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Studies of the propertiés of plasma produced during the neutralization of the space charge of an intense-
ion beam are reviewed. Compensation of an ion beam by charges produced as a result of the ionization of
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1. INTRODUCTION

The propagation of intense ion beams is accompanied
by a spreading due to the mutual repulsion of the ions.
This effect can be reduced by compensating (neutraliz-
ing) the beam space charge by charges of another sign,
and the net effect of this is that the resulting system is
essentially a specific “ion-beam” plasma. In view of
the extensive applications of ion beams in science and
technology, [1=51 and the very extensive range of new
investigations of physical phenomena in compensated ion
beams, it is now possible and useful to review and sum-
marize the current state of development of this branch
of plasma physics. This is the aim of the present re-
view in which we will consider the following problems.

a) Compensation of previously formed and accelerated
extensive ion beams, which leads to the establishment of
a residual radial electric field. In particular, attention
is drawn to the inadequacy of previous descriptions of
the compensation process in a stable ion beam, namely,
the suggestion that the minimum residual field is con-
nected with the Coulomb interaction between the beam
ions, on the one hand, and the neutralizing electrons, on
the other.

b) Collective processes in unstable ion-beam plasma,
are given considerable space in this review. In addition
to studies of the linear stage of development of the dif-
ferent branches of oscillations, there has been con-
siderable experimental work in recent years on the cor-

_responding nonlinear effects.

¢) Certain topical problems in the propagation of com-
pensated ion beams, which have previously been dis-
cussed in relation to single-component beams'®? or were
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ignored altogether (influence of collective processes and
Coulomb collisions on beam transport).

2. COMPENSATION OF THE SPACE CHARGE OF
ION BEAMS

A. lon-beam compensation methods and ion-beam
plasma

The space charge of an ion beam can be compensated
as follows: 1) by charges produced during the ioniza-
tion of atoms in a low-pressure gas by the ion beam
(self-compensation or gas compensation) and 2) by
charges introduced into the beam from outside, i.e.,
by superimposing the ion beam on a preformed acceler-
ated beam of particles of opposite sign (“forced” com-
pensation or production of synthesized beams and syn-
thesized plasma).

The gas compensation process is essentially different
for positive and negative ion beams.!”® Thus, when
a positive ion beam traverses the residual gas, or the
gas specially introduced into the ion guide to achieve
compensation, the number of electrons produced per
unit volume per unit time is v,=n,v,n,06,. In this ex-
pression, n, and v, are, respectively, the concentration
and velocity of beam ions, », is the concentration of the
gas atoms, and g, is the electron production cross sec-
tion. The number of slow ions produced at the same
time is v, =n,v, 7,0, , where o, is the corresponding
ion production cross section. When the gas pressure
is relatively low [so that the concentration of atoms is
much less than the quantity given by (1.5) below], the
concentration of slow ions is low and the resulting ion-
beam plasma can be described by a model consisting of
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FIG. 1. Apparatus for investigating the compensation of ion
beams and collective oscillations in ion-beam plasma: l-—duo-
plasmatron, 2—extractor, 3—magnetic lens, 4—ion beam,
5—modulator, 6-—neutralizer, 7—probes, 8—ion energy ana-
lyzer.

a “cold” ion beam, the residual potential well of which
is filled by an electron gas with a Maxwell velocity dis-
tribution corresponding to temperature 7, and concen-
tration satisfying the quasineutrality condition

Re T Npe (1.1)
The further condition for the plasma state, which must
be satisfied in addition to (1.1), is the inequality

do=) o < R, (1.2)

47tn,

where d, is the Debye length and R is the beam radius.
Since the beam current is given by I, =en, v, 7R%, we have
from (1.2) the following equivalent condition:

I Te

U_: >> ==, (1. 3)
which shows that the ion-beam plasma is produced only
when the beam intensity is such that the radial potential
drop prior to compensation, A¢,=1I, /v,, substantially
exceeds the ratio T,/e. As the gas pressure increases,
condition (1.1) is replaced by

(1.4)

Ne & ny + npi-

and the system takes the form of an ion beam passing
through the two-component plasma produced by it and
consisting of an electron gas and slow ions with con-
centration n,; comparable with the concentration of the
other charged particles. These slow ions can only
formally be said to have the “temperature” T,;. This
type of plasma is formed, for example, when an ion
beam passes through a charge-transfer chamber: beams
with currents of 1-10 A produce at entry into the cham-
ber a plasma with 7, 5x10"—5x 10" cm™ and T,~1
eV, but the concentration decreases with increasing dis-
tance from the ion source, and the electron temperature
substantially increases for reasons that are not as yet
clear, 10111

It is important to note the following point. If f(»,) and
f(v,) are the velocity distribution functions for electrons
and ions when they are formed, the corresponding mean
velocities are given by

o= [ f@vedve] | 1) v,
0 o

;pi = S f(vrs) VUp;i dei/ :S” f (l’ﬁi) dvvi-
0 N a
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Since 7,,<7, and v, > v,, the most that the gas compen-
sation of freely propagating positive ion beams can
achieve is to reduce the electric field producing the
spreading of these beams. A change in the sign of the
field is not possible. However, in the case of compen-
sation of a negative ion beam, when the neutralizing
particles are slow positive ions, an increase in the con-
centration of atoms beyond the value defined above, i.e.,
pi (1.5)

Moy =-
a0 Repoy;

leads both to a change in the sign of the potential and in
the corresponding radial electric field, so that “gas
focusing” of this beam is produced. ®! Unfortunately,
this focusing occurs for #,> n,, when the mean free path
for the detachment of an electron from a negative ion
satisfles the condition

}‘T. 0 <ﬂ&‘ '

2050~
pi%s

(1.6)

0

and an appreciable proportion of the ions lose their
charge by collisions with atoms. For the ion-beams
plasma produced by compensation of a negative ion
beam, the quasineutrality conditions corresponding to
(1.1) and (1.4) assume the form

Npi A5 My 1.7
and

Ny & Ny + N, (1- 8)
Another method of compensation—forced compensa-
tion"#1%1__is based on the use of some known form of
emission of charged particles by solids or the emission
of particles by plasma, for example, the cold plasma
produced as a result of the ionization of cesium atoms on
a hot surface, '*! The forced compensation system in
which the synthesized beam consists of interacting ion
and electron beams traveling in the same direction has
been widely used. When the concentrations and veloci-
ties of the components of the ion-electron beam are
equal, there is not only a compensation of the space
charge but also a current compensation, which is fre-
quently necessary. To ensure that the ion and electron
velocities are equal, the corresponding accelerating po-
tential differences must be related by ¢, /¢,=M/m. The
necessary superposition of the ion and electron beams
is achieved by placing a neutralizer in the form of a
thermionic source of electrons'***=*"1 in the path of the
ions (Fig. 1), by passing the electron beam through the
ion source, %1% py rotating the particles in magnetic
fields until the beams are coincident, **? or by producing
electron and ion beams traveling in opposite direc-
tions, (21

The ion-ion beam'? produced by superimposing posi-
tive and negative ion beams of equal density, velocity,
and energy is a particular form of synthesized plasma.
By passing positive ions through a charge-transfer
chamber, it is also possible to produce an analogous
ion-ion beam, but the currents associated with the two
components are then low. ! The ion-ion beam has been
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TABLE I. Parameters of some compensated ion beams.

Ref. 29 Ref. 30 Ref. 31 Ref, 32
Beais energy, keV 40 600 25 35
[Beam current, mA 50(H3) 100(H3) 600(H 1) 15(He")
[Beam density, mA/cm? 4 5 2 500
IDistance from point of 300 200 350 50
measurement, cm
Beam ion concentration, 1.2-108 0.4-10° 0.6+10° 2,10%
cm”
[Debye length, cm ~ 107! ~107! ~107! ~1072
Electron Langmuir fre- 10° 6107 74107 10°
quency, sec™!
lon Langmuir frequency, 1.7+108 108 1.6 -10¢ 1,24107
-1
sec

used as a model for verifying the theory of nonlinear in-
teraction of charged-particle beams, #*! and successes
in the development of high-intensity sources of negative
ions'®-27 gyggest that it may well be possible to use
such beams for the injection of fast particles into mag-
netic traps. %

Table I shows the parameters of a number of extended
ion beams propagating at relatively low gas pressure in
the absence of external fields. The beams are pre-
focused by a magnetic lens. Inspection of the table will
show that, because of incomplete compensation, the
beam current densities are relatively low and decrease
with beam length. The reasons for the incomplete com-
pensation are discussed in the succeeding sections.

B. Violation of compensation through escape of
neutralizing particles along the beam

The escape of electrons along the beam, which is one
of the reasons for the violation of gas compensation, is
facilitated by the electric field in the region of primary
beam shaping and acceleration. Measures used to pre-
vent this phenomenon include accelerating-decelerating
ion-beam shaping systems and focusing magnetic lenses
or transverse magnetic fields, 2%3%

C. Dynamic decompensation of ion beams

The phenomenon of dynamic decompensation, ! 3¢=31

i.e., the appearance of an alternating potential producing
the spreading of the ion beam, is connected with pulsa-
tions in the ion current, and is due to the fact that the
rate of increase of this current exceeds the rate of ac-
cumulation of neutralizing electrons. The electron ac-
cumulation time up to the point where (1.1) is satisfied,
and hence the positive ion beam compensation time % %%31]
are given by

. (1.9)

VeTe R My TN e
Dynamic decompensation sets in when the ion-current
pulsation frequency is sufficiently high: f21/7,. At
very high frequencies, when the number of electrons ac-
cumulated during one period of the oscillations is small,
the alternating component of the potential drop is given
by
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Ap = Agy-p, (1.10)
where p = Al /I, is the relative magnitude of the current
pulsations.

Dynamic decompensation is the leading effect in many
systems. It is frequently complicated by the fact that
the current-density pulsations on the boundary of the
plasma produced by the ion source (ion-current pulsa-
tions in the beam) give rise to a periodic variation in the
shape of this plasma boundary and a corresponding
change in the properties of the primary ion-optical sys-
tem. Studies of the transport of beams in a transverse
magnetic field'™ %) have shown that the reduction or
the increase in the current density, which occur under
these conditions in certain definite parts of the beam,
are accompanied either by the escape of excess electrons
or the appearance of an excess positive charge, and the
net effect of this is an enhancement of the influence of
oscillations in the ion current (the enhancement factor
is K=4j/ju). Reduction in the amplitude of the oscil-
lations in the ion sources and in the factor K through the
optimization of the ion-optical system, which includes
the plasma boundary, has led, for example, to a sub-
stantial increase in the efficiency of electromagnetic
separators.

Pulsed operation with beam life 7<7 ., has been used,
for example, at relatively high gas pressures to simu-
late the forced-compensation process under ultrahigh
vacuum conditions. P

D. Self-decompensation of positive ion beams by
Coulomb collisions between ions and electrons

The ion-beam modulation depth can be reduced by a
suitable choice and improvement of the ion source. The
question therefore arises as to what is the ultimate de-
gree of compensation that can be achieved for such stable
beams. This question has been considered'®? in terms
of the balance equation for the compensating electrons

veﬂnRZ=2nR% exp(—iAT—"i‘-) ; (1.11)

e

where g is the relative number of electrons produced by
ionization, which do not have sufficient energy to leave
the beam immediately and are captured by the residual
potential well due to the beam, and Ag, is the well
depth. It follows from (1.11) that the formula

T
e

Ag,= Inn, (1.12)

which is frequently used in the literature is, in fact, in-
correct for the following reasons.

1) The mechanism assumed for maintaining the sta-
tionary state, i.e., energy transfer between electrons
in the well and escape of these electrons through the
Maxwell distribution “tail,” on which the derivation of
(1.12) is based, is meaningless in the absence of a
source of additional energy transmitted to the electron
gas. The correct solution of the problem must be based
on the utilization of both the particle balance equation
and the energy balance equation. '*®? An attempt to in-

M. D. Gabovich 136




FIG. 2. Radial potential difference in
compensated ion beam of 20 mA and
23 keV as a function of concentration
of H} ions. Curve 1—gas pressure
p=1x10"5 Torr, 2—p=1x10"* Torr.

z 5198

troduce the latter was made in™*®)) but the particle bal-

ance equation used there was incorrectly formulated and
this led to the incorrect expression given by (1.12).

2) Equation (1.12) is in conflict with experimental
data, since it does not predict the observed dependence
of Ay, on the beam density (Fig. 2). In contrast to the
prediction given by (1.12), the potential difference Agp,
varies along the beam whereas the corresponding change
in T, is quite small,

The additional source of energy mentioned above is
the ion beam itself. The mechanism responsible for
maintaining a stationary state for a finite Ag, is based
on Coulomb collisions between beam ions and electrons
captured by the well as a result of which the latter re-
ceive additional energy and therefore escape from the
beam. The minimum energy that must be introduced
per unit time into a compensated beam of radius R and
length L in order to ensure that all the captured elec-
trons may leave the well is

ep(t)

g=L | ontat S £ (e) (eq —e) de. (1.13)
o

Sty

The energy distribution of the resulting electrons will

be taken to be f(€)~1/(e+¢,)?, where [§ f(e)de=v,. This
distribution is obtained from the classical Thomson
ionization theory (¢,=eg, is the ionization energy of the
atom), and the shape of the potential well will be ap-
proximated by the function

9 ® =89 (1—3). (1.14)

Using the well-known expression for the energy loss ex-
perienced by an ion beam passing through an electron
gas, "1 we obtain the following expression for the en-
ergy transferred to this gas per unit time:

__anprAnRL

QCoulf_Tvb__—‘ (1.15)

where a = 41rln(7_ns’2 vh /1. 781 20} 12e%).

The energy transferred to the electron gas produced
during ionization by fast electrons (not captured by the
potential well) can be neglected in comparison with
Qcours Which is transferred directly by the beam ions.
Thus, the ratio of the current of these fast electrons in
a beam of length L to the ion current is less than
nyv,n,0,L/n,v,, and the latter is much less than unity
under typical experimental conditions. The required
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quantity Ag, can be obtained from & = Q¢,,, and the quasi-
neutrality condition (1.4) in which the concentration of
slow ions averaged over the cross section is given by

npUpRaOp; R

(1.16)

T T

which is obtained from the corresponding balance equa-
tion. The mean velocity 7,; of slow ions depends both on
their initial energy and on the field in the beam. The
cross section o,; includes the charge-transfer and ioniza-
tion cross sections. In the case of good compensation,
Ap.< @,, the depth of the potential well is given by

Ag,~ V 3a e‘/ml/%( n:ue +M )Vﬁ

m 20pi0,

(1.17)

By measuring the radial potential drop in a focused ion
beam passing through a gas, it has been possible to
compare calculated functions Ay, =®(R, »,, n,) with ex-
perimental data and to show that the agreement between
them is satisfactory™?! (Fig. 2). Thus, the self-de-
compensation of a positive ion beam by Coulomb col-
lisions with the compensating electrons has been ex-
perimentally confirmed.

In a negative-ion beam with an overcompensated space
charge (when »n,> n,), the analogous Coulomb collisions
will also facilitate the escape of electrons, but this has
the opposite effect in that it tends to compress the beam
through the appearance of excess positive space charge.
The potential drop in an overcompensated beam of nega-
tive ions can be estimated from (1.17) by replacing the
sum in parentheses by the quantity v1 - (n,/n,)/Vr Vo,
+07,0; the observed potential drop when a beam of H~
ions is passed through krypton is found to be of the or-
der of a few volts,

There is one further decompensation mechanism,
namely, the escape of compensating electrons by re-
combination with ions. This mechanism does not re-
quire additional energy. The corresponding electron
lifetime in the potential well of the beam is 7,=(a, n,,
+aln,)", where o, is the recombination coefficient.
The ratio of this lifetime to the lifetime determined by
energy transfer through Coulomb collisions is

0 _ anped
Tooul | (%mpiHalne) mup Age

(1.18)

Numerical estimates show that & >>1 under typical ex-
perimental conditions, even when dissociative recom-
bination is possible. This process is therefore of minor
importance in comparison with decompensation due to
Coulomb collisions.

E. Decompensation of a synthesized ion-electron beam

The radial electric field should be zero in the ideal
model of synthesized plasma consisting of cold ion and
electron beams with equal concentrations and velocities
over the entire cross section. Since, however, the elec-
tron temperature T, is finite, it follows that, even when
the total number of positive ions per unit beam length is
equal to the corresponding number of electrons, some
of the latter are located outside the ion core of the syn-
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" FIG. 3. Effect of ion-beam mod-
ulation on the spectrum of excited
electron oscillations. Spectrum:
a—modulation amplitude ¢, =0,
b—g,, =14 V, modulation frequen-
cy f=27 MHz, c—¢,=34V,
d—¢,, =50 V, e—gp, =70V, f=—
Pm=20V, f=20 MHz, g~¢,=50
V, h—g, =100 V, i—¢, =150 V.

thesized beam and, therefore, a radial field will appear.
The radial potential drop in this beam is given by'***?

I
Ap .=/ U:B '

(1.19)

where [, is the current of the ion component, which is
equal to the electron current, and v, is the electron and
ion velocity. The formula given by (1.19) is in agree-
ment with the numerical solution™®! of the self-consis-
tent field equations for a model with finite phase volumes
of the ion and electron beams. This solution shows that
the configuration of the phase volume changes during the
propagation of the beams. The most important is the
change in the phase volume of the electron beam, the
equivalent increase in the electron temperature, and the
escape of these electrons beyond the limits of the ion
core.

Experiments with an ion-electron beam consisting of
20-30-keV helium ions and electrons of the same ve-
locity show that the function Ag, = 7(I,), which follows
from (1.19), is in qualitative agreement with experi-
mental data if T, is taken to be equal not to the tempera-
ture of the neutralizer but to the directly measured ac-
tual temperature of the electron gas. "®! This is also in
agreement with the conclusions in**%’,

We shall not pause to consider the results reported
in*¢—8)  in which a discussion is given of the existence
of stationary solutions for a potential distribution along
the ion-electron current, and draw attention only to the
parameter X =7y, /v, used in these papers and equal to
the ratio of the mean thermal velocity of electrons to the
ion-beam velocity. Equation (1.19) is valid only when
x <1, i.e., when both electrons and ions move with a
small velocity spread in the form of a beam. When X
21, the beam is more efficiently neutralized by the elec-
tron gas produced as a result of the reflection of some
of the electrons by the electric field established along
the beam, 1%

A transverse magnetic field acting on the ion-electron
beam will give rise to charge separation, the appearance
of an electric field, and violation of current compensa-
tion, 119
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3. COLLECT!VE PROCESSES IN ION-BEAM PLASMA

Theoretical papers on the interaction of charged par-
ticles with plasmas®®-%) predict, among other things,
the instability of fast compensated ion beams with ve-
locity exceeding the mean thermal velocity of electrons,
i.e., they predict that the typical ion-beam plasma will
be unstable. In this section, we shall confine our at-
tention to these oscillations. They are interesting not
only because the fields associated with the excitation of
collective oscillations in compensated ion beams affect
beam transport and focusing, but also in connection with
a very wide range of problems in plasma physics.

A. Langmuir electron oscillations of ion-beam plasma

The dispersion relation describing the longitudinal
electron resonance oscillations (w, /k=v,, k=k,) in a
homogeneous system consisting of plasma and a fast cold
ion beam passing through it has the form

o} aw?
o T (e—kwplE

1— 0, 2.1)

where @=(w,/w)’=n,m/ngMy< 1 and w,= Jamn, &*/M,
and w, = J4rn, ezim are the Langmuir frequencies of the
beam ions and plasma electrons. Solution of (2.1) will
show that the maximum growth rate is

(2.2)

__al/29-4/3 wp \2/2
y=3"2 “"(I ,

and the oscillation frequency w=w,. For ion-beam plas-
ma formed in low-pressure gas, we can use the quasi-
neutrality condition (1.1), and the expression given by
(2.2) becomes somewhat simpler:

Y=3“22—U3(1)g (—A’;—b)z”. (2'3)

The criterion for the validity of the above approximation
based on a cold ion beam is obtained from the condition
Hw/B) = vyl > vy
_:Tb_b>> 94/ (__J;ﬂ,_)ua. (2.4)
In accordance with theory, ion-beam plasma produced
by an ion beam passing through a gas is found experi-
mentally'®"=*"? to support oscillations of frequency w,
(in the oscillation spectrum shown in Fig. 3a, this fre-
quency corresponds to the maximum amplitude) and
phase velocity approaching the beam velocity. The am-
plitude of the oscillations grows exponentially in the di-
rection of motion of the ions, and the growth rate cal-
culated from (2.3) is somewhat different from that cal-
culated from the experimental data, but is not too dif-
ferent. The uncertainty of the results obtained in the
early studies’*®!! wag probably connected with the small
magnitude of the growth rate (2.3) and insufficient size
of the beams investigated at the time, as well as the
possible excitation of oscillations with similar fre-
quencies by the accompanying electron beams. Thus,
for example, it was subsequently shown'®®! that, when
the collector potential was such that the electron beam
due to ion-electron emission by the collector traveled
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FIG. 4. Spectra of oscillations excited
in ion-electron beam for different col-
lector potentials. a—collector potential
0, b—40 V, ¢—160 V. Marker on the
left corresponds to zero frequency and
that on the right to 30 MHz.

against the ion beam, the resulting oscillations had
lower frequency (less than w,) and larger amplitude.

The amplitude increased in the direction opposite to that
of motion of the ions. The difference between the fre-
quencies of electron oscillations excited in this experi-
ment by electron and ion beams was explained by the
finite size of the system, i.e., the fact that, because

of the high velocity of electrons ER<1 in the first beam
and ER>1 in the second. Direct evidence for the effect
of the finite radial size of real ion-beam plasma on the
parameters of excited oscillations is provided by ex-
periments with compensated negative ion beams, %

The electron oscillations are excited when the concen-
tration of atoms is increased along the path of this beam
(n,” n,), and the change in the sign of the potential in the
beam leads to the accumulation of electrons. When kR
<1, the reduction in the beam radius produced by an iris
diaphragm gives rise to a sharp reduction in the fre-
quency and amplitude of the excited electron osecillations.

Spatial enhancement of oscillations in ion-beam plasma
during the initial modulation of the ion beam was es-
tablished in® %%, The superposition of a weak trans-
verse magnetic field influencing the electrons leads to
a reduction in this enhancement, so that the latter is,
in fact, connected with the collective interaction of the
ion beam with the electron background and not with pure-
ly kinematic phase bunching of ions during the modula-
tion.

High-frequency oscillations are also excited in the
synthesized ion-electron beam. 1631 Figure 4 shows the
spectra of oscillations obtained for different collector
potentials. When the collector potential is close to the
electron-emitter potential, and the electrons do not
have directed velocities, oscillations are excited in ac-
cordance with (2. 1) at the electron plasma frequency
(Fig. 4a). When the collector is at a floating potential,
and the ion and electron velocities v,; and v,, are equal,
there are no oscillations, as expected (Fig. 4b). Fur-
ther increase in the potential with the electron velocity
substantially exceeding the ion-beam velocity is ac-
companied by the excitation of oscillations with frequency
less than the plasma frequency of the electron beam
(Fig. 4c). This is in agreement with the prediction that,
when v,, > v,,, the frequency of the oscillations should
approach the frequency of the Buneman oscillations
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w=2""w, wy”, which is less than w,,.

The excitation of oscillations in synthesized ion-elec-
tron plasma leads to the equalization of the electron and
ion velocities"® %7 (equalization of current components).

The nonlinear effects restricting the amplitude of the
oscillations are of the greatest interest. Whereas the
main nonlinear effect restricting the wave amplitude
during the passage of electron beams through plasma is
the phase bunching of the electron beam and the capture
of the resulting bunches by its field, *¢~"" in the case of
ion-beam plasma, this effect is replaced by the capture
of the compensating electrons by the wave field. ®*®? The
capture of cold plasma electrons should occur when the
wave amplitude is

~ mo?
Pmax = 7=

=0.5 T’;‘T.p,,, (2.5)

and, in the ion-beam plasma with ion energy e¢, of the
order of, say, some tens of keV, this amounts to only
a few volts. Without considering the possibility of di-
rect experimental detection of capture electrons in ion-
beam plasma, "™! we note that the existence of this ef-
fect is confirmed by studies of the distribution of the
fundamental harmonic of the potential ¢ along the ion-
beam plasma, measured by a probe insulated from the
plasma. ™ As the potential ¢, which modulates the ion
beam is increased (the method of modulation is shown
in Fig. 1), the observed restriction on ¢ sets in at a
smaller distance from the modulator (Fig., 5). The mea-
sured maximum value of ¢ is close to that calculated
from (2.5).

To explain the relative importance of the capture of
electrons by the wave, we must also consider the dis-
tribution of the fundamental harmonic of the beam cur-
rent along the ion beam plasma, measured by a probe
screened by a grounded grid. This distribution has a
maximum corresponding to the phase focus, and the dis-
tance between this focus and the modulator decreases
with increasing ¢,,. The position S of the phase focus,
established experimentally as a function of ¢,, is not in
agreement with kinematic theory, but is satisfactorily
described by the equation

exp (v,8) —exp (—v,8) = 2.5k, (2.6)
which takes into account the interaction between the beam
and plasma. ™! In this expression, 7, is the spatial
growth rate of the oscillations and S,=3.68v, ¢, /we,,

100 I g

2 « PR FIG. 5. Effect of the modula-
_5_ i z tion amplitude on the distri~
E; bution of the fundamental har-

monic of the potential along the
compensated ion beam. Curve
1—p, =18, 2—p,=40V, 3~
¢,=120 V, 4—p, =360 V.
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§- L FIG. 6. Dependence of the
< frequency of excited oscilla~
tions in ion-beam plasma on
- ' hydrogen pressure. 1l--—Ion
/4% oscillations, 2-—electron os-
cillations.
1 )| 1
ad s
p, Torr

is the distance to the phase focus according to the kine-
matic theory. As a result of the beam-plasma interac-
tion and the corresponding enhancement of oscillations,
the inequality S<S, is satisfied. It is important to note
that the distance between the modulator and the point of
saturation of ¢ is always less than the focal distance S.
Thus, well before the onset of phenomena in ion dynam-
ics that are characteristic for the phase focus, the wave
amplitude becomes restricted by the capture of plasma
electrons by the wave during the propagation of the com-
pensated ion beam.

We note in conclusion that both the electron-beam
modulation'™? and external modulation of the ion beam
lead to the removal of instability at frequencies differing
from the modulation frequency. ' As the modulation
frequency approaches w,, the oscillation cutoff occurs
for smaller modulation amplitudes (Fig. 3).

B. lon oscillations of ion-heam plasma

For phase velocities vy, < w/k <v,,, where vy, and
vp, are the mean thermal velocities of ions and elec-
trons, it is possible to obtain the following dispersion
relation for the ion oscillations of nonisothermal plasma
excited by a cold ion beam%’;

2.7

where @' = (w,/wy) = (n, M, /n,y M,) and M, is the mass
of slow ions in the ion-beam plasma. Solution of (2.7)
will show that the maximum of the growth rate

- 2/3
y=3"23 6/3((:)_;) o 2.8)
is reached for
ol e i (kvp)? 2.9)
B T kEdpt wbl :

The beam excites ion-acoustic (when £*d2<<1 and n,,
=n,, the frequence is w,=kC,, where C,= T, 7M,, is the
ion sound velocity) and ion Langmuir oscillations (when
K'd2>»> 1w, w,). The latter are associated with the
maximum growth rate. When v,>> C,, it follows from
(2.9) that

2
(k_J_)z _ Mopf (1+ k2 dD)

= i > 1. (2.10)

Thus, a fast ion beam should excite short-wave oscil-
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lations propagating at nearly right-angles tothe ionbeam .
(B> k).

The branch of ion-acoustic and ion-Langmuir oscil-
lations excited in ion-beam plasma by a fast beam of
positive ions was detected and investigated experimental-
ly in!™ ™1, The frequency f corresponding to the maxi-
mum amplitude in the observed spectrum of low-fre-
quency oscillations, measured as a function of gas pres-
sure, is of the form shown by curve 1 in Fig. 6.1 This
figure also shows the analogous dependence for the fre-
quency of electron oscillations. Both a reduction and
an increase in the gas pressure can be used to ensure
that only electron oscillations are excited. Intheformer -
case, electrons are still accumulated in sufficient num-
bers in the potential well due to the ion beam whereas
the ions are expelled from it so that their concentra-
tion is quite low. In the second case, when there is ap-
preciable attenuation of oscillations due to collisions
with atoms, the electron oscillations, which have a high
growth rate, are damped out at higher frequencies, The
growth rate calculated from (2. 8) is close to the value
calculated from the experimental data.

Equation (2. 9) was verified by modulating the ion beam
and measuring the phase of the oscillations as a function
of the position of a mobile probe from the beam axis,
This was used to determine % for each given modula-
tion frequency w.'™! The dispersion relations w = 7 (k)
(Fig. 7) obtained in this way showed, in accordance
with (2. 9) that w=#2C, for low values of 2, and, as the
modulation frequency approached w,,, which corre-
sponded to the maximum of the amplitude of spontaneous-
ly excited oscillations, the wavelength tended to zero.

It was suggested that this could be used to determine the
local concentration of slow ions. Having determined the
frequency w=w, = \/41m“ ez/M“ of spontaneously excited
oscillations with maximum amplitude for each value of
the coordinate », it is possible to calculate the concen-
tration of slow ions and the dependence of this concen-
tration on pressure for different cases (Fig. 8).

The dispersion relation for almost “transverse” (%,
> k,) ion oscillations in ion-beam plasma in a longitudi-
nal magnetic field, i.e.,

2 2

[0 ]

i b
1t ——

Wy — @

(2.11)

m}‘,i — (0 — kzup)2

shows that the corresponding growth rate is a maximum
near w=y ol + w!,,, and decreases with increasing mag-
netic field (wy, =eH/M, c). This suppression of ion

] -
A =7 FIG. 7. Dispersive properties of
-.,;E 2 S . S — 1lon oscillations for different gas
Y % 2  pressures. Curve l—p=3x105
3 s Torr, 2~—5x%10"% Torr, 3—8x107%
: Torr.
1 1 -t
2 My
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& tration of slow iops to the con-
r centration of bewn ions (H3)
oL as a function of gas pressure.
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oscillations by a magnetic field was established experi-
mentally int™,

The excitation of ion oscillations in plasma produced
by a beam of negative ions has its own particular prop-
erties.'™ Three essentially different types of excita-
tion of ion oscillations are possible in this plasma. At
very low gas pressures, when the potential in the beam
is negative, positive ions accumulate in the system
whereas electrons are efficiently repelled in the direc-
tion of the chamber walls. When the electron concen-
tration is reduced down to a value corresponding to n, /
ny <(C,/,), so that the second term in (2.7) is negli-
gible, it is, in principle, possible to excite oscillations
propagating along the beam even for »,>> C,. At high
pressures, when n, /n,>(C, /v,)? but d,> R, the excited
ion oscillations are not as yet longitudinal in relation
to the beam, but the effect of electrons on these oscil-
lations can still be neglected. A standing wave is es-
tablished in the radial direction in the system, and the
radial mode of this wave is determined only by the initial
conditions. Finally, when n,/ny> (C, /v,)%, d, <R,
and w< w,, progressive waves are excited in the sys-
tem in the transverse direction, and the dispersion of
these waves is in accordance with the theory of infinite
plasma. When w=w,, there is a standing wave, the
radial structure of which is determined by the ratio 4, /
R in accordance with the theory of bounded plasma.

We must now consider nonlinear effects restricting
the amplitude of ion oscillations in ion-beam plasma.
The reaction of ion oscillations on the ions in the beam
producing the oscillations leads to the bunching of these
ions along the direction of propagation of the wave and
to the rotation of the beam. The amplitude of the wave
oscillates before it reaches its maximum value. This
has been demonstrated by a computer experiment®®
(Fig. 9). The bunching effect in a fast ion beam in which
longitudinal fields can be neglected and 2 monochromatic
wave is initially excited is considered theoretically and
established experimentally in'™), If the beam ions are
given an initial transverse velocity perturbation v_| .o
=pgsinkx - sinw?, then, when the gas pressure is low
and the ion-beam plasma consists largely of beam ions
and electrons, the ion trajectories will cross at a cer-
tain point z,. At high pressures, when there is a slow
ion component and “transverse” ion oscillations are ex-
cited, the increase in the transverse velocity of the beam
ions produces an earlier crossing of the trajectories of
these ions (for z,<z,) and this is given by
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—ﬁsh(v,;n)f)z'i. (2.12)

Ya¥b

where 7, = w,; /v, /1 - (/w,F.

The charge density in the bunches increases sharply
at the point z, and the crossing of the ion trajectory be-
gins. The space-time structure of the modulated beam,
which follows from the theory, and the focusing of the
beam as a whole has been observed for both positive!™’
and negative'” jons. The space-time focusing of the
ion beam, the formation of bunches, and the crossing
of the trajectories form a mechanism for restricting the
amplitude of the ion oscillations in the ion-beam plasma.
If we suppose that the alternating potential associated
with the excitation of ion oscillations increases ex-
ponentially right up to the focus, defined by (2.12), the
maximum amplitude of this potential, which is related to
the ion dynamics, is given by

Pmax = 22E v (2.13)

and this is of the same order of magnitude as the experi-
mental result. In contrast to the maximum amplitude

of electron oscillations, given by (2.5), the maximum
amplitude of ion oscillations depends on the growth rate
or, more precisely, on 7/k.

C. Collective oscillations of synthesized ion-beam
plasma

The solution of the dispersion relation for the osecil-
lations of the system consisting of mutually penetrating
cold beams of positive and negative ions of mass M,
traveling at velocities », =v,+Av and v_=v,~ Ay with
densities n, =n.=n,, shows that the enhancement of
oscillations at given frequency is possible only when

0< 28 3,

ol (2.14)
where w, =y 4mn,¢?/M. In addition to the critical value
of the velocity difference Ay, = V20, w,/w, there is an
optimum value Ay, =0.5vV3y,w,/w, for which the spatial
growth rate reaches the maximum value ¥, ,,=0.5w,/
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FIG. 9. Amplitude of oblique waves excited by the ion beam
as a function of time, and the bunching of particles in space at
times 1 and 2,
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- FIG. 10. Effect of modulation
on the energy distribution func-
tion for interacting beams of
positive and negative ions of hy-
drogen: #/Av=0 (1), 0.15 (2),
and 0.3 (3).

Analyzer current, rel. units

-
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v,. In accordance with theory, experimental investiga-
tions of the enhancement of oscillations in synthesized
plasma consisting of modulated beams of positive and
negative ions of hydrogen with energies of 10-15 keV,
and currents of the order of a few milliamperes, have
demonstrated the existence of the optimum and critical
beam-velocity differences, and the fact that the product
wAp,,, remains constant as the frequency is varied. #%
During this linear stage, the system behavées in the same
way as the system consisting of beams of charges of
the same sign, for example, electrons.

Collective processes in ion-ion beams are of interest
not only in connection with the properties of the non-
linear stage of the interaction between beams of charges
of different sign, but also in connection with the pos-
sibility of a separate experimental determination of the
distribution functions for each of the beams in an over-
lapping velocity interval. This cannot be done, for ex-
ample, in studies of the interaction between electron
beams. The energy distribution functions for each of the
interacting H* and H- beams are shown in Fig, 10, ®%
As the amplitude of the initial modulation is increased
{Av assumes optimum value), the distribution function
becomes asymmetric, the mean energy of the fast beam
is reduced, whereas the mean energy of the slow beam
is increased, and an additional peak appears on the dis-
tribution function for each of the beams. Mathematical
simulation has shownt? that, during the instability de-
velopment, phase grouping in the two beam results in the
appearance of particle bunches in both beams, which
move in opposite directions in the center-of-mass sys-
tem. The density in these bunches continues to increase
and, as the particle bunches of different sign pass
through one another, this is accompanied by the ap-
pearance of a strong electric field. .This reduces the
velocity of the bunches down to zero, and gives them a
directed velocity in the opposite direction. The bunches
again penetrate one another but no longer retain their
individuality, the electric field changes sign and is
damped out, and a multivelocity particle distribution is
produced. In contrast to the bunches of positive and
negative ions, electron bunches formed during the in-
teraction of electron beams, are retarded, and are dis-
sipated without penetrating each other.'®! This de-
scription of the nonlinear stage of the interaction has
been confirmed experimentally by direct measurements
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‘of alternating fields using an electron beam intersecting

an ion-ion beam. '3 The evolution of a small initial
sinusoidal perturbation eventually leads to the formation
of a nonlinear wave in the form of sharp electric field
pulses (Fig. 11). It is clear that the passage of bunches
through one another (between z=35 cm and z =75 cm)

is followed by the appearance of the maximum field:
which is subsequently damped out, ‘1

D. Instability of ion-beam plasma in a magnetic field

In spatially inhomogeneous systems, and the ion-beam
plasma is a special case of such systems, “hybrid” in-
stabilities, due to both the presence of the beam and of
the spatial inhomogeneity of the beam and plasma in the
direction perpendicular to the external magnetic field,
may be present in addition to the pure beam instabilities.
One of the manifestations of this instability is the pres-
ence of long-wave perturbations resembling surface
waves and localized near the boundary of the ion-beam
plasma in a longitudinal magnetic field. [#4-#1 In the
experiments described in®®1  the interacting beams of
argon or helium ions traveling in opposite directions
with energies of 10 keV and beam currents up to 10 mA
were allowed to pass through their own gas at pressures
of 10™~10"° Torr, so that the concentration of the re-
sulting plasma was much greater than the concentration
of the beam ions. Typical values of beam and plasma
parameters were as follows: argon ion beam »n,=10"-4
x10" em™, w,=0.7x10%-1.4x10° sec", v,=0.5x10"-2
x107 cm/sec, nyy = 4% 10°-1x10° cm™, w,,=4x10°-6.5
x 10° sec™, w,, =10%-2.5x 108 sec", T,=8-12 eV, vy,
=1.8%10% cm/sec, C,=5x10° sec™ This plasma was
found to support osclllatlons w1thfrequencies exceeding
ion cyclotron frequencies by a substantial factor. The
maximum of the oscillation amplitude was localized near
the beam boundary in the region of maximum density
gradient. In the azimuthal direction, the oscillations
were nearly sinusoidal in form and propagated in the di-
rection of the Larmor rotation of the ions. An increase
in the beam current or gas pressure led to sudden
transitions to higher azimuthal modes whereas, an in-
crease in the magnetic field led to the excitation of
lower modes. When one of the beams was removed, the
amplitude was found to fall by two orders of magnitude,
which was explained by a transition from absolute in-
stability to drift instability. These experimental facts
are in agreement with theory'® % in which the excita-
tion of the oscillations is looked upon as a consequence
of the drift-beam instability which is the analog of the
drift-beam instability of electron beams in plasmas in a
longitudinal magnetic field. ¥7-%%

Surface wave type oscillations®! are also found to be
present in a system consisting of adjacent ion beams
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FIG. 11. Evolution of the field and space~charge density (bro-

ken curves) along a modulated synthesized fon-ion beam,
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FIG. 12. Profile of a spreading
compensated ion beam for differ-
ent values of a. Curve l——a=1,
2—a=0.

traveling in opposite directions, one of the beams being
cylindrical and the other tubular. The maximum oscil-
lation amplitude occurs in the region where the beams
come into contact. The appearance of this instability
is connected with the presence of a velocity gradient
(discontinuity) in compensated ion beams on their con-
tact boundary, ¢ 9%

When the ion beam passes through a gas in the direc-
tion of a magnetic field, the resulting plasma will also
exhibit purely azimuthal oscillations with frequency
equal to the ion cyclotron frequency of plasma ions and
its harmonics.'™ %% There is evidence that the role
of the ion beam in these experiments reduces only to the
formation of the plasma,'®? and the associated instability
is connected with the radial inhomogeneity of this plas-
ma and the radial electric field. ‘%!

4. PROPAGATION AND FOCUSING OF
COMPENSATED ION BEAMS

The questions considered in this section should be
classified as belonging to plasma optics. ™ We note,
however, that the compensated ion beams considered
there differ from the beams which we shall discuss.
Thus, in plasma optics, the compensated beams are
usually regarded as given, collective processes are
neglected, and the beams are regarded as fully com-
pensated prior to the application of external fields. In
the present review, on the other hand, we consider the
process of compensation itself, the reasons for incom-
plete compensations, and the influence of incomplete
compensation and of collective processes onbeam trans-

port.

A. Spreading of stable compensated beams of
positive ions

Dynamic decompensation of excitation of collective
oscillations may lead to a considerable spreading of a
compensated ion beam. To determine the minimum
spreading, we must assume that these effects have been
removed and there is only self-decompensation of the
beam due to Coulomb collisions between ions and the
compensating electrons. If we start with the popular
model in which the particle concentration is assumed
constant across the beam, we can use the well-known
equation of the beam envelope™®? for the compensated
beam. This may be written in the form®™®?

@.1)

where E is the emittance and A¢, the potential difference
given by (1.17). In the case of relatively low gas pres-
sures, when (n,0,)" > v,0, R/2v,0,, integration of
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(3.1) leads to the following equation:
(3.2)

where p = R/R, (R, is the initial radius of the beam), z!

=(z,/Ry) y2&¢_4 /¢, is the reduced length of the com-

pensated beam (the true length is z.), A@ ,=A¢ R/R,
=V3ae /M, /mlg; /0y *(n, oe)'”zw/‘ ,,71rRog ev,, and a

= Eaga,,/ ZRoAgoco is a parameter representing the thermal

velocities of the ions. For an initially parallel beam,

C=1+a. The required relationship between p and z

is obtained by integrating (3.2). The result is

_ViFapr—pta
1+a
+ 1 In 2V e VUFae*—p—et2(+a)p—1
2+a) Vite 1+2a -~

3.3)
Figure 12 shows this function, i.e., the profile of the
spreading compensated beam for two values of a. If we
use the well-known expression E=2%/?Ry,/T,/M,v,,
where Ry, is the beam radius in the region where the ions
are removed from the plasma surface and T, is the ion-
beam temperature, then a=2R% T, /R5eAq,,.

The compensation effect can be characterized by the
ratio of the compensated and uncompensated ion beam
lengths (z, and z), assuming that the beams have the
same parameters and the same spreading (equal values
of p). With this in mind, we recall that the spreading
of the single-component uncompensated beam due to the
intrinsic space charge, but without allowing for the ther-

mal velocities, is given by

Flo) =274 ()" g py 3.9
where 1 (x) is the well-known and tabulated function
_1 t ay 1
f(z)—zgm. 3.4")
Comparison of (3.3) and (3.4) will show that
o
—rp ) o2, 3.5)

where F(p) is a function which is not very different from
unity for very large values of p. It follows from (3.4)
that, for given energy and length, the spreading of a
single-component beam is unambiguously determined by
the initial beam-current density. In contrast to this,
the spreading of a stable uncompensated beam is deter-
mined not only by the initial current density, but also by
the initial beam radius (it decreases with increasing
initial radius or total beam current).

B. Optimum focusing of compensated positive ion beams

One of the most important problems in ion optics is
the determination of the smallest beam cross section in
a given plane z, for optimum focusing of the beam by a
lens in the z=0 plane.'®? When this problem is solved
for a compensated beam, we can confine our attention
to the stable ion beam, just as in the preceding section.
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FIG. 13. Minimum radius of com-
pensated ion beam in a given plane as
a function of the reduced beam length
for different values of emittance.
Curve 1—q=0, 2—a=0.04, 3—g
=0.04,

For relatively low gas pressures, the problem reduces
to the simultaneous solution of the equations%!

1 Pc 2
pdp pdp
ps,n Veiti—p—a +PSrn Vii—p—sa 5) dz, (3.6)
ap .
ch-lzc—:o' (3. 7)

where f is the focal length of the lens, p,=(1+V1+4aC)/
2C is the beam radius at the crossover point (3p/8z=0),
obtained from (3.2) for given focal length £, and p, is
the beam radius in the plane z,, the smallest value of
which, p, 1., is to be determined (it corresponds to a
certain optimum value of f). Simultaneous solution of
(3.6) and (3.7) on a computer yields the required mini-
mum radius p_,, of the compensated beam as a func-
tion of 2z, (Fig. 13). The problem can be solved in a
similar fashion in the case of a relatively high-pressure
gas. Figure 13 also shows experimental data. These
can be seen to be in satisfactory agreement with the
above calculations of optimum focusing, which take into
account self-decompensation of the ion beam due to
Coulomb collisions between ions with the compensating
electrons,

C. lon-beam transport in the potential well due to
the electron space charge

Because the ions are heavy, a magnetic field is not by
itself an effective means of restricting the spreading of
ion beams. ''%! The more rational solution is to use the
potential well formed by the electron space charge in the
magnetic field. The potential well can, for example,
be produced as follows. "% The ion beam is allowed to
pass through the magnetic field and, on reaching the
collector, releases electrons from its surface. When
a negative potential is imposed on the collector and on
the end electrode facing it, the electrons injected in this
way cannot escape along the magnetic field and leave
the region occupied by the ion beam. Instead, they move
across this field toward the positive electrode, The re-
sult of this is the inversion of the potential in the beam

(Fig. 14). The radius of the ion beam propagating in the
" resulting potential well changes periodically from its
initial value to some minimum value, and the ion-beam
current density is a maximum in the corresponding beam
cross sections.

We note, by the way, that, in the intense beams that
are currently used, for example, for the injection of
fast particles into thermonuclear installations, the com-
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pressing Lorentz force acting on the compensated space
charge may turn out to be greater than the electrostatic
force producing beam spreading. The self-compression
effect has not as yet been investigated, but should occur
when the compensated beam current is

;Ib> Apct (3.8)

vp '

where A¢ is the potential drop in the residual potential
well of the ion beam, the shape of which is described by
(1.14).

We also note the possibility of focusing of ion beams
passing through plasma carrying a current which, in
turn, produces a sufficiently strong azimuthal magnetic
field, M

'D. Effect of collective processes on the propagation of
compensated ion beams ’

Langmuir electron oscillations influence the propaga-
tion of compensated ion beams by acting on the ions
either through the static field of the residual potential
well, which increases when the electron gas is heated
by these oscillations, or directly by its own high-fre-
quency field. When oscillations with amplitude @ are
excited, the energy transferred to the electron gas can
be estimated from the formula

Ceon = 142, @.9)
where v is the growth rate under real conditions. This
expression and the equation & = Q,,, (¥ is the energy
obtained from (1. 13)) can be used to explain the parallel
increase in the electron-gas temperature and the radial
potential drop observed in a compensated ion beam when
the modulating voltage is increased, '** 5% (Fig, 15) and
certain other properties. The heating of the electron
gas during the excitation of Langmuir electron oscilla-
tions and Coulomb collisions between ions and compen-
sating electrons may thus lead to an appreciable spread-
ing of the compensated beam. - The depth of the residual
potential well, calculated in Sec. 2, can thus be gener-
alized by using the equation & =Qy; + @co1y-

The high-frequency fields associated with the collec-
tive oscillations are also found to lead to another un-
desirable effect, namely, an increase in the spread of
longitudinal'® 1% and transverse velocities in the com-
pensated ion beam. The maxzimum spread in the longi-

tudinal velocities of the beam ions in the coordinate

% / ~15

P ! /|  FIG. 14. Radial distribution of
a / ‘S potential in the region of an ion
] L1 21 > beam during the free motion of
3 S an electron beam traveling in

3 A ~24  the opposite direction (1) and

5 A‘Z Mo gy  Guring the formation of a poten-

tial well due to the electron
-3  space charge (2).
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S FIG. 15. Radial potential drop
(curve 1) and electron gas tempera—
ture (2) as functions of the modula-
L tion amplitude of a compensated ion
d beam. Beam current30mA, energy
30 keV, gas pressure 9x10°® Torr.
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frame attached to the monochromatic wave is Ay,

=2y ePnax/M,. In the laboratory frame, the energy
spread is A€ ,, =2e@, Vm/M,, which agrees to within an
order of magnitude with the experimental data (Fig. 16).
Figure 16 also shows the energy distribution functions
for the beam ions'® obtained under different conditions
with the aid of the Hughes-Rojansky analyzer placed at
the end of a 500-cm interaction chamber. As the gas
pressure is raised, and the growth rate increases ap-
preciably due to the increase in the electron concentra-
tion, the energy spectrum is found to spread somewhat.
External modulation of the beam, which leads to a func-
tion increase in the amplitude of the excited oscillations,
produces an additional broadening of the energy spec-
trum and beam energy losses. It is important to note
that these effects occur only when the modulation fre-
quency is close to w,. The increase in the longitudinal
velocity spread in the ion beam during the excitation of
the electron oscillations should also be accompanied by
an increase in the transverse velocity spread, i.e., an
increase in the phase volume of the beam, The maxi-
mum transverse velocity spread does not exceed

v 2e @, /M, and, consequently, the maximum phase
volume of the beam connected with the excitation of the
electron oscillations is V,,,~ (R/c) ym/M,v,. An in-
crease in the ion-beam emittance was observed in"'%!
during the propagation of a compensated ion beam in
drift space.

The increase in the phase volume may also be a con-
sequence of the excitation of “transverse” ion oscilla-
tions by a fast ion beam. This is accompanied by a
spread in transverse velocities, which is of the order of
the ion-sound velocity, and the corresponding phase

volume is V,,,= (R/c) /T, /M.

The above unfavorable influence of collective effects
on the propagation of compensated ion beams does not

2 r
s7r
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3 FIG. 16. Energy distribution
gs r < function for ions in a compen-
N sated beam. 1—p=1x10"% Torz
V18 1 ¢n=0, 2—p=8x10" Torr, ¢,
=0, 3—p=8x107° Torr, ¢,
o 4 =150 V.
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FIG. 17. Radial distributions
of current density in a2 com-
pensated ion beam, and ampli-
tudes of the surface wave ex-
cited in the beam.
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exclude the possibility of using these effects to improve
focusing, restrict the spreading of beams, and so on.
Examples illustrating this possibility include the above
influence of excited ion oscillations on beam focusing,® ™
the use of negative ¢, and the compression of a com-
pensated ion beam by a surface wave produced in ion-
beam plasma. "% Let us consider the last effect in
greater detail. A surface mode with frequency in the
range 0< w<27/%w, can be excited™% 1% ijn addition to
volume oscillations in ion-beam plasma. This is con-
firmed by studies of the dispersion relation and, in
particular, by the observation of the oscillation cutoff at
the frequency 27'/2w, and of the radial distribution of the
amplitude of the excited oscillations%! (Fig. 17). In
contrast to the volume wave field, characterized by the
presence of a maximum on the axis of the system, the
electric field due to the surface wave is a minimum on
the axis and a maximum near the beam boundary. We
may therefore expect that, in this case, electrons in
the inner layers of the compensated ion beams will be
compressed toward the axis by the Miller force and, as
their space charge drags the beam ions, they produce
an increase in the current density in the ion beam in the
axial region. On the periphery of the beam, on the
other hand, the change in the direction of the Miller
force should produce the opposite effect, i.e., the mo-
tion of electrons and ions away from the axis. All this
has, in fact, been observed"®! during the excitation of
surface waves in compensated beams (Fig. 18).

5. CONCLUSIONS

The transport of intense ion beams used for the trans-
fer of mass (atoms of different elements), energy, or
momentum, is substantially influenced by processes in
the ion-beam plasma produced during the compensation
of the ion space charge. These processes include the
following.

17

o e

£ FIG. 18, Radial distribution of
.;- current density in a compensated
3 ion beam prior to excitation of
oscillations (1) and after the ex-
citation of a surface wave (2).
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a) Dynamic decompensation due to pulsations in the
ion current. This is frequently the main reason for the
spreading of a compensated ion beam. Further studies
of the dynamic decompensation of high-current beams
are desirable. Some of the features of this process have
recently been established''!%); gas ionization by fast
electrons captured by the potential well of a high-current
beam cannot be neglected; the radial distribution of the
time-average potential exhibits a plateau; and so on.

b) Self-decompensation of a stable positive-ion beam
in which Coulomb collisions result in the transfer of en-
ergy to the compensating electrons and thus stimulate
their escape from the beam. The radial potential drop
Ag, due to this leads to the spreading of the compensated
beam. Rigorous theoretical analysis of the potential
distribution (a two-step distribution under certain con-
ditions) over the entire cross section of the ion guide
containing a stable compensated ion beam would be of
considerable interest.

c) Collective processes connected with the instability
of ion-beam plasma and leading to beam spreading, due
to the heating of the electron gas by the oscillation field,
and to the increase in the phase volume of the ion beam.
Studies of nonlinear effects, such as the capture by the
wave field of compensating electrons which restrict the
amplitude of the electron oscillations, and effects in the
dynamics of the beam ions which restrict the amplitude
of ion oscillations, have enabled calculations to be made
of the spreading of beams and of the increase in their
phase volume due to collective processes.

The inequality I, /v,> Ag,, which resembles the con-
dition for the plasma state of the beam (1.3), but does
not include the undetermined quantity T,, can be used to
calculate the beam current for which a substantial com-
pensation effect is possible. It can also be used as a
definition of an intense ion beam.

If we suppose that the spreading of a compensated
beam has, in some way, been prevented, the limitation
of its current is connected with instability, for example,
with the formation of a virtual anode for positive poten-
tial perturbations. ['21 This type of instability of an ex-
tended compensated ion beam of finite cross section has
not as yet been investigated, but the natural lower limit
for the corresponding maximum current is the maxi-
mum current [, ... =v, ¢, of the uncompensated beam.
The production of extended, compensated, high-current
ion beams, including beams with high specific power,
and studies of the properties of such beams are of con-
siderable interest.

The production of quasistationary high-current ion
beams'® %% and of high-current ion beams with high
initial current density and specific power under short-
pulse operation™!*~11] are important steps in this direc-
tion,
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