium on the
external perturbation, it does not cause energy losses and instabilities and is responsible -
for small frequency shifts only. On the contrary, the wave pa.rt of the total electron
reaction (11) is concerned with the energy losses a.nd can give rise to the instabilities of
the ion beam. ,

The action of the electron waves on the ions is t1me—dependent and have to be inte-
grated (averaged) over time of a pass through the cooler 7. Taking into account the small
velocity detuning év and the ion betatron motion, this averaging reduces to a change of
time-dependent exponents in (11) on a time-transit factor:

T

(exp (igévt — 1wt + ilwpt)) = % fexp (—iwt + tw;t) dt = —iT (A) (19)
0
T(ay) = T, Ap= (-

Here an insignificant real part of the integral is omitted.
Summing up, the averaged wave potential writes

2
e (aur Y (k) it (20)

gj_k"’)ﬂ__i(_’“_iir (Athu-) exp(igu-2z)| (21)

(@) =

w, (k
_(_)_(l(d»)()

A¢,ui = '¢'.u.i -t = (wp:!: = Ws‘) T, Wup- R —Wyy
In the following calculations of the spectral response functions (impedances), the longi-
tudinal coordinate z — 0, and the transverse radial dependence is finally averaged over
the ion beam radial distribution.
Normally, the longitudinal impedance of the electron cooler is small in the comparision
~ with the space-charge one [10, 13]. That is why it does not influence the stability (Keil-
Schnell) condition which is determined by the dominated spage charge contribution.

'3 'Transverse Impedance

According to a conventional concept, a back action of induced fields on a beam density
perturbation can be described in terms of impedances. For a dipole mode, the transverse
impedance Z* is introduced as a kick response function on an oscillating d1pole moment:

a(2)
Oz

T = ie’yﬁ;:ﬁgzl, (22)
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where j; is a linear density of the ion beam in the reference frame, z; is an amplitude of
its deviation along the z—direction, 7 = £/(yv) is a time of pass through the cooler in
the reference frame, £ is the cooler length in the laboratory frame. The potential (®) is
given by Eq.(21) with [=1:

(8) = ~i22e0s ¢ (mur)sa (K) [ﬁ;ﬂ’“—’wmwﬂ

Uy-wy (k)
Wy (k) + wi

Tmmﬂ
(23)

Assuming terms o o to be small enough to be neglected, it gives

Zo £ 3 Kuk2i, [1 it cos.(% — ;) __ 1 — cos (Yu + i)

e (k) - (":b.u kT ¢€)2 ("J’# + ’u[’i)z

~ 4nfyava S k2 + ¢

] y agE= k/')',
(24)
Yy = wuT, P = qévT 4+ wyT

The most important here is the dependence of the impedance on the betatron phase;
assuming ¥, = wyT < 1 and extracting a first-order term (24) over this small parameter,
the corresponding impedance componént follows:

Zoy £ | Kuk2u d costp,—1

L _ L . ToR oK S ’
RBZ (k) = 21rﬁ'ya-‘ya,82 (q)1 Sz (Q) - ; Kf‘ + qg d¢‘p 1!)3 ] d)t < 1 (25)
Zoy £ d* [costp; —1
L — 0 o t L .
Rez* (k) = o B va 4 ( % ) S5 (9);
K k22 _ ,
St (q) = Lot 2 . = qdur, 1
3 (q) ? K;;z‘ £ qg ) 1!’: qovt l/’# <

The plots of the mode sums are presented on Figs.1,2 for a particular case 1, = 3.5 and
variable sizes ratio a;/a. For ), < 7, the sums differ on a constant factor: S3- = S3/12.

In fact, the term ReZ* ) corresponds to a dissipative contribution in the force
applied on the ion beam. According to the definition (22), this force is proportional
to the ion transverse velocity, actually o« iReZ*z; ox iwpz; o &; A sign of a derivative
(0/84s) ReZ* determines a sign of decrements introduced in 'synchrobetatron ion modes
by the considered interaction. The sign is positive, when the phase advances ., ¥; are
not too high: %, < 2w, ; < 2.6.

The sum factor Sy is independent on the plasma frequency; the dependence of the
factor Sj on the plasma phase advance ¢, is shown on Fig.3. The impedance reaches the
maximum at q &~ 27k, /1., which is almost the same for the various phase advances ..

4 Transverse Stability

Real part of the transverse impedance is responsible for damping (antidamping) of the
beam dipole motion. Assuming the interaction discussed to be weak enough, An < (1,




the synchrotron modes of the bunched ion beam are well-defined. The growth rate of the
m—th mode calculated for an air-bag distribution reads [12]

4 2Nr.cﬁ, ReZ*+ ( ¥.a _2Nric £ [ dgReZ* m

Am = /dk T (k) == ™, / 1 m=p (%)
where 3, = £ /gbb is a beta-function in the location of the impedance. The real part of the
impedance (24) ReZ* (k) o 4, = w7 means a dissipative force F'* 122t « twpz = —2
applied to the ion oscillations (22). If the integral (26) is positive, the collective ion motion
decays due to the coherent interaction with electrons; otherwise an instability take place.
The impedance (24) is positive when the phase advances ¢, < 27, ; < 2.6. However,
even if 1. > 27, an integral contribution of the intervals with the negative impedance
cannot compete with the dominated positive contribution, which is demonstrated on
Fig. 3. Therefore, the plasma phase advance 1. does not restrict the stability area.
Substituting in the integral (26) Z* o« S3 (Eq.25), the transverse growth rate can be
presented in the following way:

Nrip? [ 2\~ +
m = i |t A;
" w2 Bylll ('m) :

- [ 2K ) 5t (@) 27)

im

" d® [costp—1
i =qad, &= (bp/p)(¢/va), h (¥)= dy? ( 2 )

The increment rates (27) for the systematic detuning are presented in Figs.4,5. The
integral (26) with Z* o Si converges at ¢ = k/y =~ 1/a;; the sufficient conditions of
stability can be estimated as & = (dp/p) ({/va) < 2- 2.6a;/a = 5a;/a. According to the
plots in Figs.4,5

Sep = —p__ =(5+1)aifa fora;/a=0.1-04. (28)

The increment (27) as a function of the detuning pa.ra,meter d reaches a maximum Amax
at § ~ 28,. Taking into account that S5 ~ (a/ a;)? the maximum growth rate is found to
be independent on the electron beam ra.dlus when a/a; > 1, Amax ~aj (517:}; / p)

The growth rate of this ’blow-wind’ instability has been found in Ref. [8] for an infinite
electron beam and flat ion beam; the result written in terms of (27) reads

A ~0.07/8% 6bv> A (29)

The growth rates (27) and (29) are compared in Fig.5. The latter is seen to cross the
former ones close to their maxima, coinciding asymptotically with the case of equal r. m.
s. dimensions, a;/a = 0.4. According to (29), the motion is unstable when the detuning
exceeds the width of electron distribution, which differs from the conclusion (28) about
stability at § < &;. This threshold absence for zero-temperature electron beam in the
result of Ref.[8] can be caused by the flat ion distribution assumed there. According to
(28), dun — 0 when a; — 0.
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The increments (27) do not depend on the longitudinal mode number m when m <
~ly/ai; thus, the instability taken place at § > &; cannot be damped due to the longitudi-
nal frequencies dispersion. Also, it means a coherent damping below the threshold (28),
with the same decrement for all the modes m < 4ly/a;, including m = 0. This effect can
be used for stabilizing single- and multi-bunch modes.

The ’blow-wind’ instability could be an explanation for a particular phenomenon ob-
served at CELSIUS. According to ([4]), a decrease of an ion lifetime with increase of
electron current, or ’electron heating’, observed at this ring looks to be caused by nonlin-
earity of an electric field of the electron beam beyond the beam radius, r > a. However, a
fast dying out of the ion beam was also observed when it was deeply inside of the electron
beam and detuned from it with dp/p = 0.02. Substituting £/a = 200, v =1, a;/a = 0.2 in
Eq.(28), it gives the threshold ép;s/p = 0.005, which means that the blow-wind instability
have to take place for the detuning applied.

A comparison of the increments obtained (27) with the result of Dikansky and Pestrikov
(29) is shown in Fig. 5.

The increment (29) is seen to cross the lines (27) close to their maxima; asymptotically
it looks to coincide with the growth rate for a;/a = 0.4.

Thus, the transverse oscillations are unstable, first, when the ion-electron velocity
detuning is too high. A reason for this detuning could be the space charge of the ion
beam, changing the electron momentums proportionally to a local ion current [16]. This
effect could be dangerous for future long relativistic coolers. Second, the instability takes
place in the vicinity of the critical energy, where the Landau damping of the microwave
motion does not work. In all other cases, the electron cooler introduces the coherent
damping in all the synchrobetatron modes, stabilizing single- and coupled-bunch motion.

5 Conclusions

According to the analysis above, the coherent ion-electron interaction normally does not
deteriorate ion beam parameters. On the contrary, this interaction introduces coherent
decrements in low-order longitudinal and transverse modes of the cooled ion beam.

The electron cooler introduces increments in high-order longitudinal beam modes.
These microwave modes are stable when the Keil-Schnell condition with the ion space-
charge impedance ‘is satisfied, which is necessary with as well as-without the electron
cooler. ' : 7

Transverse instabilities are entailed, when the detuning of the average ion velocity
from the electron one is too high. Another reason for the transverse instability could be a
vicinity to the critical energy. For both cases, the stability conditions do not include the
electron current and are usually satisfied. Thus, the electron cooler introduces normally
the coherent damping in the synchrobetatron motion.

This conclusion agrees with experimentally-based ones of [4, 5] that the coherent
ion-electron interaction cannot be responsible for the intensity phenomena observed at
CELSIUS and IUCF. However, the coherent ion-electron instabilities could be dangerous
for long relativistic coolers.
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Figure 5: Solid, dash and dot lines are
the same as in previous Figure, a dash-
dot line shows the result of Ref.[8].
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1 Introduction

Here we briefly report a feasibility study for the construction of the Electron — Nucleon
Collider (ENC), which could provide the luminosity of electron-nucleon collisions L = 10%
1/[cm?s] for the center of mass energies in the range of /s = 10+-30 GeV/u. The envisaged
operational modes of such a collider should enable the collisions of electron against bare
ion bunches from protons till U$%. Two interaction points are foreseen. The colliding
bunches may have at the interaction points the longitudinal polarization. More extended
description of the project can be found in Ref. [1]

The main interaction region contains the detector solenoid (f Bdl = 5 Tm) surrounded
by two spectrometer dipoles ([ Bdl = 1.7 Tm). The optical scheme of the main interaction
region provides the observations of both the large angle (6§ > 10°) and the small angle
(6 < 3°) collisions. For that reason, the optical elements in the main IR should be placed
inside the cones between 3° < 6 < 10°. (see in Fig.1).

In this report we focus discussion on limitations on the high luminosity performance,
which are specific for electron - ion colliders. More detailed technical study is left for the
future designing of such a collider. This task will be partially simplified by the fact that
many requirements for ENC are similar, or close to those, which are specific for the future

*This work was supported in parts by the contract RU/03533872/60220.
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Figure 1: Schematic layout of the main interaction region. Transverse dimensions are
measured in meters, 1 — large collision angle zones, 2 — small collision angle zones, 3 -
equipment zones.
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electron — positron factories. For that reason, we assume that relevant technical solutions,
which will be developed for B (or C-7)-factories, can be used in the future design of ENC.

2 Design concepts

The ENC parameter sets are chosen analyzing the limitations on the luminosity perfor-
mance. For the bunches with round cross sections and with the rms bunch lengths o,
approximately equal to the S-function at the interaction point (IP) the luminosity of
nucleon-electron collisions reads

e )
2B+ €c)
Here, suffixes i and e mark the values related to ion and electron bunches, N; and N,
are the numbers of particles in bunches, ¢;. are their emittances, § is the value of the
B-function at the interaction point, A is the atomic number of the ion.

In the case of ENC, the value of the luminosity is limited due to both beam-beam
interaction of the colliding bunches and the space charge repulsion in ion bunches. The
strengths of the beam-beam instabilities are specified by the beam-beam parameters

L ~0.75Af,

N;Zr. e?

{e = 41v.€;’ e = Mot 2)
and A .
A e

3 : = (3)

= rgy = ——
drAviee” T myc?’

while the strength of the ion space charge instability is specified by the so-called Laslett
tune shift

22 . N,"r'p . II 4
A 41!'7?6; O’,VQ—‘N- ( )
The thresholds for £;. and Ay, limit the ratios N;/e;, or N./€e and, hence, the values
of the specific luminosities (either L/N,, or L/N;). Due to the synchrotron radiation
damping the threshold value for ¢, can be rather high. The world average value is about
0.05. Ion bunches must be cooled artificially. Although the threshold value for §; is
less definite, we expect same threshold for equivalent cooling conditions of ion bunches
[(€.)n = (&)wn = €]. The estimations show that in the case of ENC, stochastic cooling
does not work satisfactory. Required cooling times can be obtained using electron cooling
of ion bunches.

For long colliding bunches (o, =~ B), the beam-beam instability thresholds are strongly
affected by synchro-betatron resonances. The strengths of these resonances for flat col-
liding bunches (o, > 0, 02, are the rms horizontal and vertical bunch sizes) generally
increase with an increase in the bunch length and in the amplitude of synchrotron oscil-
lations. On the contrary, for the bunches with round cross section at IP (o, = 0,) the
strengths of synchro-betatron resonances asymptotically do not exceed the strengths of
betatron resonances for short bunches. In both cases, the strengths of the beam-beam
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resonances are strongly suppressed for the particles inside the bunch core. For these rea-
sons, the round bunch geometry at IP seems to be more preferable. The f-functions of
the colliding bunches at IP should be set equal.

If the horizontal and vertical B-functions at IP are equal and especially in the case
of the strong cooling, the round ion bunch geometry holds automatically. The natural
geometry of electron bunches in storage rings is flat. Hence, special tools must be foreseen
in the lattice of electron ring of ENC to equalize the vertical and horizontal emittances
of electron bunches.

An analysis of the betatron tune shifts due to beam-beam interaction and due to space
charge repulsion of ions shows that the frequency distributions in ion bunches are better,
if the emittances of electron and ion bunches are set to be equal. Then, a requirement
of the common stability of the coherent and incoherent beam-beam oscillations demands
that in the case of ENC the Laslett tune shift of ion bunches must be some safe fraction
of ¢;. Taking as a possible threshold value Ay, ~ & (two interaction points), we find that
for given /s the specific luminosity of ENC reaches a maximum value

5/4 1/4 3/2
(L/N.)max = 0.75f; (g) (afr) ewb/ri) ,

(3)

when e
_ ZII - % . ™ _
S e I S ©

If either ion, or electron energies deviate from the optimum value, the specific luminosity
decreases according to

NG

2"

3 [~3 :  ay
LIN.) = (L/N; )max i /%mmx: Y S Yimax; ;

Described facts and equations were used for the calculations of the parameter sets
enabling the luminosity of electron-nucleon collisions L = 10* 1/[cm?®s] in the energy
range 10 [GeV /u] £ /s £ 30 [GeV/u] In our estimations we considered as limiting cases
the electron-proton and electron-U$2, operational modes of ENC. General parameters of
jon and electron rings of ENC for these estimations are listed in the Table 1. For particles
with the optimum energies the magnetic rigidity of electron ring does not exceed 30 Tm,
while the rigidity of ion ring should be in the range (BR); < 100 Tm for electron-proton
mode of ENC and in the range (BR); = 100 + 200 Tm for electron-ion modes. The
assumed perimeters of the rings (~1 km) are more relevant to the electron-proton mode
with 30 GeV protons (BR = 100 Tm). With the maximum specific luminosity, such a
magnetic rigidity of the ion ring enables the operation of ENC in the electron-ion mode
with A/Z = 2 only at low energies (/s =~ 10 GeV/u). Wider ion energy ranges are
possible, if the ion energy is. shifted down the energy, corresponding to the maximum
specific luminosity. In such a case, the suppression of the specific luminosity (L/N. o )
and the requirement to maintain the designed luminosity demands higher electron beam
currents and higher energies of electrons. On its turn, those result in the increase of the
necessary power of the RF-system of the electron ring.
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In the desired interval of the center of mass energies more relevant magnetic rigidity
of the ion ring is BR = 200 Tm. For the case, when the magnetic system of the ion ring
of ENC is performed using the normal-conducting elements, the perimeters of the closed
orbit must be enlarged till approximately 2 km. A limitation of the perimeters of the
ENC rings by the values ~ 1 km, will make necessary to use for the magnetic system of
the ion ring the super-conducting elements.

Table 1: General parameter list

Closed orbit perimeter 1 km
Collision frequency 60 MHz
X = €ef€ 1
Curvature radius in bending magnets 60 m
B-function at IP 10 cm
Rms bunch length 10 cm
Bas 12m
Dy 1.6 m
Momentum compaction factor 0.006
B-function in cooling section 200 m
Length of the cooling region 50 m
Cathode temperature 0.1eV
Longitudinal magnetic field in cooling region 0.5 T
Ea== & 0.05

Without special devices, the equilibrium emittance of electron bunch is formed in
arcs due to fluctuations of the synchrotron radiation losses. If the bending angle in a
single dipole is small (45 < 1), the equilibrium beam emittance varies proportionally to
~2¢% (for a given /3, € ox 7v3¢%). On the contrary, the requirement to maintain the
luminosity at a given level demands a decrease in the beam emittance proportionally to
~71/2, Present lattice scheme enables small emittance at higher energy of the electron
ring. An increase in the beam emittance at lower electron energies can be provided using,
for example, wigglers placed in an insertion with the increased value of the dispersion
function. Such an insertion can be placed in the straight section, which in ion ring is
occupied by the cooling area.

In the ion ring, a demand to decrease the intrabeam scattering grows rates also requires
to decrease a combination 7?¢%. For these reasons, the lattices of both rings should
contain increased number of cells. On its turn, that increases the ring perimeter, the
focusing strength and the ring chromaticity. Careful compensation of this chromaticity
is necessary to provide the single beam collective stability as well as to maintain the ring
dynamic apertures.

The results of the calculations (see in Table 2) show that in the considered limiting
cases the high luminosity performance in ENC is feasible, although may encounter various
problems. For example, in the electron-proton operational mode of ENC the required
cooling beam densities are rather high. In the beam rest frame system these densities are
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Table 2: Parameter sets for the electron-proton and electron-bare uranium colliders, cal-
culated assuming the luminosity 10%® 1/[cm?)| per nucleon, (Avg)y = & (two IP) and
¢ = €. = 0.05; RF-voltage in the ion ring 50 kV.

Protons Bare uranium
75 [GeV/u] 10 ] 20 |30 | 10 | 20 | 30
Specific luminosity/10?! [1/cm?)] | 2.3 | 6.5 | 12 | 7.6 | 21.4 | 394
Ion Ring Protons Bare uranium
Bunch intensity/10° 36 | 26 | 21 | .075 | .063 | .043
Beam current [mA] 350 | 250 | 200 | 66.5 | 47 | 38.4
Energy [Gev/u] 17.2 | 24.3 | 20.8 | 13.57 | 19.19 | 23.51
Emittance [nm] 573 |143 | 64 | 86 | 21 1
(Z/n) [Ohm] 18 |33 |45 | 115 | 23 | 33
IBS growth time [s] 65 |19 | 1 06 | .014 | .07
Cooling time [ms] 700 | 170 | 76 |22.45 | 5.5 2.6
Rad. recomb. lifetime [h] 87 | 61 | 50 | 0.21 | 0.15 | 0.12
Electron Ring Protons Bare uranium
Bunch intensity/10™° 43, | 15. | 83 | 13.2 | 4.7 | 25
Beam current [A] 42 | 1.5 | 08 | 1.27 | 0.45 | 0.24
Energy [GeV] 145 | 4.1 | 755 1.8 | 52 | 9.6
Emittance [nm] 573 | 14.3 | 6.4 | 8.56 | 2.14 | 0.95
Energy loss/turn [MeV] 0.007 [ 0.43 | 4.9 | 0.02 | 1.1 | 12,6
RF-Power [MW] 003 |06 | 4 |002| 05 | 3.0
(Z/n)u [Ohm] 003 | 1.0 |85 |016| 6 | 51
Bremsstrahlung lifetime [h] 50 | 22 | 15 | 05 | 0.2 | 0.14
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about 3 x 10® 1/cm® so that those do not limit, for example, desired beam temperatures,
or cooling times. Technically the beams with the current densities in the range 50 — 100
A/cm? (see in Table 3) can be produced using the beam compression.

The colliding electron bunch intensities, which are necessary to ensure L = 10%
1/[cm?], are rather high. That may result in embarrassments due to collective interac-
tions of these bunches with surrounding electrodes. The low energy operation of electron
ring requires a serious R&D study of the necessary damping feedback systems.

In the electron-U3%; operational mode the main limitation on the luminosity perfor-
mance occurs due to short lifetime of electron and uranium bunches. Since (L/Ne)maz
(A/Z)%* and oR o Z?, the lifetime of electrons due to their bremsstrahlung on the bare

ions varies according to . .

Ter X AT'iZ'g/_‘! o Z‘
This problem is specific for electron-heavy ion modes of ENC. Scaling the electron beam
lifetime from U$%s (500 s) to lighter ions we find that it approaches to one hour only
for Z ~ 15. For all intermediate cases, it is short enough to demand the preparation of
electron bunches in additional booster synchrotron prior to their injection in ENC.

The radiative recombination lifetime of bare uranium bunches can be made longer
using artificial excitation of the Larmour motion of electrons prior they enter the cooling
region. The radius of the Larmour circle, corresponding to the cathode temperature 0.1
eV is r; = 1.5 um, while the minimum value from the maximal impact parameters of
adiabatic collisions varies in the range 260 ym - 90 pm. An increase in the electron Lar-
mour velocities by a factor, for example, 3 decreases the value of the Coulomb logarithm
for about 20%, while the lifetime increases 3 times.

3 Electron cooling device

The main goal for the cooling system in ENC is the suppression of the higher order
beam-beam resonances in order to enable desirable high threshold for the ion beam-beam
parameter. As is seen from the Table 2, for ion bunches the desired cooling rates about
10 times exceed the emittance growth rates due to intrabeam scattering. In practice,
so short cooling times can be achieved only in the case, when the magnetized cooling
predominates. The required parameters of the electron beam, which ensure these cooling
times are listed in the Table 3.

Since the magnetized electron cooling rates strongly depend on the temperature of
electron Larmour circles, special care requires the suppression of the sources of the increase
in the electron beam longitudinal temperature. The main source for this blow-up provides
the intrabeam scattering. Since the densities of ion bunches in the cooling section are
in the range 10® < 10" 1/cm?®, the densities in the cooling electron beam must exceed
these values. Small temperature of the electron beam can be then maintained, if it is
transported along the cooling section in a strong magnetic field. In the case of ENC, the
magnetic field B, ~ 0.5 T is sufficient to enable the cooling times in the millisecond
region. The angular divergency spread of the magnetic force lines in the cooling section
(B1/B,q) should not exceed the angular divergency spread in the ion bunch [~1 grad].
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Table 3: Parameter set requirements for the electron cooling device.

Protons Bare uranium
75 [GeV/u] 0 [ 20 | 30 | 10 | 20 | 30
Cooling time [ms] _ 700 | 170 | 76 |22.45| 5.5 | 2.6
Beam density/10° [1/cm?] 4 |11 [ 21 | .056 | .16 | .3
Beam current [A] 14 | 9.9 8 .03 .02 |.017
Rms beam radius [cm] 0.3 |0.17 |0.11 | 0.13 | 0.06 | 0.04
Current density [A/cm?] 19.4 | 55 | 101 | 0.27 | 0.76 | 1.4
By /Bt [urad] 17 | 84 | 56| 65 |32]22
{;‘;’Eﬁ‘t/‘;d;?ﬂl K]tempera‘t“re 1 | 12|14 | 02403036

Up to date, most studies were focused on the employment as a cooling device a DC-
acceleration facility. Schematic layout of such a cooling device and general parameters of
the acceleration facility are shown in Fig.2). Simulations of the acceleration of the electron
beam from the cathode along the acceleration tube have enabled to find a scenario, when
electrons are produced on the cathode in the field 0.5 T, then the electron beam radius
is adiabatically increased to accelerate electrons in the field 0.1 T and prior the entering
the cooling section the magnetic field increased till 0.5 T. This scenario enables sufficient
decrease of the power consumption of the solenoids on the acceleration section.

t lrm Energy,MeV § |7 |10] 15

Vessel Height,m 1|15 2|3
Column Diameter DI,m 09|09|09|08
Max. Diameter of Vesselm [25|25| 3 | 4

Vessel Weight,T 6 |76 17 | 38
Solenoids Weight,T 5 7 |10 | 156
H Vessel Volume,m3 50 | 65 | 125 | 310
SFg Weight, T 4 | 52| 10]25

Power consumption kW 65 | 90 | 130 | 200

Il { Accelerator

Cooling section

Figure 2: The general view of cooling facility.

4 Lattice design

In order to provide the desired luminosities of ENC, the lattices of the electron and ion
storage rings must enable the following operational options:
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1. final focusing of the colliding bunches at two interaction points;
longitudinal polarization of the colliding particles at the main IP;
maintenance of the necessary and equal emittances of colliding bunches;

cooling of the ion bunches;

o o

synchronization of the revolution frequencies of electron and ion bunches;

The simplest scheme of a storage ring, which provides these functions is a racetrack
with four 90° arcs and four straight sections. Two straight sections must be foreseen
for the interaction regions, one — for injection and for RF-systems and another one for
the emittance control of electron and ion bunches. The injection straight sections and
the cooling section in ion ring are dispersion free. In the straight sections containing the
interaction regions the dispersion function and its first derivative vanish at the entrance
to the detector solenoid.

The functions of the arc optics in the ion and electron rings are different. In the ion
storage ring the main goal for the arc lattice is the transporting of the beam between the
straight sections, containing special insertions and synchronization of the ion and electron
bunch revolution frequencies. In order to avoid additional blow-ups of the beam due to
intrabeam scattering and due to the space charge instability, its optical functions should
be as smooth as possible. That can be done using a separated functions FODO lattice.

The arc lattice in electron ring significantly contributes to the producing of the hor-
izontal beam emittance. After examining different schemes an antisymmetrical FODO
structure was chosen as the standard lattice cell for both rings. Each arc contains 27 cells,
the length of a cell 5.55 m, the bending radius of the cell magnet 53.2 m (¢5 =~ 0.03),
the quadrupole gradient is 20 T/m. Presently, for the sake of simplicity, we design the

Table 4: Optical parameters of the ENC arc cells.

ring electron proton
motion horizontal [ vertical || horizontal | vertical
Betatron cell || .345298 | .346222 || .071847 |.071442
tune v total || 37.292 37.392 7.759 7.716
. — m 12.03 12.07 15.34 15.43
<P = m 6.5 6.5 12.7 12.7
5 P m 147 0 1.781 0
Chromaticity cell —.599 —.603 —.0694 | —.0705
of the arcs total || —64.68 | —65.106 || —7.495 | —7.611
Momentum compaction .0009904 0167982
Energy spread 0.00088
Transition Energy GeV .016 7.239
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field strengths are certainly different for both rings due to different values of the designed
BR. An optimization of the arc lattice and improvements in the strategy of obtaining of
the required electron beam emittances can be done during the future work.

An inspection of the Table 4 shows that the obtained arc lattices are very rigid
(vz,y ~ 37 for electrons and v,y = 8 for protons) and are characterized by large nat-
ural chromaticities. That is a payment for small electron bunch emittance at high energy.
The compensation of these chromaticities will be done using special families of sextupoles.
Evaluations of the parameters of these families will be more relevant during final ENC
lattice design. The chosen arc lattices enable the equilibrium electron beam emittance 4
nm at electron energy 7.5 Gev (/s = 30 GeV).

The optics in the interaction region straight section enables the head-on collisions;
equal f—functions (= 10 cm) at IP; longitudinal polarizations of the bunches at IP. For
the closed orbit perimeter Il = 1000 m and for the collision frequency 60 MHz the bunch
to bunch distance is exactly equal to the length of the detector solenoid (5 m). It means
that the distance between the main IP and the first parasitic IP is 2.5 m. The chosen
scheme provides the beams separation in the horizontal plane (5 - 7)o, at the parasitic
IP. The final focusing elements and deflecting magnets inside the detector solenoid are
placed within the equipment cones with polar angles between 3° <+ 10°.

Additional embarrassments for the final focus system occur due to the spectrometer
dipoles (1 m long). It can be cured, if a spectrometer dipole is divided into two parts, while
the second lens of the final focus system is placed between these dipoles (Fig.3). Such a
scheme may also enhance the energy resolution of the spectrometer. An inspection of the
main parameters of the elements around IP (Table 5) shows that the required magnets
although must be performed as superconducting, are not very tight. The places for the

Table 5: Parameters of the elements around IP for ENC with g* = 10 cm.

] placement, | inside solenoid || spectrometer with [ Hds = 1.7 Tm |
element 1st magnet |1st lens|/total L, cm 100

dist. from IP, cm| 48.70 130.35 || LBy , cm 77.48

L, cm| 81.64 36.49 |lens L, cm 36.49

a (for e=), mrad| 32.66 14.60 |/(inside) G, T/cm —.2576

, T 1.00 beams separation, cm

G, T/cm - | .0806 [[5.77 after solenoid and 10.93 after Bl

spin rotators are foreseen in the electron and proton interaction regions; besides, the
places for the emittance control wigglers are foreseen in the electron ring.

Identical rotation frequencies of electron and ion bunches in the energy range /s =
10 + 30 GeV/u will be set varying the perimeter of the ion ring within 0.12%. Presently,
8 orbit bumps are foreseen for this purpose at the ends of arcs. Each bump (see in Fig.4)
provides same bending angle as the replaced arc cells. The Table 6 shows that the chosen
scheme with 8 bumps enables the lowest required radial displacement of the ion orbit. An
employment of this system demands a tool enabling the radial displacement of about 1
m of the bump segments. The fields in the bump magnets are reasonable. The magnets
do not violate the symmetry of the ring.
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Figure 3: Schematic layout of the interaction region around IP for both rings; upper graph
— electrons.
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Figure 4: The principle scheme of the element of the adjustment system.
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Table 6: Characteristics of the adjustment systems for
Erey = 16 GeV and II = 1200 m.

GeV Eyg=25 E, =30

All, m 1.21965 1.47800

Bump number 1 4 8 1 4 8
Lp, m| 0.35 | 3.5 35 || 035 | 3.5 3.5
Lps m| 6.65 | 3.5 3.5 || 6.65 | 3.5 3.5
Leist, mil .746 | 1.593 | .779 || .784 | 1.603 | .784
Lins, m [|33.220 [39.155 {33.452 (|33.478 | 39.212 | 33.485
Hp, T|5.3596 | 1.336 | 0.706 ||7.0476 | 4.016 |0.0974
Hg, T15.3596 |2.5577| 2 |[|7.0476| 3.31 | 2.591
Total Npeng, mj| 8 32 64 8 32 64
Total Niens, mi| 7 16 48 7 16 48
Orbit bump, m]||3.749 | 1.118 | .690 | 4.127 | 1.277 | .837
| Difference of the orbit bumps AR for E, and Ey ]

bump number 1 4 8
AR, cm 37.8 16.9 14.7

Present study of the lattice requirements show that the ring perimeter 1 km is a
bit tight to enable all ring optical options. More reliable technical design including the
elements for the chromaticity corrections and improvement of the dynamic aperture of
the ring will be done in the future.

5 Polarization control

For electron-proton (light ion) operational ENC modes the radiation polarization time of
electrons can be done shorter than 30 min using special wiggler magnets [1] (see in Table
7). Two wigglers provide the required polarization time (< 30 min.) for E = 7.5 GeV,
three wigglers — for E = 4 GeV and five wigglers are necessary for £ = 3 GeV. For the
energy 1.6 GeV operations and for electron-heavy ion ENC modes the polarized electrons
must be produced using a special source.

The longitudinal polarization of particles at the IP is obtained using two spin rotations
[1] (see in Table 8 and Fig.5). In the chosen scheme, the vertical-horizontal coupling of
the particle oscillations is localized in the rotator.

Both the acceleration of the polarized protons and producing of the longitudinal polar-
ization at the interaction point can be done using siberian snakes and rotators, which are
manufactured using the spiral magnets. The power capacity of such a snake (~ [ H?dV)
turns out to be smaller due to smaller magnet aperture. The required parameters of
necessary snakes (see in Table 9 and Ref. [1]) indicate that their manufacturing and
operation are quite feasible.

62

...



Table 7: Wiggler characteristics.

The basic pole, T .- cm 7.097 - 12
Compensating poles, T . cm 2 %, 1.581 - 35
Magnet length, cm 82
<|BPF>" T 0.0375
§ B%ds V) T?.cm 780
§|Bl*ds V) T3.cm 4.5 -10°
| Equilibrium polarization % | 81.2 |
1) If one considers the variants with a different beam energy,
the wiggler field H does not change.
Table 8: Main parameters of the solenoid spin rotator (e-ring).
[element [name|number|L, m|G, T/cm |sign(au) |
ql 2 0.2 4335 | —,+
lenses | q2 2 0.2 | —.4441 -+
qd 1 04 | —.3358 no
|solenoid | | 2 32| H=6629T |
i 1 I 1 I I 1 ¥
Hiql [ solenoid | [ solenoid | qti
1 m M
1R L |95 (a2
! il l 1 Lo 1 1 i
18 20 22 24 26 28
azimuth, m-

Figure 5: Solenoid spin rotator insertion (e-ring).

Table 9: Parameters of the snakes for acceleration of polarized protons (accel.) and their
longitudinal polarization (long.p.) at the IP.

type number of | [ Hdl, | orbit deviation (cm) for

of snake magnets Tm different energies (GeV)
30 25 16
A (accel.) 4 25.5 2.6 3.1 4.8
B (accel.) 4 24.5 2.0 2.4 3.8
C (accel.) 4 30.9 2.0 2.4 3.7
C (long.p.) 4 22.9 1.Y 2.0 3.2
D (long.p.) 3 19.9 2.2 2.7 4.2




6 Injection chain

The electron and ion bunches are delivered to the collider experiment energy in a sequence
of accelerators providing the bunches with the parameters which are necessary for the
experiments. As far as the planed experiments are going to use the polarized bunches,
the accelerators in the injection chain must be capable to preserve the polarization of the
accelerated bunches.

Although the bunch particle losses are not very high (for example, for electron ring it
varies from 2 x 108 to 4 x 107 particles per second) the short life times of electron and
heavy ion bunches (about 500 s) demand the full energy injection in ENC, when after
the first filling-up of the rings the bunches are replaced one by one about each 100 s
(electron-U$zg mode).

The injection accelerator chain (see, for example in Figs 6 and 7) for electrons contains
540 MeV linac, low energy booster (possible SIS) and the high energy synchrotron (up
to 10 GeV). Corresponding chain for ions can use already existing accelerators UNILAC
and SIS.The high energy synchrotron (till at least 30 GeV) must be constructed. This
synchrotron can be used for final acceleration of both ion and electron bunches. In order
to decrease the injection period it is very desirable to precool ion bunches prior extraction
from SIS, or just after injection in the high energy synchrotron.

Main IP . Main IP
Ze

e~ Electron
Booster

UNILAC

High Energy
Synchrotron

Injection, RF
Emittance Control
Injection, RF
Emittance Control

2-nd IP 2-nd IP

Figure 6: ENC injection scheme using SIS Figure 7: ENC injection scheme using addi-
as an electron booster tional electron booster |

7 Conclusion

The performed study shows that the construction of the electron-nucleon collider for the
energy range /s = 10 + 30 GeV/u and with the luminosity 10%* 1/[cm?] is feasible. The
total cost of such a collider including costs of injector accelerators (but excluding the
building constructions) could be within 904 MDM.
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A possibility to reach necessary damping times was demonstrated in the experiments
at the installations NAP-M (BINP) and ESR (GSI) as well as at other electron cooling
storage rings in US and in the Western Europe. However, an extrapolation of data ob-
tained in the energy range of hundred MeV to that of several tens of GeV still leaves some
concern. For that reason, the experiments on ion and proton cooling in an energy range
of 1-5 GeV using conventional electron cooling devices could be very useful. Relevant test
facility could be created in a period of 2.5 years.

An alternative possibility is to accelerate the cooling beam using a linear accelerator.
As far as such a suggestion is very new, it requires a detailed theoretical and experimental
study. In this case, the construction of the test cooling device and the cooling tests are
even more necessary. The required time interval for these studies could be estimated as
about 3 years. Both for the first and the second cases the result of tests could be obtained
in 2001-2002 years, after which it will be possible to manufacture a full-scale electron
cooling device.

Preliminary studies show that in the case of ENC, the beam dynamics issues should
be inspected in more detail. It is clear that the codes, developed to study the beam-beam
interaction for the ete~ and for conventional hadron colliders will not work for ENC
conditions due to strong effect on the beam-beam instabilities from the ion beam space
charge, electron cooling and intrabeam scattering. The population of the tails in electron
bunches colliding with heavy ion bunches will be also more intensive in ENC.

Existing experiments indicate effects of the ion beam intensity on the efficiency of
electron cooling. Although this subject is under attack for already more than 20 years,
the theory of these phenomena still is far from its completion. A comprehensive design
of ENC demands more efforts in this direction.
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Limitation on the Luminosity Performance in
Electron-Nucleon Colliders

- D.V. Pestrikov
Budker Institute for Nuclear Physics
630090 Novosibirsk, Russian Federation

1 Introduction

It is well known that the luminosity of a collider can be limited by the beam-beam insta-
bility of the colliding bunches. The strengths of these instabilities are usually described
in terms of the so-called beam-beam strength parameters (£), which are the tune shifts of
small betatron oscillations of a particle per one interaction region and which are produced
by the fields of the counter-moving bunch. For the electron-nucleon colliders (ENC; see,
for example, in Ref.[1]), which employ strong ion beam cooling, on more limitation on the
luminosity performance may occur due to space charge forces in ion bunches. In this re-
port we discuss limitations on the ion bunch density and, hence, on the collider luminosity
due to ion bunch space charge. For the sake of simplicity, we assume colliding bunches
with round cross section and Gaussian distributions. Then, the beam-beam parameters
for electron and ion bunches read

l N;Zr,

§e = i ! re = e?/m.c?, v.~c, (1)
N.Zr
6" - M-.—:—-’ Tp = ez/mpcz, U Loyl 8 (2)
iv-e

Here, the suffixes ¢ and e mark the values related to ion and electron bunch correspond-
ingly, N;. are the numbers of particles in the colliding bunches, ¢;. denote the r.m.s.
emittances of the ion and electron bunches respectively, Ze and A are the charge and the
atomic mass number of the ion, m, is the proton mass and c is -the speed of light. For
the counter-charged particles the beam-beam force increases the focusing of particles and,
correspondingly, increases the tunes of particles

Ay, = nfpf >0, (3)

where np is the number of interaction points.
A possibility to reach in ENC the luminosity in the range of 103 1/[cm?s] per nucleon
is strongly based on the employment of a strong cooling of the ion bunches. Mainly, such a
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cooling is necessary to ensure a possibility to reach as high as possible the threshold value
of the beam-beam parameter for ion bunches. We remind the reader that in the case,
when the bunch intensities are limited by the beam-beam interactions, the luminosity of
a collider: NN

b= fbA21rﬁ'[e.- + €

(4)

can be written in the following form

p=pi{p) e ®)

ﬂ'rerp € + €

Here, f; is the bunch collision frequency, 8* is the value of f-function at the interaction
point and for the sake of simplicity we assume that the r.m.s. bunch lengths o, are
small compared to 8* (o, < B*). According to Eq.(5), for given bunch emittances, a
strong decrease in the threshold value of ¢; will result in a corresponding decrease in the
luminosity of the collider. For example, in conventional hadron colliders, which do not
use beam cooling, the typical threshold value of £ is about 0.001, which is approximately
two orders of magnitude less than that, achieved for ete™ colliders. In these conditions
an essential increase in the luminosity of hadron colliders without the beam cooling can
be done only by stacking of huge ion currents.

Strong cooling of ions with energies in the range up to several tens of GeV/nucleon
increases the influence of the Coulomb repulsions of ions on the stability of oscillations in
ion bunches. The strengths of these perturbations are usually described in terms of the
so-called Laslett tune shift

Aub = ——AVL, (6)

which is the tune shift of small betatron oscillations due to the space charge fields of the
ion bunch. For a bunch with Gaussian distributions in all coordinates Avy, reads

22\ Ny, I
A ) dnvde; 21

Here, II is the perimeter of the closed orbit. Similar to the case of the beam-beam
interaction, limitations on Ay, occur due to the fact that both tune shifts and strengths
of resonances produced by the space charge of the ion bunch, are proportional to that
parameter. In a single beam ion storage ring, the threshold value of Ay apart from the
beam density is determined by the modulation of the lattice functions and by the lattice
periodicity, but never strongly exceeds the value of about 0.1.

An=( (7)

2 Working Point for Ion Ring

The limitations due to both the beam-beam and the space charge instability are mainly
caused by non-linear dependences of relevant deflecting forces on the particle offsets from
the equilibrium position in the bunch (see, for example, in Fig.1). Non-linear behaviors of
these forces result in the dependences of relevant tune shifts on the particle amplitudes of
oscillations (an example of such dependence for the case of the beam-beam interaction is
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shown in Fig.2) and in an excitations of various non-linear resonances, when the particle
oscillations tunes approach the resonant values. For example, for betatron oscillations
such resonant conditions read

Mol +MaVs =1, | _ (8)

where m,, and n are integer numbers.
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Figure 1: Schematic dependence of the Figure 2: Schematic dependence of the
beam-beam force on the horizontal offset of beam-beam tune shift of betatron oscilla-
a particle. tions on the amplitude.

Below, for the sake of simplicity we consider the case of one-dimensional resonance
standing v, for any of v, and v,. Due to dependences of tune shifts on amplitudes (a) a

resonant condition
w(a) = vy + Avp(a,) = n/m, 9)

holds for definite amplitude of the particle oscillations a = a,. The value Ayy(a,) deter-
mines the center of the resonance in the v-space. The particles with amplitudes deviating
form a, by small amount Aa = a — a, execute the oscillations around a, within the region
(the bucket) with the width, depending on the value of the resonant harmonic of the
perturbing force F' and on the tune spread Avy(a). In particular, if such a spread in tunes
vanishes, the excited amplitudes infinitely grow. The widths of the corresponding regions
in the v-space (the width of the stopband of the resonance) generally decrease with an
increase in the order of the resonances m.

In the discussed cases, the tune shifts are decreasing functions of the amplitudes. For
instance, for the beam-beam interaction Avy(a) has the following asymptotes

1 a X o,

Equations (9) and (10) show that the positions of the resonances in the tune space relative
to the lines v, = n/m depend on the sign of the tune shift of small oscillations. If, for
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n+1

“ Yb Figure 3: Schematic variation of the work-
n ing point of betatron oscillations due to

K beam-beam interaction (solid line) and due
V- Avp to the space charge field (dashed line). Full
cross shows the position of the unperturbed
working point; full dot - its position due to
n + 1 common effect of the beam-beam and space
2 charge perturbations.

example, Avy(0) is positive, Eq.(9) holds only in the case, when v, < n/m. So that the
resonance stopband occurs below the resonance v, = n/m. On the contrary, if Av,(0)
is negative, the stopbands of resonances n/m occur above the resonant value v = n/m.
Such simple reasons become crucial for evaluation of the threshold value of the Laslett
tune shift of ion bunches in the case of ENC.

For relativistic electron bunches the tune shifts of betatron oscillations are determined
by the beam-beam interaction only. Since these tune shifts are positive (see in Fig.3),
the stopbands for resonant perturbations of the electron bunches are placed above the
resonances v, = n/m. It means that the oscillations of electrons will be more stable, if
the working point of the ring in v-space is tuned as close as possible to v;, > 1. In such
a case, v can be removed form strong lower order resonances like vy = 1,1/2,1/3,1 /4,
while the perturbations due to resonances of the higher order can be suppressed by the
synchrotron radiation damping. A choice of the working point in the corner close to some
integer is a common for electron-positron collider.

The values of the tune shifts for betatron oscillations of ions due to beam-beam inter-
action and due to space charge repulsion compensate each other (see in Fig.3):

AV,; = n”:&- i AI/L. ;. ) (11)

Depending on the ratio of the tune shift due to beam-beam interaction to Avg, the
quantities Ay; can take both positive and negative values so that the Laslett tune shift
compensates. the beam-beam tune shift. Generally, due to different spectra of the beam-
beam and ion beam space charge perturbations such a compensation does not takes place
for the strengths of relevant non-linear resonances.

In the case, when npé > Avy, the total tune shift Av; > 0. As was already discussed,
in this case the most preferable is to place the working point slightly above integers. It
occurs, if the value of Avy, is equal to some fraction of the beam-beam tune shift (np&:):

AUL,gh = Cn[pé',', < 1 (12)
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We also note, that since the particles oscillations are stabilized due the dependence of Ay;
on a, the blow-up of the ion bunch emittances due to these perturbations will be smaller,

if C does not approach 1.
Let us now consider the stability conditions of ion oscillations for the case, when

Avy, > n.uaf. (13)

Since Av; is now negative, the stopbands of resonances of incoherent oscillations of ions
are placed above the resonant values vy = n/m. From this point of view, the most
preferable become the working points, where the tunes v, and v, are placed in the corner
below integers. Again, the higher order resonances must be suppressed by the ion beam
cooling.

On the other hand, a correct choice of the working point must ensure the stability
of both incoherent a.nd coherent oscillations of ion bunches. As far as the space charge
forces depend only on relative positions of ions in the bunch, they do not affect at least
the dipole coherent oscillation of ion bunches. For that reason, the equations describing
dipole beam-beam oscillations in ENC will not contain the Laslett tune shift of ions.
Hence, the stability conditions of these coherent modes will have the same form like that
for electron-positron bunches. Namely, independent of the value of the Laslett tune shift
the stopband for the dipole coherent beam-beam oscillations always occurs below the
integers. It means that in the case, when Eq.(13) holds, the stability conditions for dipole
coherent beam-beam oscillations contradict to the stability conditions for incoherent ion
oscillations. Since the instability of the dipole beam-beam mode is very strong, practically,
such a contradiction means that the ion ring of ENC can never reach the region of the
parameters, where the Laslett tune shift exceeds the beam-beam tune shift.

3 Conclusion

The described contradiction between the stability conditions of incoherent oscillations of
jons and dipole coherent oscillations of the colliding ion and electron bunches eliminates
a possibility for the Laslett tune shift of ion bunches to exceed the beam-beam tune
shift. Moreover, to prevent abnormal blow-up of ion bunches the beam-beam tune shifts
miiist significantly exceed the ion bunch Laslett tune shifts. Say, if the collider has two
interaction points so that Ay, = 2€, it seems that a safe value for Ay, could be Avy, < €.
In this case, in an analogy with electron-positron colliders the working points for electron
_and ion rings can be places in a corner slightly above integers. :

The requirement to reach in ENC the highest possible luminosity demands to maintain
¢: as high as possible. In that case, the reachable values of the Laslett tune shifts also will
be high. Since the position of the working point in the colliding beams operational mode
contradicts to the stability conditions of a single ion beam, it is very likely that there will
be necessary to develop a special scenario for the initial filling up of the ion ring.

The mentioned problems are avoided in the positron-ion collider, when the beam-
beam interaction decreases the tunes of colliding particles. In this case, the threshold
value of the Laslett tune shift is not limited anymore by its comparison with the beam-
beam tune shift. Since both tune shifts are negative, the working points of both positron
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and ion ring can be chosen in a corner below integers (like for proton-proton, or electron-
electron collider). An employment of positrons as the ion colliding partners eliminates the
limitations due to accumulation in electron beam of the ions, produced by the ionization
of the atoms of the residual gas by electron bunches.

K. Blasche, N. Dikansky, V. Parkomchuk, A.Skrinsky and J. Strukmeier are acknowl-
edged for their valuable comments.
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Cooling Rates in ENC

D.V. Pestrikov
Budker Institute for Nuclear Physics
630090 Novosibirsk, Russian Federation

1 Introduction

In this note we examine transverse and longitudinal electron cooling rates for two model
expressions for the cooling force. This analysis shows that simplified expressions for the
cooling decrement

K 72 dnn.etL |
= (—“;g—f‘ K= ZymMeT ®
__l,. O
p 72)

overestimates the betatron and underestimates the longitudinal cooling rates. Here, € is
the ion beam emittance, B is the A-function at the cooling section, & is the relative ion
beam rms momentum spread, p = yYMec is the ion momentum, Ze is the ion charge, A is
its atomic number, n, is the density of the cooling electron beam, m is the electron mass,
L is the so-called Coulomb logarithm, I/II is the fraction of the cooling section length in
the closed orbit perimeter.

We shall calculate the rates of the ion bunch betatron emittance (€) and of its rela-
tive rms momentum spread (§) assuming a Gaussian distribution in the ion bunch, zero
dispersion at the cooling section. For the sake of simplicity, we neglect the variations of
the betatron functions of ion ring along the cooling section.

2 Non-magnetized betatron cooling

Let us first calculate the cooling rate of, for example, vertical betatron emittance (€2)
assuming that the cooling force is determined by the following simplified-expression (all
values are calculated in the beam rest frame system) - '

4rn. 2% L D)
- . - ; 2
m (vd + v?)3/2 2)

Such an expression for the cooling force simulates the case, when the cooling electrons
are not magnetized.

F,=
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We take that betatron oscillations in cooling section are described using (and similar
equations for z-oscillations)

JaBeccosthy,  p. = P% ©)
so that the action variable is I, = pJ,/2, while
zz ( Br ) P.
Jz = — 4 [y 9; = . 4
P= 2 20, P ®)

If the particles are distributed in the bunch according to a Gaussian function so that the
bunch distribution function reads (Ap is the deviation of the ion momentum from the
synchronous value p)

e~% Jo | Jo , [s—ct]®  [Ap/p)

f.= (27 )3€z€,0,6’ ¥ = %, T %, 202 282 (8)
then
€y = de‘(I,/p)f, dl’ = d*0dzdzds, 0 = épg,

while

de, 1 ol,

"d?‘ﬁfdr /dl" Rf=- jdraqp,
Now, using

0z ) ﬁf

we write

dez__ /drﬁ,( 25,) of. (6)

To select the systematic variation of €, this expression must be averaged over the closed
orbit perimeter. As we mentioned, below we simplify calculations neglecting the variations
of B-functions along the cooling section (8’ = 0). For more simplicity, we also assume
equal vertical and horizontal f-functions in the cooling section (8, = B, = B) and equal
vertical and horizontal bunch emittances (¢, = €; = €). Using that in the beam rest frame
system n. — n./v, vi — yc(pL/p), v — ), we write

/ exp(— )92 )

(7)

.
The integration over coordinates (z, 2, s) yields (2%)3/ Zﬁ €0, so that
N b
€, = (2?{. 3/2€6f (0,2 + 92 3/2 p _¥ = mgll . (8)
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Substituting
1 2 [
W = ﬁ 4 ds\/.gexp(—sw),

and calculating Gaussian integrals, we find

& _ K /°° du+/uexp(—a*u/2) (9)
& V2rJo (1+eu/B)/1+68%ujy?
Simple expressions for the cooling rates (A = —¢,/¢,) can be obtained in regions, where
a®>> (¢/B), (§/7) and hence

_ K r2R_ ZAmnel L (10)
T V2er 2 a3 A ymMoiIl
and where a? < (¢/B), (6/7) so that

A

s K /°° du/u .
Voo (14 eu/By/1+ 8%u/?

After simple transformations the integral in the r.h.s. in this formula is expressed in terms
of elementary functions

arcsin /1 — 2?2 z

- <
n | (- o 7ED
A= wor (11)
4 z In[z + V22 — 1] s g

b]

2-1  (2-1p72
where z = (6/7)/B/€ and
K Z? drneell l
ho =GBV = & FmM(e[pyP 1L (12)
is the emittance cooling decrement of the monochromatic bunch. It is interesting to note

that in the asymptotic region z 3> 1 (or, § > v,/¢/B) the cooling decrement in Eq.(11)
decrease proportionally to /é only

K 2 4mnee! I /AT
Ao K7 _ 2P dmnee'l =, §> 1Je/B > vofc. (13)

T (e/B)S A v*mMc(e/B)

3 Magnetized electron cooling

If the contributions of the adiabatic collisions in the cooling force predominate, the vertical
cooling force is determined by the following expression (see, for example, in Ref.[1])
orn.Z%et L v (vl — 2U|2|)
m (v + vﬁ)w 2’

F, = (14)
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Here, we neglect the temperature velocities of the cooling electron Larmour circles as
compared to ion velocities. Substituting this expression in Eq.(6) we obtain (again g’ = 0)

K By 400267 - 267 O ¥’
2@r)l € e A R PR YA (15

The integral in this expression is calculated in the spherical coordinates (6, &, ¢) with the
polar axes directed along 8, so that

€y =

0, = 0sinacosp, 0,=0sinasing, 6 =~0cosa.

The integrations over ¢ and 8 yield

€z K By ld (1 —u?)(1 — 3u?) e

Az"—%::z\/ﬁeﬁ s 1 — qu? : qzl—ﬁ' (16)
Simple calculations result in
Ao
A= —=0, 17
ST0.(2) (17
where
1+ 22? : . 3z
ot MeaudiN ¢ PP RISV, .. " <
A= 2P arcsin V1 — z oD z<1,
(bx(z) = (18)
Lyae 4 B 1] = . 221,
(22— 1)°2 2+ Ij= (22 1)'-’-’ 22

Note, that although the cooling force change the sign when vy < v/2v)j, the emittance
cooling decrement is positive for all ratios between the betatron angular divergency (e/B)
and the bunch momentum spread (6). The effect of the local instability results only in a
more sharp decrease in the cooling decrement with ar increase in §

A~ Ao In(2z) —3/2
& g
A comparison of the calculated cooling rates with predicted by the sxmphﬁed formula

in Eq.(1) shows (Fig.1) that for most bunch momentum spreads the cooling decrements
due to magnetized cooling are substantially lower than predicted by Eq. (1).

; e L (19)

4 Magnetized momentum cooling

The magnetized momentum cooling force is determined by the following expression (in
the beam rest frame system; [1])

2,47 o2
2mneZ*e* L vivy

m L

Fj=-3 (20)
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Figure 1: Dependence of the betatron cooling decrement (A/Aq) on the momentum spread.
Solid line — non-magnetized case, full dots — magnetized cooling, upper dashed line -
Eq.(1), lower dashed line - A\, = K/[2(¢/B8) + (6/7)*]*/%

Then, for a Gaussian distribution in the ion bunch, the variation of the rms bunch mo-
mentum spread (6) reads

d62
f 2L RS,
or
d6? 3 Barn %L [ 0% 67 L
dt —(21)3/23 myic?p /d9(93_+9ﬁ/ 2)5/23xp T2 282 )

929 pe: 6t
3 I i A
(21:' 3/2 65 fd . ( 2 262 )

21— u? e
du———+ =1-—"
(21r 1/252/ l—q ’ * pé?
The calculation of the integral in the rhs of Eq.(21) results in

3-2¢ 1—q1 (1+\/‘)2 350

u?(1 — u?) 342 572 1— =%
j R 4 q q q
1—qul . JR ol arcsm'_q, g <0.
3¢ (-9)*/ 1~y

Substituting this expression in Eq.(21), we find

& 2k , [ 5 [8
—_— = = —yf == 2
& - or! ki Ve’ )

76



-

where

2+ 22 3zarcsin(y/1 — 22)

- - ot |

_l@oap T T aompr_» *Sh
(z) = 2+ 22 3zln(z + V22 - 1) - (23)

(2 —1)2 (22— 12 > *="

The momentum cooling decrement is obtained dividing &2 by 82, which yields

8 2A0 9(2)
82 for z '’

where Ag is defined in Eq.(12). Since ®(0) = 2, the momentum cooling decrement in

Eq.(24) diverges for small momentum spreads (6§ < v4/€/B). In the region § < v\/¢/8
the momentum cooling decrements substantially exceed the betatron ones (see in Fig.2).

Ay = (24)

553 /PR
1E+1
| N
0.1 LR
1E-2 '\%
Figure 2: Dependence of the longitudinal
IE'13E_2 T '“""l g4 (full diamonds) and of the betatron (full
'( SA)B/e)" dots) cooling decrements on the bunch mo-

mentum spread.

A balance between the momentum cooling rate in Eq.(22) and the bunch momentum
heating rate due to intrabeam scattering yields the equilibrium bunch momentum spread.
In the smoothed focusing approximation (fs,s(s) = Bz,s; Dz(s) — D) and for the bunch

_with a "round” cross section (B; = B, = B, €z = €, = ¢) and assuming that the bunch
length (o) in maintained to be a constant, we write (see, for example, in Ref.[2])

ds? Kipsy® [* 1 - 3u2
(_) = =BT [ - (25)
di IBS Beosb Jo L+ [(7v/7)? = qlu
Here, 7. = B/D, o, is the bunch length and
21 2N¢T§CLIBS e?
Kips = (7{) e Rl vt (26)
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N; is the number of ions in the bunch, L;ps is the Coulomb logarithm corresponding to
the intrabeam scattering. Calculating the integral in Eq.(25), we find

ds? _ Kipsy
(I) IBS - ;—ﬁ;@m“‘;(zm), o

pet

where (g = v*/2)

®18s(z) =

2 - 2
1 : 2+g)?+1 o [1+( 1;)2
1+ (g=1)2 |\ /14(g-1)2 1+ g2

Total variation of the bunch momentum spread reads

a® _ 2K 2\/E Kipsy /3
& = v O B S 2ies=VAIA),

- 32} . (28)

or

dé? Avpy? _bas(s \/E_/E)} , 29)

— =-Q |2%(z) - ————=
at Q[ () 2ner=l\/ﬁ_ﬂ-

Q= (2) \/§4wn,r,rchi
A T 3 e/ 1

and Ay, is the ion bunch Laslett tune shift

where

_Z* N; 1
T A dny3e 210,

Since 2®(z) =~ 2z, when z < 1, and ®;p5(0) = 7/2, while 2®(2) =~ 1/z, when z>> 1, and

AUL

, 1 g+2 .- jg=1 ]
®;ps(z) >~ [ arcsin -3,
s(?) #(g=1) {vo -1 g

Eq.(29) may have a stable fixed point (§ = 4, see in Fig.3), if

3 1 _
ne > (Ne)ih Avpy [ g2 arcsin g-1_ 3] . (30)

=27‘¢Iqﬂ_g—1 Vg_I g

A comparison of (n.)y and the ion bunch density (in the cooling section), which is
required to reach the necessary luminosity in ENC, shows that in the optimum luminosity
conditions (Avy = &, two interaction points) the momentum heating due to intrabeam
scattering of ions does not eliminate a possibility for bunches to reach an equilibrium (see
in Fig.4). Moreover, the calculation of the stationary momentum spreads (24t) for the bare
uranium ion bunches in ENC (f ~ 12 m, D ~ 1.6 m, # ~ 200 m, o, = 10 cm see also in
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Figure 3: Dependence of the IBS momentum
heating rate (solid line) and the momentum
cooling rate (dashed line) on the relative mo-

|E+; Mentum spread in the bunch [(6/7)+/B/¢].

Electron-U$2, ENC mode, /s = 20 GeV/u,
N; ~53 %107, n, = 1.6 x 108 1/cm?.

Figure 4: Dependence of (n¢) on 4/s. Up-
per solid line - protons, lower - bare ura-
nium ions; full diamonds and full dots show

the densities of the proton (diamonds) and
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Ref. [2]) shows (see in Fig.5) that its value is about constant z, =~ 0.2 [65; =~ 0.27\/6—/—;
see also in Fig.3] in the energy range /s = 10 + 30 GeV/u.

We may also prove, if the equilibrium between the ion beam cooling and intrabeam
scattering does not result in the higher bunch emittances than that corresponding to the
space charge, or the beam-beam limit. We write (see in Appendix C of Ref.[2])

de, _ Kips AL
(E)ms ~ €0 [EGx+ 7

P
_ Kips ! du{g(l —3u?)+1-(3/2)(1 — u?)]
€06 1+ [(7/7e)* = glu?
KIBS du(l — 3u?)

1+ (1/7e)? - qlu?

The integral in the r.h.s of this equation was already calculated. Using, for example, Eqs
(25) and (27), we find

deg Kips B8 | 7 ” |
(E?)ws 26036(2 -l)ﬁ 2*@1ps(2y/ B/ B)- (31)

Here, ¢ = 1—(62B) /(%) Total variation of €, due to magnetized electron beam cooling
and intrabeam scattering is described by the following equation (e, = €; z = (6/7)\/B/€)

or

NeTel

de _ e [@z(z) Avpy® (2 gﬁ 1)ﬁz®mg(zﬁ)}

80



For the equilibrium conditions (de/dt = 0) we find

i Aviy® (29 — 1)B 2®185(21/B/ B)
CT el 32 ®,.(2) ’
Similarly, taking in Eq.(29) dé*/dt = 0, we find

- Avry? ‘I’IBS(Z\/E_/E) (33)
e 2’"81@ Z@(Z) »

(32)

or

B\ _ 2:(2)
2(29 — 1) (5) o7 (34)
These equilibrium equations [Eq.(32) and Eq.(33), or (34)] define (ne)st and 2. Note,
that Eq.(mo14) defines the ratio of the equilibrium beam momentum spread to its angular
divergency. According to Eq.(34) in the equilibrium this ratio depends on the beam energy
and ring focusing only [2]. Numerical solutions of Eq.(34) yield (nf is the cooling beam
density calculated to be twice higher than the ion beam density, corresponding to the
space charge, or to the beam-beam limit; see in Ref.[2])

75 [GeV/a]| 10 20 30
Ion Energy [GeV/u] [ 13.6 19.2 23.5
Zgt 1.78 1.24 1

(ne)oe X 107 [I/em?] | 2.24 545 10
ntx 107 [I/em3] | 5.6 158 29

A comparison of two last rows in this Table shows that the planed cooling beam densities
in ENC are about 2, or 3 times higher than that, corresponding the equilibrium between
beam cooling and intrabeam scattering. It means that the beam in ENC will be cooled
to the space charge (or beam-beam) limit, when z,;, must be calculated using equation
d6*/dt = 0 with a given €.
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Abstract

Electron beam cooling is effective method for redusing the emmitance of charge particle
beam. For this purpose electron beams whith energy up to tens MeV and current up to
some Amperes are neccesary. The possibility of designe of installation for generation and

recuperation of energy of such electron beams is discussed.
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The development of experimental investigation related to nuclear physics requires the high

quality particle beams. Electron cooling is a method of reducing the beam emmitance. It is
especially attractiv in an energy region of antiprotons and ions of some GeV/nuclon. So the
energy region of cooling electron beam is about some MeV. Required E.B. current - up to some
Amperes. Due to this circumstance BINP in 1985 has started the design of installation for
high-voltage electron cooling device. First of all we should check the possibility of forming,
acceleration and recuperation of electron beam with Amperes current and energy in Mev scale.
This device was also usefull for development E.B. accelerators for industrial applications with
a beam power of some Megawatts.

This experiments were described in papers [1] [2]. We repeat briefly its design and main
results obtained on this installation. If‘ig. 1 Shows the general view of device. It is typicall
configuration for electron cooling device with recuperation of E.B. energy. Vacuum chamber
has U-shape, accelerating and decelerating tubes are placed on vertical parts. It allows to
reduce the mechanical strength in tubes and to simplify high-voltage system.

Electrons emmited by cathode obtain the total energy eUp. The beam is turned on 90°
in equipotential space, passes through stright part of pipe and turned additionally on 90°

Passing through deccelerating tubes electrons reduce their energy and hit the collector.
Collector has positive potential in comparision with cathode. Reflected electrons are moved
back and accelerated up to eUp. But for this electrons the direction of centrifugical drift is
opposite and they are passing to the walls of vacuum chamber or to speciall target.

The high-voltage power source is designed on the base of rectifier of ELV-accelerator for
industrial application. It has maximum voltage 1 MV and power 20 kW. Recuperation rectifier
is connected beetwen cathod and collector. It has maximum voltage 5 kV and power up to

20 kW. All high-voltage elements are placed inside of common gas system wich combined the
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vessel for rectifiers and vessels for accelerating and deccelerating tubes.
Longitudinal magnetic field is provided by conical, toroidal and cylindrical solenoids. It has
the additional windings for correction of centrifiginal drift and other disturbunce of trajectory.

Main parameters of device are as follows:

Voltage of H/V rectifier 1 MV

Voltage of recuperation rectifier 5 kV

Magnetic field 900 Gauss
Stability 1%
Larmor ?adius 5 sm
Acceleration tube length 115 sm
Deceleration tube length 150 sm
Aperture diameter 10 sm
Cathode diameter 1 sm
Vacuum | 107 +10-°

Following results were obtaned:

Beam energy 1 MeV
Beam current (continuous) 1 A

Beam current (maximum) 1.7 A

Current loses (minimal) 2 104
Current loses (usually) 10-3
Collector potential 3 kV

Time of continuous operation 1 hour

This data and expirience allow to promote both the poject of installation for electron cooling in
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energy region 4 - 30 Gev/nuclon and d.c. electron accelerator with energy of 1 MeV and power

up to 500 kW. Configuration diagram of the proposed installation for high voltage electron
cooling is shown in Fig. 2. Main elements of the installation are the following: a high-voltage
rectifier, accelerating and decelerating tubes, recuperation rectifier. They are placed inside a
tank filled with SF6 gas under a pressure of 12 bar. For the installation with the energy higher
than 7 MeV an additional electrode is supposed to be used to reduce its overall dimensions.
Fig. 3 shows a sectional view of the accelerating tubes and high-voltage terminal. The tubes
are located in solenoid which creates magnetic field up to 1000 Gy. Power consumed by the
solenoid is 8 kW/m. The high-voltage rectifier and solenoid are transformer supplied. The
recuperation rectifier, ion pumps, injector control unit, collector cooling system are located in
the high-voltage terminal. Power of the recuperation rectifier is 10 kW.

Alternative designes of installation fo; an energy of 5, 7, 10 and 15 MeV were examined.
Main parameters of the variants considered are presented in the Tabl. 1.

The installation tank overall dimensions were determined meeting a condition of providing
the electric strength. When choosing a configuration the following considerations were taken
into account. In a case when the installation column ends with a sphere electrode, the electric
field strenght at the electrode surface is determined from the relation £ = 2% = 4%, where
r; and r, are radiuses of inner and outer electrodes, U is a voltage of a high-voltage gap.
Hereinafter the equations for the electric field intensity are given at an optimal relation of the
electrodes radiuses. In a case when a tandem arrangement is used the high-voltage electrode
has a cylinder form, and field ¥ = FUI = 2.?18%. In the latter case the tank radius is 1.47
times less and the area is 2.17 times less than in the variant with a sphere electrode. As far
as installation lengths differs more than twice, the tank volume at the tandem arrangement is

slightly smaller. Besides, in the case the rectifier and solenoid are spaced apart through the
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length, it allows to provide their separate supplying and independence of energy and magnetic
field adjustment.

As a practice shows the long accelerating tubes operate reliably at an acceleration rate no
more than 1 MeV/m. The same gradient is close to maximal one for a high-voltage cascade
generator. So the installation total length is determined on this basis. The tank diameter
is determined from a gas insulation electric strength of about 200 kV/cm. Presence of gaps
between the high-voltage rectifier sections and accelerating column leads to 20+30% increase of
the maximal electric field intensity as compared to the case with a smooth cylinder. Thus, the
tank and column diameters should be chosen meeting the condition of 150+160 kV /cm intensity
at a surface of the smaller cylinder. At a voltage of more than 7 MV it is advantageous to use
an additional electrode at an intermediate potential. In this case the intensity is determined
from the relation £ = 0.423% — 1.917%, and it is 1.4 time less than that of the variant
without an electrode at the same outer radius. The following data were used to estimate the
solenoid power consumption. The solenoid sectional view is shown in Fig. 4. Diameter of the
accelerating tube in an outer edge of the electrodes is 220 mm. Considering that a potential
difference between the electrode and coil is up to 20 k\./ and that it is necessary to locate a
shielding ring protecting the tube from an alternating magnetic field component, the coil inner
diameter chould be no less then 250 mm. The inner diameter is determined from the column
dimensions, it is 425 mm. The section step is 40 mm, the coil height is 30 mm. To obtain the
magnetic field of 0.1 T it is necessary to provide 3200 A-turns for every coil. At a filling factor
0.7, the power in coil will be 103 W at 20°C, and 136 W at a maximal operation temperature of
100°C. Considering losses in the shielding rings and rectifier, the power given off in the solenoid
is 8 kW per meter ( for two acceleratig tubes).

The solenoid is supposed to be cooled by an SF6 gas flow. A diagram of the cooling system
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is presented in Fig. 5. The output at 10°C heating should be 1500 m®/hour for the 15 MeV
installation. At the the gas flow rate of 1.5 m/s, a convective heat transfer factor is about 80
W/(m?-°C), this is enough for heat removing from the solenoid side surface. The collector is
cooled by an additional cooling loop on the heat tube priciple.

When estimation the power consumption we took into account consumptions of the solenoid,
recuperation rectifier, high-voltage rectifier and 85 % efficiency of the facility.

The total view of cooling facility is presented at Fig.6.

These data are the estimation parameters, they should be improved at a more detailed

consideration.
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Figure 1: High voltage electron cooling device.
1 - cathod, 2, 3 - accelerating tubes, 4 - collector, 5 - reseiver, 6 - ion pumps, 7, 8,9 - solenoids

parts.
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Accelerator

Energy, MeV 5|7 |10]| 15
Vessel Height,m 11|15 21| 31
Column Diameter Di,m 0909|0909
Max.Diameter of Vesselm |2.5|25| 3 | 4
Vessel Weight,T 8 | 75|17 | 38
Solenoids Weight,T 5| 7 |10]15
Vessel Volume,m? 50 | 65 | 125| 310
SFg Weight, T 4 [52[10]25
Power consumption kW 65 | 90 | 130 | 200

Cooling seclion

Figure 6: The total view of cooling facility.
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Table 1: Main parameters of installations.

Energy of electrons, MeV 5 7 10 | 15
Height of tank H, m 11 | 15 | 21 | 31
Diameter of column D1, m 0.9
Maximal diameter of tank D2, m 25 125 3 4
Mass of tank, tonnes | 6 | 7.5 | 17 | 38
Mass of solenoid, tonnes | § 7 10 15
Volume of tank, m? 50 | 65 | 125 | 310
SF6 mass, tonne.s 4 | 52| 10 25
Power consumpsion, kW 65 | 90 | 130 | 200




Linac—based electron cooling device

N.S.Dikansky, V.V.Parkhomchuk, V.M.Petrov, V.G.Shamousky,
A.N.Smirnov, P.D.Vobly, V.N.Volkov.

The electron beam for electron cooling is traditionally obtained by direct electrostatic
acceleration. But for the higher electron energies (above 5 MV), the difficulties in
implementing sharply increase and set natural limits for such method in use.

That is why it is interesting to consider alternative ways for obtaining a high energy
electron beam applicable for the electron cooling. Thus, to obtain the electron cooling at
the collider ENC for GSI storage ring, it is necessary to have an electron beam with an
energy of 15 MV, a current of up to 1A, an energy spread of %1 ~ 107%, and %—5? ~ 1071
spread in a transverse momentum.

As the ion beams cooled at GSI are bunched with a o, of 10 cm, and the bunches
follow each other at a 60 MHz frequency, the cooling electron beam can be bunched as
well.

The usual source of bunched electron beam of such energy and intensity is a linear
accelerator. The main problem for using the linear accelerator for our purposes is a way
to meet high precision requirements to the energy and momentum spreads of beam.

For the sake of definiteness, let us consider a device, one of possible rough drawing
of which is given in Fig.1. The version of linear accelerator under consideration consists
of six identical units, each unit consists of four 60 MHz frequency resonant cavities with
a 700 KV voltage, one 180 MHz frequency resonant cavity, and one 300 MHz frequency
resonant cavity (2 of these 6 units are shown in the figure). A rough drawing of the main
60 MHz resonant cavity is given in Fig.2. The supposed characteristics of the resonant

cavities are given in Table 1.

Table 1.
N 1 2 3
Frequency of a cavity (MHz) 60.0 180.0 300.0
Voltage at a gap (kV) 700.0 466.0 56.0
Amount of cavities 24 6 6
Shunt resistance (ohm) 2.4-10% | 3.5.108 | 15.103
Q-factor 15.5-10% | 33-10° | 14103
Power dissipated by one cavity (kW) 104.0 31.0 1.5
Total power dissipated
by all the cavities (kW) 2500 181 9
Power consumed by electron
beam in one cavity (kW) 70.0 -47.0 5.6
Total power consumed by electron
beam in all the cavities (kW) 1680 -287 34




The bunched electron beam of 0.5 - 1 MV energy is injected to the linear accelerator
from an electrostatic preinjector. The whole cavity system as well as the preinjector is
immersed in a longitudinal 0.5 T magnetic field, created by a superconducting solenoid.

The main factors, affecting the energy and momentum spreads of the electron beam
in this linear accelerator, are the following:

1. The time dependence of the accelerating RF voltage in the accelerating gap during
the passage of a short electron bunch.

2. The influence of a space charge field on the energy spread of particles.

3. The influence of inhomogeneity of the longitudinal magnetic field and of the electric
field transverse components of the cavity on an increment in transverse momentum of
particles. _ ‘

4. The influence of the wake field upper harmonic of the cavity on the motion of
particles.

We shall briefly consider each of these factors.

1. The way to obtain the rather constant RF voltage in a cavity during the passage
of a short bunch through the accelerating gap is well known. For this one needs only
to add the required quantity of upper harmonics of a necessary amplitude to the main
RF harmonic. In order to meet a reqﬁirement of (%)gw ~ 10~* for every section of the
accelerator, one need only to add-both the third harmonic with a relative amplitude of
0.167 and the 5th one with a relative amplitude of 0.02 to the leading harmonic. The
additional correcting cavities of 180 and 300 MHz frequencies, shown in Fig.1, are used
for this purpose.

2. When the short bunch passes through, the particles which are at a distance s from
its center are affected by the longitudinal component of the space charge force. Let us
suppose that the density distribution of bunch particles is parabolic in form.

3 N a*

n(S)—Z Y e e 2]

Then once the bunch passed the distance [, the particle being at a distance s from the

bunch center has an additional longitudinal momentum.

AR _3 Nrg
' 2 alv%
Here: g=142in(}),
N is the number of the electrons in the bunch
a is the radius of the beam
b is the radius if a vacuum chamber

r. is the classical electron radius of 2.8107* cm.

At high energies (y ~ 10) this value is negligibly small (~ 107°) when the bunch
passes the distance of 100 m. But at low energies (v > 1) the value -A—gﬂ will be equal to
1072 just after the bunch passes 1 m. But, as the phase dependence of the longitudinal
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momentum increment is a linear one at a chosen special form of the density distribution
of bunch space charge, this effect can be easily corrected.

Here it is pertinent to note the following. At a first glance it would seem that the
accelerator operating in a range of rather short wave lengths of about 1 <+ 10 cm is
more attractive, as its overall dimensions are relatively small as well as its cost. But as
A—Pfjl- ~ 7,3 ~ wy? , where wy is a main frequency, it is obvious that the difficulties, related
to the effect of space charge on the accelerator particle dynamics, sharply increase with an
increase in the accelerator working frequency and become insuperable. Besides, there are
much more problems connected with the necessity to obtain super short electron bunches
at a stage of their injection to accelerator and to significantly elongate the accelerated
bunch. In this connection it is seen that we should use the minimum RF frequency. So
the accelerator working frequency is chosen considering the reasons just listed.

3. The particle can acquire an additional transverse momentum, when it moves in the
inhomogeneous electrical field of the cavity, and effected by small inhomogeneities of the
longitudinal magnetic field.

It can be shown that in the case of small disturbances the transverse momentum
increment of a particle can be compensated by a special correcting magnetic lens. This lens
creates an additional disturbance of longitudinal magnetic field of the required amplitude.
It should be located at a point determined by a phase of a Larmour motion. Fig. 3 shows
the possibilities to compensate the transverse momentum increment of a particle moving
in the inhomogeneous electrical field of the cavity. There are shown trajectories of particle
motion in the transverse momentum space for the case of absence of such compensation (b)
and for the case of presence of a correcting lens (c). Fig.3(a) presents strength component
distributions of the cavity electrical RF field and of the leading magnetic field along the
direction of particles movement.

The precise adjustment of all the correcting lenses positioned after every resonant
cavity is a delicate and labour-consuming work. Besides, errors in production and alignment
of the cavities lead to an increase in the transverse momentum of particles. This casts
some doubt upon the real ability to obtain the accelerated electron beam of required
characteristics and hence upon the serviceability of the proposed device. But there
is one rather elegant way to avoid these difficulties. Let us assume the bunch moves
along the system of cavities, acquiring the transverse momentum component increment
at the accelerating gaps for some reasons. Assume there is a special correcting lens at
the accelerator outlet (for some cases, when the total value of transverse momentum 18
sufficiently small, its role is played by the electrical field inhomogeneity of the last cavity).

Let us consider an ideal case, when the particle motion disturbances caused by cavity
fields are in one plane, for example X-Z (Z is the direction of the particle motion). Here we
can always eliminate the increment of particle transverse momentum, acquired during the
acceleration. For this we need to properly choose the value and phase of the disturbance
created by the correcting lens.

Obviously for the case of one-dimensional disturbances, we can always eliminate the
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residual increments of particle transverse momentum, acquired during the acceleration,
by a proper choice of these two parameters. To show the efficiency of the described
method we have simulated the simplest model. We supposed that the disturbance in the
transverse motion of particles was due to a random error in the cavity angle alignment in
a plane (X-Z) (Z is the direction of particles motion; the value of a standard deviation in
our calculations was adopted as 0.01). We calculated the particle transverse momentum
(at the accelerator outlet) depending on the value of the leading longitudinal magnetic
field. The results are presented in Fig.4(a) and Fig. 4(b). It is seen that this value is close
to zero at a specific b. The extension of the described method to the case of non-one-
dimensional disturbances of the particle transverse motion is obviously out of principal
difficulties. This correction method was successfully used for electron cooling at INP.

4. The wake fields of upper harmonics for the current with a peak amplitude of 1A,
and a bunch length of 10 cm following each other at a frequency of 60 MHz were calculated
for the main 60 MHz resonant cavity. Relatively small dimensions of the cavity provide
a low beam-imposed voltage at an accelerating interval. Fig.4(a) shows the spectrum of
upper axial symmetrical modes in the cavity, which are excited by the beam. The values
of both active and reactive components of the imposed RF voltage are given in Fig. 4(b)
and 4(c), respectively. As is evident, the imposed voltage values are small. Moreover, the
reactive component of the imposed Voltage, contributing significantly to the amplitude,
linearly depends on phase, and this value can be easily corrected when needed.

So, the results of the above estimations show, that there are reasons to hope to obtain
the electron beam parameters required for electron cooling. This will enable to extend

the use of electron cooling of heavy particles in a several Gev range energies per nucleon.
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Gun and collector for FNAL recirculation
experiment

G.EKuznetsov, A.N. Sharapa and A.V. Shemyakin
Institute of Nuclear Physics, 630090 Novosibirsk, Russia

The gun and collector developed for the FNAL recirculation
experiment are presented. Results of their tests at the INP test
bench are described. The electron beam of 0.5 A current is formed,
accelerated up to 50 kV and its energy is recuperated in the
collector with the relative current loss less than 10™*. A simple
formula for an estimation of the collector secondary emission
coefficient is suggested.

1 Introduction

The present paper is related to the high voltage electron cooling project be-
ing under development at FNAL [1]. Contrary to the existing electron cooling
devices, a beam confinement by a longitudinal magnetic field is not used here.
The beam is accelerated and decellerated inside Pelletron accelerator.

The characteristic feature of the chosen scheme is a strict current loss lim-
itation at the acceleration, transportation and deceleration of a beam. The
relative value of the loss should be less than 10™*, which is to put heightened
requirements to the gun and collector. :

The first stage of experiment supposes to achieve a reliable recirculation of 500
mA, 2 MeV electron beam. The electron gun and collector intended for this
stage were developed, produced and tested at BINP (Novosibirsk, Russia).
This paper describes the gun and collector, suggests the model for the determi-
nation of secondary electron flow from the collector and presents experimental
results of the gun and collector test, performed at INP.

! In frames of the Accord No RU/03533872/60221 between FNAL and BINP.

Preprint submitted to Elsevier Preprint 23 April 1997
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2 The electron gun

Requirements to the electron gun are shown in Table 1.

Table 1
Requirements to the electron gun

electron energy at the gun exit up to 50 keV
beam current from 0 to 500 mA
beam diameter in the Pelletron

acceleration column for the whole

range of the beam current less than 25 mm

part of electrons in the halo less than 10~4

There are two groups of problems for the gun optics design. The first one is

related to characteristics of the main part of beam (first three items in the ‘
Table 1). From this point of view, the range of possible solutions for the gun '
optics is rather wide, and they can be tested by a trustworthy computer sim-

ulation. }
The second problem is connected with electrons the movement of which dra-
matically differs from the one of the main beam (a beam "halo”). Causes can
be very different. For instance, such a halo can be created by scattering at a
residual gas, by emission from a side surface of the cathode, by an influence of
the heater current etc.. Such electrons go to the column electrodes and initiate
the breakdowns. For a DC operation, the breakdowns start from the current
loss of tens microamperes. The goal to minimize the share of electrones in the
halo was the main one at the gun development.

It is difficult to simulate all effects which could produce the halo. The basis
for the choose of the gun geometry was our experience and qualitative con-
sideration. The final conclusion is that the smaller is the cathode diameter
the better, and the minimum diameter is determined by the cathode emission
ability. For the current of 500 mA, the cathode STD134 which diameter is 3.4
mm was choosen. The gun drawing is shown in Fig. 1.

One of the most important sources of the halo is an emission from a cathode
side surface. Traditionally, an electrode with zero potential (Pierce electrode)
is placed around the cathode to shape the beam. It is difficult to make a ther-
mal gap between the cathode and a Pierce electrode less than few tenth of
millimiter. Electrons are emitted from the cylindrical part of the cathode, go
away from the gap and create the beam halo. For guns with small diameter
cathodes, as simulation shown, this parazite emission can be up to one per-
cents of the beam current. To suppress this emission, an approach described
in [2] was used. The "Pierce electrode” is isolated from the cathode and a
negative potential is applied to it so that a zero equipotential touched the
cathode edge is formed. This electrode can be used also to control the beam
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Fig. 1. Gun drawing.1- cathode STD134, 2- control electrode, 3- anode.

current, and we will denote it the control electrode.

Also, the current can be regulated by the cathode emission ability varying at
the heater current change. Both methods give similar simulated dependences
of the beam size on its current. Note, that all simulation in this work were
made by SuperSAM code [3]. Evidently, the smaller is the beam size in the

RECH)

Brn(Gs )= 464.7

4.8000

J. 4000

2.4000

Fig. 2. Sample of a gun simulation.

The anode potential U, = 35kV, potential of the control electrode U, is equal to
the cathode one, the beam current 7 = 0.5A. The gun works in the space charge
limited regime. C- cathode, CE- control electrode, L- permanent magnet lens, A-
anode

accelerating column, the more tolerant is the accelerator operation to align-
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ment errors and to perturbations (for instance, to external magnetic fields).
Because of this, the second gun version, which differs from the first one only |
by a magnet lens inside the anode, was developed and tested. The lens is a
permanent magnet ring with the maximum magnetic field at the axis of 460
Gs. An example of simulated beam trajectories in this gun is shown in Fig.2.
The maximum beam size in the column is twice less than one for the first gun
version.

A pecularity of the gun with the lens is a possibility to operate at zero con-
trol electrode voltage. Simulations show, that an electron movement inside the
thermal gap is determined by the magnet field of the lens. As result, trajecto-
ries of electrons, emitted from the side surface, differ slightly from ones of the
main beam, i.e. the electrons do not form a halo.

Characteristic features of the gun and some results of the simulation are listed
in Table 2.

Table 2

Characteristic features of the gun

cathode diameter 3.4 mm

cathode current density:

average up to 5A/em?

homogenity 10% ‘

current regulation by a negative voltage at the control electrode ‘[
|

or by the heater current
control electrode voltage
shut off the gun -0.06- U,
calculated maximum beam
diameter in the column:
without any lens in the anode 16 mm

with the permanent magnet lens 8 mm

3 Test bench I

Tests of the gun and collector were made at the test bench shown in Fig. 3 in a
DC regime. The gun generates the beam of energy e-U,, where ¢ is the charge
of electron and U, is the anode potential. Further, electrons are accelerated up
to the drift tube potential Uy, decellerated in two steps (down to the collector
anode potential U, and to the collector one U,). In front of the collector a
suppressor electrode is mounted. A decrease of its potential U, < U, supresses
a secondary electron flow from the collector.
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Fig. 3. Test bench drawing.

1- gun, 2- gun anode, 3,5- high voltage isolators, 4- drift tube, 6- collector anode,
7- suppressor, 8- collector.

The reduction of this flow was one of the most comlicated problems of the
test. For measurements of the beam halo, a special collector regime with a
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very low part of electrons escaped from the collector was used. This regime
is not appropriate for the long operation of the collector because of thermal
problems and is not described here.

The maximum drift tube voltage is 50 kV. The current loss §1 is measured as
a sum of currents to the anode , drift tube and collector anode. The pressure
near the cathode is between 1-107% and 1-10~7 mbar with the beam on.

In the most experiments, a permanent magnet lens was mounted on the drift
tube to provide an optimum beam focussing to the collector. Correction coils
located at the ground potential near the drift tube were used to change the
beam position in the transverse directions.

At Pelletron, an acceleration field of the column forms a strong enough fo-
cussing electrostatic lens at the gun exit. To model an influence of this lens in
our test, the focal distance of the magnet lens in the anode is reduced, or, for
the first gun version, a large enough ratio of the drift tube and anode poten-
tials is used. For the last case, estimation shows, that the electrostaitic lens
in Pelletron at U, = 50kV and an acceleration rate 17 kV /cm corresponds to
U;/U, = 4 in the test.

The electron flight time in the test bench is about the one in Pelletron from
the gun to a fist magnet lens. Correspondingly, deviations of disturbed elec-
tron trajectories from the ones of the main beam are approximately the same
in the test and in the Pelletron. Therefore, the halo particles, which will reach
the Pelletron column electrode, should produce the current loss at the test
bench.

Of course, it is impossible to completely model in the test the beam behavior
in the experiments at Pelletron. The main goal of the work was to check the
results of the computer simulation.

4 Experimental results of the gun measurements

The main result of the gun measurements is as follows:

-the halo is practically absent, if the side surface emission is suppressed;

-the beam behavior is in accordance with result of the computer simulation.
At the optimum tuning the current loss is less than 1 gA up to the beam
current of 500 mA and is close to the precision of measurements (Fig.4).
Here the beam current is regulated by the control electrode voltage. The same
behavior was found for the regulation by the heater power.

The dependence of the current loss on the transverse beam displacement

(Fig.5) shows a sharp beam edge, i.e. the beam halo is absent.

The transverse beam displacement gives a possibility to analyze the current
dependence of the beam size. The current loss as a function of the beam cur-
rent for different beam position is shown in Fig.6. The beam diameter is low at
the low current, when the cathode emitted surface is small, and at the current
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Fig. 5. Current loss as a function of the beam displacement.
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of 200 mA. Simulation made for the last regime indicates the zero equpotential
touched the cathode edge.

Results presented above are obtained for the gun with the magnet lens in the
anode. The gun without the lens provides the low current loss also, if the
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Fig. 6. Current loss as a function of the beam current for three different correction

coil currents.

U, = Uy = Uy = 35kV, Uz = 3.5kV. The curve 1 corresponds to the optimum
correction, the estimated maximum shift of the beam in the drift tube for the curves
2 and 3 is aproximately 6 and 8 mm, correspondingly.

electrostatic lens at the gun exit is strong enough, U,/U; < 0.3. For higher

relative values of U,, the §1(I) dependence becomes similar to the curves 2,3

in Fig.6, i.e. there is a range of the beam current, where the current loss is
high for any tuning.

In this set of measurements the current loss increases dramatically for control
electrode potentials close to the cathode one. The bounary value of the control
electrode voltage is U.. = —0.003 - U,. This value corresponds in the computer
simulation to the beginning of the cathode side surface emission.

At the anode and tube potentials simulated the electrostatic lens at the ac-
celerator column entrance (U, = 10kV,U, = 40kV), the maximum current
with low current loss is 70 mA. According to the ”3/2 low”, the current in the
accelerator at U, = 50kV will be 770 mA.

So, the both versions of the gun generate the beam with the part of electrones
in the halo less than 2 - 10~%, matched with the Pelletron accelerator column
in the beam current range from 0 to 500 mA.
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5 The electron beam collector

As in the case of the gun, two problems should be solved at a collector design.
First, it is necessary to transport the primary beam inside the collector and
to provide a proper power density distribution at the irradiated surface. It
is a simpler part of the work, because the trajectories can be simulated by
computer. An example of simulation for the collector under discussion is shown
in Fig.7. Second problem, which is a prediction and a decrease of the current

11,008

bl

6. 0008 =

@.0604 11,064 22,464 33,844 44,488 Z(CH)
Fig. 7. Computer simulation of trajectories in the collector.

The beam current is 500 mA. The symbols A,S and C label the
collector anode, suppressor and collector, correspondingly, with potentials
U, = 50kV,U, = 2kV,U, = 5kV. The beam radius in the collector anode is 5
mm.

loss due to the secondary electron flow from the collector, is considerably more
complicated.

To describe the efficiency of the secondary electron capture by the collector,
the notion of the collector secondary emission coefficient [4] can be used:

Al
Oeol = (1)

where 67 is a current of secondary electrons escaped from the collector. For
systems with a longitudinal magnetic field high enough, the main mechanisms
used for detaining secondary electrons are a magnetic mirror and a poten-
tial barrier before the collector. In [4], a simple half-empiric formula for the
estimation of collector secondary emission coefficient in this case is obtained:

Unis He

(Oesthmagn =R+ [ U. ) o (2)

where Uy, U, are potentials, and Hy, H. are magnetic field strengths in the
area of potential barrier and collector surface respectively, k is a coefficient
depending on the collector material and the surface condition. The estimation
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(2) is in a good agreement with the results of measurements [5] for o < 1,
where k about 0.1 was found.
In a sufficiently strong magnetic field the electron trajectories are "freezed” in
the field lines. Because of this, (0.o)magn in (2) is determined by a magnetic
field configuration and does not depend on the collector geometry. For the col-
lector without any guiding magnetic field, its geometry may be a determining
factor. It is easy to calculate a value of o, for the equipotential collector of a
simple geometry (Fig.8), in which all electrons of the primary beam fall on the
collector surface approximately perpendicularly. In such a collector, a share of
the secondary electrons escaped from the collector is the same for all points |
of the exposed surface. 1
A secondary electron, which initial kinetic energy and angle are £ and 4,

L

Fig. 8. The collector model.

goes out of the collector, if it is located in the region of the phase plane (0, ) |
under the line 1 in Fig.9a }

Rin
f<a= arctan(——L—), (3)

where R;, and L are the input hole radius and length of collector. At the

E/(eU )
Fig. 9. The phase space of secondary electrons.
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cosine angular distribution of secondary electrons,

(oot )geom = 00 + sin*(a) & ag - (—)?, (4)

where oy is a full coefficient of the secondary emission. In the collector poten-

tial range of practical interest, (0.5 - 5 kV), o¢ is of order 1 (0.4 - 0.8).

The potential barrier efficiency can be estimated from the measurement results

presented in [4]. These data show the fraction of secondary electrons overcom-
“ing the potential barrier in a flat electric field. The dependence is close to the

parabolic one:

U

(el =+ (T2 6

and k =~ 0.1. In this case, escaped secondary electrons occupy a phase area
under the curve 2 in Fig.9a:

E> e(U, — Up),0 < 0(E). (6)

The maximum angle 8,,(F) is determined by the condition, that the longitu-
dinal component of the electron velocity is zero at the potential Up,:

cos®(6,,) = E(_gc_g‘Lm). (7)

Note, that the formula (5) is valid only for U,, < U.. In this case, k is ap-
proximately equal to the backscattering coefhicient.

The formula (5) is appropriate to the "open” collector when R;, &~ L. Such
a collector is of limited interest, because it is impossible to obtain a low loss
(dI/I <1-107*) for large enough values of the collector perveance U, (6]

I
P = 3
2

Ué

(8)

The collector with the potential barrier and a low value of the "geometric
factor” Ri,/L is much more effective. For the case R;,/L < /Uy /U., the
phase space of the escaped electrons is intercepted by the conditions (3) and
(6) simultaneously (a hatched area in Fig.9a). To calculate a value of o, it
is necessary to integrate the angular and energetic distribution of secondary
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electrons p(0, E) over this area:

o U,
By f 97 - sin(6)df / o(0, E)dE, (9)
° om

where p-dQ-df- [ is a current of secondary electrons, whose angle and energy
are in the intervals (0,0 + df) and (E, E + dE) correspondingly. In a case of
practical interest,

Rz’n 2 m
A

U

<1, (10)

the result of calculation by (9) is influenced weakly by specific details of an-
gular and energetic distribution, because the escaped electrons occupy a small
part of the phase space, where the phase density is approximately constant.
The collector geometry cuts the secondary beam which is close to the parallel
one and contains o? part of all secondaries. The potential barrier reflects all
electrons, whose energy differs from the energy of primary electrons by more
than el,,. Consequently, the phase area of escaped electrons is a rectangle
(Fig.9b). In such a case, the share of these electrons is equal simply to the
product of the density in this area pg to the phase volume, and the expression
(9) is reduced to

Oeol = (po-7-elU) - a®-

o~ " —2-
o8 By e (11)

In this formula, the only term characterizing secondary emission properties
of the material is the coefficient k;. This value is of the same order as the
backscattering coefficient, k; & 0.1.

Besides, this coefficient can be estimated from the results of experiments with
the magnetized collector and the flat retarding electric field (formulae (2)
and (5)). It can be shown, that in both cases the flow of escaped secondary
electrons is also a product of the same phase density py to the corresponding
phase volume. Such an estimation gives k; = 2- k. Finally, the formula for the
collector secondary emission coefficient is

Rin er
aco,mZ-k-(L)z-U. (12)

Lets compare the efficiency of collectors with and without magnetic field.
From the comparison of (2) and (12) it is seen that the magnetic mirror ratio
H./H, is an analog to the geometric factor (R;,/L)%. At the equipotential
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regime (U, /U. = 1), the secondary electron fluxes are equal, if

B
Ho

2. (S, (13)

The potential barrier efficiency is higher in a magnetized collector. The reason
is in different types of angular distribution of the electrons reaching the barrier.
As shown in [4], in the magnetized collector this distribution turns to be of
a cosine type, whereas in collectors without any magnetic fields, with the
condition (9), the electrons have small spread of angles.

6 Experimental results of the collector measurements

The experiments on determination of the collector secondary emission coeffi-
cient were carried out at the test bench given in Fig.3. As it is shown above,
the beam halo is very low and the current loss is practically equal to the
current of secodaries from the collector, 67 = AI.

6.1 FEquipotential collector

oL, pA—

- 480

240

LmA

1 1 1 | |

1
0 300 600

| 1 | 1

Fig. 10. Current loss as a function of the beam current in the equipotential collector.
U, = U, = 4.2kV, collector anode potential U, = 35kV.

Fig.10 presents the current loss as a function of the beam current for the case
of equal collector and suppressor potentials Us; = U,.. As simulations show,
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in such a regime for all the currents from 0 to 500 mA the beam falls on a
collector bottom, and the ratio R;,/L is approximately the same for all points
of the collector surface.

Measured value of o, is changed from 5-1072 at small currents to 1.2-1072 at
I = 500mA. The last value is in accordance with the estimation (4), because
(Rin/L)* = 2.5-107° for this collector. o, at low currents is noticeably higher
than that predicted by the formula (4). It is possibly connected with the gen-
eration of tertiary electrons. Their contribution to the loss in the equipotential
collector may be of the order of the secondary electron contribution. Decreas-
ing 0., at increasing current is related to the formation of a potential barrier
inside the collector, reflecting slow electrons.

6.2 Collector with a potential barrier

200+

i

—h

Lo

o
1

loss, mKkA
o

(@]

1 1 i 1 1

current

504

0 1 2 3
suppressor potential, kV

Fig. 11. Current loss as a function of the suppressor potential.
U, =4.4kV,U,, = 35kV. The beam current for curves 1,2,3 is 50, 200 and 500 mA,
correspondingly.

The current loss as a function of the suppressor electrode potential U, is given
in Fig.11. This function is close to a linear one according to (12), with & about
0.1. Minimum values of o.,; measured for different perveances of the collector
are shown in Fig.12. The optimum for the suppressor potential was chosen
for each point of this curve. The value of 0., increases with the perveance.
The reason is an increase in the optimum value of the ratio U,/U. with the
perveance.
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7 Conclusions

The produced and tested gun generates the beam practically without a halo.
The part of electrons in the halo is less than 2 - 10~® at the beam current
of 500 mA. The beam is matched with the Pelletron column for all currents
in the range from 0 to 500 mA. Main characteristics of the collector without
magnetic field are examined. A simple formula for estimation of the collector
secondary emission coefficient is suggested. It is in a good agreement with o,
value measured for the collector with R;,/L << 1. The suppression of the
collector secondary electron flow less than 1-10-5 is experimentally obtained.
The authors acknowledge the assistance of T.N.Andreeva in calculations.
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_Progfalns for Gun and Collector Simulatidns'De{reloped
at INP

A.V.Grudiev, D.G.Myakishev, M.A.Tiunov, V.P.Yakovlev

Budker Institute of Nuclear Physics, Novosibirsk, Russia

The two codes for electron gun and collector simulation developed
at BINP are described. The SAM code is based on the boundary
integral equations method. The SUPERSAM code is based on the
finite elements method. The codes are well tested on the problem of
creation of high power RF source units. For the purpose of electron
cooling system design new features were added to the codes.

Key words: electron gun; collector; electron cooling.

1 Introduction

At present time the two codes SAM [1] and SUPERSAM [2] for simulation of
axisymmetric DC electron guns and collectors have been developed and are
actively used at INP. The first version of SAM code was appeared at 1986.
The SAM code is based on the method of boundary integral equations. The
SUPERSAM code was developed at 1991 and is based on the finite elements
method. For the purpose of electron cooling system design the model of particle
emission from the cathode with non-orthogonal magnetic field was added to
codes. The possibility of transverse temperature calculation was added to SAM
code. At present time there are versions of codes for PC/DOS and VAX/VMS.

2 SAM code

The SAM code was -devéldped for calculation of DC electron 'gt-lns and of
elements of electron optic systems with the axial symmetry. SAM is a package
of computer codes which permit to solve the following problems:

- Calculation of high-voltage insulators and other electrostatic systems;

Preprint submitted to Elsevier Preprint 27 March 1997
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— Calculation of magnetic systems with DC coils, permanent magnets and
ferromagnetics (without saturation effects);

— Calculation of electron guns and electron optic systems.

- Calculation of electric and magnetic fields in the system with small distor-
tion of axial symmetry without space charge effects.

Calculation of electrostatic and linear magnetostatic problems is based on the
boundary integral equations method with three-order spline interpolation of
the boundary solutions. The main advantage of this method is that electric
fields are calculated with the same accuracy as potentials because the analyt-
ical derivation of integral equation kernel is used.

To describe the beam dynamics in the gun the quasilaminar current tubes
model is used. The space charge and beam current distribution are described
using a set of meshes with rectangular cells in the cylindrical coordinates
covering only the expected area of the beam particle motion.

The following methods are used to increase the accuracy of calculation:

— An analytical separation of the kernel singularity.

— An analytical separation of the solution singularities on the electrode, di-
electric and magnetic edges and in the points where dielectric joints to the
metal is also performed. The power of singularity in the last case is deter-
mined automatically.

— For calculation of scattered magnetic field with good accuracy the Tozony
regularization is used.

— The mesh dimensions are chosen to be matched with the beam envelope.
The current tubes have the finite section, which varies with the change of
the beam radius.

The good illustration of SAM possibilities is simulation and design of magnetic
system and electron guns of the high-power 7 GHz Magnicon amplifier [3]. DC
power of the electron beam is about 100 MW. One of the Magnicon design

- problem which was solved with SAM code is fo form and transfer through - -

magnetic biasing system an electron beam with diameter not greater than 3
mm, what is necessary for the maximum efficiency obtaining. The calculated
and measured data are presented in the Table 1.

A high voltage diode gun on the basis of 120 mm diameter oxide cathode is
used in the Magnicon as an electron injector. The main problem of the elec-
tron gun design is to receive a maximum beam area convergence (more than
1000) and minimum value of electric field on the focusing electrode (vacuum
breakdown). The geometry of the gun and calculation results are shown on
the Figure 1.
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Table 1
Design and measured parameters of electron source for X-band Magnicon.

calculations | measurements
Beam voltage[kV] 430 436
Beam current[A] 233 236
Microperveance .83 .82
Electrostatic beam area compression 1500 1000
Beam diameter[mm)] 2.2 2.5
Beam area compression 2900 2300
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Fig. 1. Electron gun of Magnicon: a - gun geometry, space mesh and axis field
distribution; b - results of simulation.

The SAM code was also used for design of Magnicon magnetic system. The
geometry of the system and the results of simulations and experiments are
shown on the Figure 2. One can see that Tozony regularization significantly
improves accuracy of calculation.

The two problems of electron gun simulation arise during electron cooling
system design:

— calculation of emission from cathode with arbitrary shape immersed to mag-

" netic field; o o

- calculation of Larmour rotation temperature and drift motion temperature
of particles in the beam.

To solve the first problem the following start model is used in SAM code: the
start conditions on the gap ¢ from the cathode (at start point) are calculated
in the adiabatic approximation wrg-to 3> 1, where wy = %’E’» is the Larmour
frequency and t; is the transit time of electron on the gap 4. This condition
may be rewritten in the form é > Rpo, where Rzp = w—”f; is the full Larmour
radius of particle and vy is the particle velocity at start point. In this approx-
imation we assume the projection of particle start velocity to the plane (r,z)
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Fig. 2. Magnetic system of Magnicon: a - the magnetic shield and current wires
geometry; b - the magnetic field distribution on the system axis.

is oriented along the magnetic field, and current density obtained by Child’s
law is multiplied by factor sin @, where @ is the angle between magnetic field
and emitter surface.

The azimuthal component of particle velocity at start point is calculated as
sum of electric drift velocity, gradjent magnetic drift velocity and initial veloc-
ity of Larmour rotation of particles near the cathode with space charge limited
emission [4] (we are neglected by the phase of rotation) vgo = v¥ + vy + vz, or:

Ey x Hy mc(?vﬁo +vio)
H3 2eH§

47’!’ng . Eo X ﬁo

Vgo = C*

where jo is the current density on the cathode.

The new useful possibility of SAM is the calculation of transverse temperature
of the beam particle in the gun. In this case the following procedure is used.
At any moment we can consider transverse to magnetic field component of
velocity as a sum of the following components: o, = ¥, + o5 + Oy ,
where ¥, is the local value of the Larmour rotation velocity, o5 and @) are
local values of drift velocity and gradient magnetic drift velocity (see previous
formula). Knowing calculated velocities ¥, and ©% and @ we can extract

9. The temperatures of Larmour rotation and drift motion are calculated as
: eI 8 ] :
Ty, =mv2/2 and Ty = m(vf + vf) /2.

On the Figure 3 the results of calculation of the gun for GSI SIS electron
cooling device which was developed in group of A.Sharapa are shown. The
voltages on electrodes are 6 and 35 KV, the beam current is 0.824 A, magnetic
field is 1000 Gs. For this variant the output temperatures of Larmour rotation
and drift rotation are equal to 3-107% eV and 2.8-107% eV correspondingly.
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Fig. 3. The results of simulation of GSI SIS electron cooling device gun.

3 SUPERSAM code

The SAM code is a power tool for electron gun simulation, but the accuracy
of the electron gun calculation by SAM is limited by two factors:

— The set of rectangular meshes is not matched well with the spherical cathode
and with complicated shape beam envelope, that provides errors in the space
charge distribution and fields near the cathode and it is difficult to describe
the inner structure of beam.

- The quasilaminar model of current tubes permits to calculate only the beam

with [V;/Vi| < 1.

To avoid these difficulties and increase the accuracy of evaluation we have
made a new computer code SUPERSAM, which used FEM. The SUPERSAM
code is based on eight-nodes second order isoparametric elements. The current
pipe model is used to describe the space charge effects. The charge density
of current pipes is expanded on finite-element basic functions to obtain the
smooth charge distribution over the beam. This model permits to calculate
collectors with reflected particle trajectories. External magnetic field can be
defined on axis and then expanded to FEM mesh by paraxial approximation
or it is possible to transfer magnetic field from SAM to SUPERSAM directly.

The use of FEM with curve mesh for the evaluation of axisymmetric elec-
tron guns has the advantage over FDM and the boundary integral equations
method, because the finite elements mesh permits:

— to describe better the curve surfaces of gun electrodes, particular the cath-
ode surface;

- to investigate non-pierce optics and effects of cathode edges.

- to conform with the beam envelope, which reduces the calculation aberra-
tion on the edge of the beam. It is especially important for evaluation of
the guns with a high beam area compression.
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Fig. 4. The result of simulation of emission from cathode edge for Magnicon gun:
a - finite element mesh near the cathode edge, b - particle trajectories and equipo-
tentials, ¢ - total view of gun.

micw) micm)

4. 2000 4. 208

o lilhsssSSS==SSSSSE T WO .
a) b)
Fig. 5. The result of simulation of the hollow cathode gun for electron cooling

device without toroids: a - finite element mesh; b - equipotentials and trajectories
of particles.

The features of SUPERSAM code permitted to use it for optimization of the
electron gun for Magnicon. The following examples shows the possibility to
investigate the influence of emission from the cathode edge. The first picture on
the Figure 4 shows the finite element mesh near the cathode edge, the second
one shows the behavior of beam near the cathode edge, the last picture shows
the whole view of the gun.

For the purpose of electron cooling system design the following modification of
SUPERSAM code was made. To describe correctly the emission from cathode
with magnetic field the new emission model was added to code. Accordingly
(5], we used the model of plane diode with homogeneous magnetic field with
angle 6 to emitter surface. This model permits to calculate the gun with
cathode of arbitrary shape immersed to the arbitrary magnetic field. The
emission model which is used in SAM is the particular case of this model.

On the Figure 5 the result of simulation of hollow cathode gun for electron
cooling device without toroids (bending magnets) is present. This gun was
designed by the group of A.Sharapa. The voltage of electrodes is 1 and 8 kV,
the beam current is about 0.2 A.

The SUPERSAM code can be also used for precise collector simulations. The
curvilinear finite element mesh permits to describe the complicated collector
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Fig. 6. The result of simulation of the collector for FNAL recirculation experiment.

shape with good accuracy. The used current pipe model permits to calculate
the reflected trajectories. One of the examples is the collector for FNAL re-
circulation experiment, which was designed by the group of A.Sharapa. The
beam current is 0.5 A, the initial beam voltage is 50 kV, the beam voltage
on the collector is 5 kV. The result of simulation of one variant is shown on

Figure 6.

4 Conclusion

The two codes for calculation of axisymmetric DC electron guns and collectors
have been developed in INP. The codes use different numerical methods which
permit to use these codes for solution of the different problems where each
method has own advantages. These codes are enough power tools for electron
gun simulation and are actively and successfully used in INP.

References

[1] B.M.Fomel, M.A.Tiunov, V.P.Yakovlev, SAM - an interactive code for evaluation
of electron guns (Budker INP 96-11)

[2] D.G.Myakishev, M.A.Tiunov, V.P.Yakovlev, Code SupefSAM for calculation of
electron guns with high beam area convergence. Proc.XV ICHEA(Hamburg,
1992), Int.J.Mod.Phys. A (Proc. Suppl.) 2B (1993) Volume II, pp.915-917.

[3] Y.V.Baryshev et al., A 100 MW electron source with extremely high beam area
compression. Nuclear Instruments & Methods in Physic Research A 340 (1994)

241-258.

[4] I.I. ProTos, O6 yriaoBEIX XapaKTepUCTHKaX 3JIEKTPOHHOIO My4Ka, N0y YaeMoro
B Gecdonsropom guoze. Ipenpurt USSP 83-146, 1983

[5] B.A.AcTpenus, N.A.KoTenbHHKOB, C.J1.Curuuxuii, OTpunaresnbHOe
nudbepernUalibHOe CONPOTHBIEHUE 3IEKTPOHHONO NUOAA B MAarHUTHOM TMofle.
JKypuan rexnuveckoi ¢usuku, T.59, B.4, 1989.

239




