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Drift-beam instability in a plasma-ion beam system located in a longitudinal magnetic field is studied theoretically and 
experimentally. It is found that in a system consisting of two opposite argon or helium beams with equal current strengths 
and energies moving through their own gas at a pressure of 2X 10-5-7X w-• mm Hg along a magnetic field of 2-10 kOe, 
oscillations are excited with frequencies which are several times greater than the respective ion-cyclotron frequencies. The 
experimental data are in satisfactory agreement with the theoretical analysis. 

INTRODUCTION 

INTEREST in investigation of the collective interaction 
of ion beams with a plasma is due, on the one hand, to 
the possibility of using col.lisionless relaxation of the 
ion beam for the accumulation, heating, and diagnostics 
of a plasma in magnetic traps and, on the other hand, to 
the practical importance of the problems of plasma 
microwave techniques, methods of shaping and trans
porting ion beams in accellerating systems, etc. By now 
the most thoroughly investigated effects from the ex
perimental point of view are those of excitation of ion
acousticP'2J and electron LangmuirC3' 4J plasma oscilla
tions by ion beams in the absence of a magnetic field. 
Yet the theory predicts a number of instabilities of ion 
beams injected into a plasma both along the magnetic 
field and transverse to it(i;-9]. A special class is made 
up of instabilities due to the spatial inhomogeneity 
(radial boundedness) of the ion beams and plasma 
streamsC1o-12J. These also include the drift- beam insta
bility in a system consisting of a plasma and an ion 
beam in a longitudinal ma1~netic field, which has been 
investigated theoretically and experimentally in the 
present study. 

THEORY 

Assume that an ion beam passes through a semi
infinite plasma that fills the region x :::. 0 and is situated 
in a longitudinal magnetic field H0 tt Z. The plasma ion 
and electron concentrations are Ni and Ne and the ion 
beam has a velocity V0 tt H0 and density no (the electro
neutrality condition Ne = Ni + no is satisfied at each 
point). We examine the stability of such a system against 
small perturbations of the type qr, t) 
= ~ (x) exp{ikyY + ikzz- ic.•t} with frequency w lying in 
the interval wHi 'S w s -rc;:,HilwHel (where wHi and wHe 
are the ion and electron cyclotron frequencies), and 
with a transverse wavelength .A 1 greatly exceeding the 
average Larmor radius Pi of the ion and the thickness 
o of the inhomogeneous transition layer on the boundary 
of the plasma and of the beam with the vacuum. It can 
be shown by the method described inC12 ' 13J that the dis
persion equation of the poltentiallong-wave perturbations 
of the surface-wave type, localized near the plasma 
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boundary0 takes in this case, at ky >> kz, the form 

1/ ( k,' ) k. (1.1) 
1 + V e.c e.c + k,' en + Jk.T q = 0, 

where E 1 and E 11 are the transverse and longitudinal 
dielectric constants of the magnetoactive plasma and q 
is the convective term connected with allowance for the 
spatial inhomogeneity of the system (seeC 12J). 

Assuming that the plasma is sufficiently dense so that 
n i » WHi (where n i = v'4rre 2Ni/mi is the Langmuir 
i!n frequency of the p~asma), we confine ourselves to 
relatively high- frequency oscillations with w » WHi• 
which are at resonance with the beam, and for which 
ow = (w- kz Yo) « wHi. Assuming further that the 
beam ion velocity lies in the interval cs «Yo« ve 
(where Cs = v'Te/mi is the velocity of the ion sound in a 
nonisothermal plasma and ve = v'2Te/me is the average 
thermal velocity of the electrons), and neglecting small 
imaginary terms ~ Vo/v e that describe the resonant 
damping of the oscillations by the "hot" plasma elec
trons, we obtain, taking the inequality kzde « 1 into ac
count (de= v'Te/41Te2Ne is the electron Debye screening 
radius) 

Wp/ ~2pi2 
e_c ~ 1 + --., - (.k V ) ' ' 

(J)H1 % 0 

f Wpi2 

en~ k,'d.' ' q ~ wH,I\w (1.2) 
(wpi = .Y"4-=rr-='e2~Lno~;m=-i is the Langmuir frequency of the 
beam ions). Substituting (1.2) in the dispersion equation 
(1.1), we see readily that under the condition 

( 1 Wp() -'6 ( Wp( ) -'/> 
~lp, 1 +-k 'd, +--, ~ k,v, ~ n., 1 +-.-, 

y e (i)ffi (J)H, 
(1.3) 

the frequency correction ow becomes complex, corre
sponding to unstable oscillations with ky > 0. 

With the aid of the formal substitution ky ~ m/R, 
where R is the radius of the beam and of the plasma and 
m is the number of the azimuthal mode of the oscilla
tions (m = ± 1, ± 2, ... ,) we can change over to the case 
of a cylindrically symmetrical system. Then the unsta
ble waves are the axially-asymmetrical surface waves 
propagating azimuthally in the direction of the Larmor 
rotation of the ions (m > 0). 

t>we have in mind a solution that decreases exponentially on both sides 
of the boundary: ~(x)- exp { -KIXI}. 
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FIG. I. Oscillation instability 
regions for different azimuthal 
modes (shaded) on the plane of 
the parameters Z = (kz V0/S1pi) 2 

and a= (de/R)2 • J.1. = (wpi/wHi) 2 

is a parameter. The maximum
increment lines are shown dashed. 

The maximum oscillation-buildup increment 
y - Im ow, equal to 

(1.4) 

is reached at certain optimal values of the longitudinal 
wave number kz, equal to ki1 > f':j mcs/RV0 and ki2 > 
f':j np/Vo, under the condition wpi << wHi and de« R. 
In this case the frequencies of the excited oscillations 
corresponding to the maximum increment (1.4) are ' 

al t n> k<l>v I . ' equ o w f':j z o f':j mcs R (transverse wn sound) 
and w< 2 > f':j k~2 >Vo f':j n i (ion Langmuir oscillations). An 
analysis of the dispeFsion equation (1.1) with allowance 
for (1.2) shows that the transverse wave number k of 
the unstable oscillations is bounded from above byythe 
inequality 

k.'d.' ,;:: 1 
1 + k,'d,' ..._, 3' i.e. m'(~)'~+· (1.5) 

Figure 1 shows the oscillation instability regions ( sha
ded), determined by the conditions (1.3) and (1. 5), on the 
plane of the dimensionless parameters Z = (kzVo/npi)2 

and a = (de /R) 2 for different azimuthal modes m. The 
dashed curves are the maximum-increment lines. 

A more consistent analysis of the problem within the 
framework of cylindrical geometry leads to a shift of 
the regions of the boundaries of the instability 
(m2a ::c. 1/ 4), and also to the appearance of a dependence 
of the maximum oscillation-buildup increment on the 
mode number m and on a. Figure 2 shows plots of Ymax 
against a for different m. It follows from them that 
when the parameter a = Te/47Te2NeR2 is decreased 
monotonically (for example, as a result of an increase 
in the electron concentration or in the plasma and beam 
radius) there should be a successive excitation of ever
increasing azimuthal modes. 

The foregoing instability of long- wave oscillations 
(of the surface-wave type) excited by an ion beam in a 
bounded plasma is the analog of the collisionless 
current- convective instability of an inhomogeneous 
plasma with a current and of the drift- beam instability 
of inhomogeneous electron beams in a plasma in a longi-

FIG. 2. Dependence of the maxi
mum increment of the oscillations 
"Ymax (m, a) on a in a system having 
a cylindrical geometry. 

FIG. 3. Diagram of experimental setup. I, 2-ion sources, 3-chamber, 
4-magnetic-field coils, 5-diaphragms, 6-probes. 

tudinal magnetic field, which were previously investiga
ted theoretically[l3- 15J and experimentallf16 • 17J. 

It should be noted that this instability, generally 
speaking, is convective. However, in the case when two 
opposing ion beams of equal density and velocity2 > are 
symmetrically injected into the plasma along H0 , it be
comes absolute and, in spite of the smallness of the 
increment (y « w), it can lead to generation of plasma 
oscillations of sufficiently large amplitude. 

2. EXPERIMENTAL SETUP 

To observe and investigate the instability of ion 
beams propagating along a magnetic field in a plasma 
produced by the beam itself, we used the setup shown 
schematically in Fig. 3, which operated in a stationary 
regime. Two identical ion sources with output openings 
of 7 mm diameter were placed on the ends of a metallic 
chamber of 14 em diameter and 70 em length. The 
source-anode openings, through which the ions were 
emitted, and also the openings of the ion-accelerating 
electrodes, were covered with tungsten grids of 0. 7 mm 
mesh. Insulated diaphragms with 25 mm aperture diam
eters, to which different potentials relative to the groun
ded chamber could be applied, were installed near the 
ends of the chamber. The ion sources and the chamber 
were in a constant homogeneous magnetic field of maxi
mum intensity 10 kOe. The experiments were per
formed with argon-ion beams of current up to 1 rnA 
and with helium beams of current up to 3 rnA. The beam 
energies could be varied up to 10 kV. The working gas
pressure range in the chamber was 2 x 10-5-3 x 10-4 
mm Hg in the case of argon and (1-7) x 10-4 mm Hg in 
the case of helium. 

The concentration of the slow ions of the plasma pro
duced by the ion beams was estimated from the ion 
balance with allowance for the losses at the ends and 
also from the ion current to the probe. These estimates 
have shown that at the indicated pressures the concen
tration of the slow ions greatly exceeded the concentra
tion of the ions in the beams and could reach N- ~ 3 
x 109 cm-3 • This conclusion agrees with the dafa of[lBJ 
where the plasma concentration was determined by a 
resonator method. The electron temperature was esti
mated from probe measurements performed at rela
tively weak magnetic fields, and was usually of the order 
of Te ~ 10 eV. The oscillations were registered with 
movable cylindrical probes of 0.5 mm diameter and 
10 mm length, oriented along the magnetic field. The 
frequency spectra of the oscillations were observed with 
the aid of an S4-8 panoramic spectrum analyzer. 

2>1t can readily be shown that all the results given above reml:in in force 
in this case too, if np; is replaced everywhere by ?i ·=V!12 +w2 /4 pi PI PI . 
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FIG. 4. Radial distribution (in 
relative units) of the oscillation ampli
tude (1) and of the ion current to the 
probe (2). Ar, p = 1.4 X 1 0"4 rnrn Hg, 
H=4k0e. 

b 

FIG. 5. Typical spectra of the oscillations vs. the beam current: 
a- for Ar (H = 4.5 kOe, p = 1.2 X 104 rnrn Hg, fM1 = 0, fM2 = 1.5 MHz): 

Frame number: 
I, rnA: -0.1 -0.15 -0.2 -~0.3 -0.4 -0.45 -0.6 -0.8 -1 -1.5 

Frame 11 was obtained under conditions corresponding to frame 7; 
one of the ion sources was turned off; the gain of the receiving circuit 
was increased by 30 times. b- For He (H = 4 kOe, p = 5 X 10"4 rnrn Hg, 
fMl = 0, fM2 = 8 MHz): 

Frame number: 
I, rnA: -0.7 -2 -2.5 -2.1! -3 -3.2 -3.5 -3.8 -4 -4.5 -5 

3. EXPERIMENTAL DATA AND DISCUSSION 

The main experimental data obtained with the instal
lation described above reduce to the following: 

1) When two opposing ion beams with equal currents 
and energies pass through the chamber along a magnetic 
field of intensity H0 = 2-10 kOe, oscillations are regis
tered with frequencies in the range f = 0.3-1 lVIHz for 
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FIG. 6. Dependence of oscillation 
frequency on the ion-beam current. 
Ar, H = 4.5 kOe, p = 1.5 X 10"4 rnrn 
Hg. 

FIG. 7. Dependence of the ampli
tude (a) and of the frequency (b) of 

0 z 6 to t; 18 -•rfil the oscillations for different modes '·' -~. ·r ontho"""' """""'In ... '"""""' 
o.B //~- b (H = 5 kOe, I ,., 0.8 rnA). 

~ 0,6 /~-------------
~ o." ~~=5 ... -- I 

O.Z Z 6 10 Ill f/1 U 
p, to-5 mm Hg 

argon and f = 2-6 lVIHz for helium, which are 2-5 times 
larger than the corresponding cyclotron frequencies. 

2) The maximum of the oscillation amplitude is lo
calized near the beam boundary, in the region of maxi
mum density gradient. Figure 4 shows the radial distri
bution of the ion current to the probe and of the oscilla
tion amplitude. 

3) In the azimuthal direction, the oscillations are 
almost sinusoidal waves propagating in the direction of 
the Larmor rotation of the ions (m > 0). 

4) When the beam current is increased, a successive 
excitation of higher azimuthal modes is observed 
(m = 5, 8, 11). The oscillation frequency remains prac
tically constant within the region of existence of the 
given mode, and then, at a certain critical current 
value Icr• it increases jumpwise, corresponding to a 
transition to the higher azimuthal mode. Figure 5 shows 
typical oscillation spectra for Ar and He as functions of 
the beam current, and Fig. 6 shows the dependence of 
the oscillation frequency on this current. 

5) The excitation of oscillations with different modes 
is analogous in character also when the gas pressure 
in the chamber is increased. This is illustrated by Fig. 
7, which shows plots of the amplitude and of the fre
quency of the oscillations against the pressure. 

6) With increasing magnetic field intensity, lower 
and lower azimuthal modes are successively excited, 
and the oscillation frequency first increases linearly 
(within the limits of a given mode}, and then decreases 
jumpwise (on going to a lower mode). The dependence 
of the oscillation frequency on the magnetic field is 
shown in Fig. 8. 

7) When one of the beams is turned off, the character 
of the oscillations remains unchanged, but their ampli
tude decreases by almost two orders of magnitude 
(Fig~ 5, frame 11). 
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FIG. 8. Dependence of the 
oscillation frequency on the mag
netic field for different modes. 
Ar, I ~ 0.8 rnA, p = 1.2 X 10-4 

mmHg. 

8) The excitation of the oscillations does not depend 
on the potential applied to the diaphragms (i.e., on the 
potential of the plasma relative to the walls of the 
chamber) in a wide interval of variation of the latter 
(from +20 to-400 V). 

Let us compare the experimental data with the re
sults of the theoretical analysis. We note first that 
under the experimental conditions the plasma and beam 
parameters correspond to the assumptions made in 
Sec. 1. Thus, for example, in the case of argon beams 
in argon gas the ion Langmuir frequency of the plasma 
produced by the beams (Opi ~ 4 x 106-6.5 x 106 sec-1 at 
Ni ~ 4 x 108-1 x 109 cm-3) exceeded by several times 
both the ion cyclotron frequency (wHi = 106-2.5 
x 106 sec-1 at Ho = 4-10 kOe) and the Langmuir fre
quency of the beam ions (wpi ~ 0. 7 x 106-1.4 x 106 at 
no~ 1 x 107-4 x 107 cm-3), and the velocity of the ion 
beams (Vo = 0.5 x 107-2 x 107 em/sec) greatly exceeded 
the velocity of the ion sound (cs ~ 5 x 105 em/sec at 
Te ~ 10 eV), and at the same time was much smaller 
than the average thermal velocity of the electrons 
(ve ~ 1.8 x 108 em/sec). 

As noted in Sec. 1, one of the excited mocles, with 
maximum increment at wpi < wHi and de<< R, corre
sponds to transverse ion sound with frequency 

w ~ mc,/R (m = 1, 2,3, ... ). (3.1) 

It follows therefore that the oscillation frequency is 
practically independent of the beam current and gas 
pressure, and should change jumpwise on going from 
one mode to another, in accord with the experiments 
(Figs. 5-7). 

Probe measurements have shown that the radius of 
the ion beams and of the plasma R decreases with in
creasing magnetic field intensity (owing, apparently, to 
the decrease of the Larmor radius of the ions and of the 
coefficient of transverse diffusion of the plasma). Thus, 
the oscillation frequency, according to (3.1), should in
crease within the limits of each mode with increasing 
Ho, in agreement with the experimental results (see 
Fig. 8). The sequence and the conditions of excitation of 
different azimuthal modes in the experiments can be 
understood with the aid of Figs. 1 and 2 (Sec. 1). Indeed, 
with increasing beam current or gas pressure, the con
centration of the "ion-beam" plasma increases (and 
consequently also the electron concentration Ne), as a 
result of which the parameter 01 = (de/R) 2 ~ 1/Ne de
creases. As follows from Figs. 1 and 2, at definite 
critical values of the current 1<m> and of the pressure 

<m> cr Per all the higher modes of the oscillations should be 
excited in succession, as is indeed observed in experi
ment (see Figs. 5 and 7). We note that the relations 

m'/I~;> = const, m'fp~~> = const, (3.2) 

which follow from the condition (1.5) with allowance for 
the experimentally observed proportionality of Ne to I 
and p, are also well satisfied in the entire range of 
variation of the system parameters. Figure 7b shows, 
in addition to the experimental points, the boundaries 
(dashed) of the instability regions for different modes, 
calculated in accordance with conditions (1.3) and (1.5) 
with allowance for the growth of the plasma concentra
tion with increasing pressure. We see that the agree
ment between theory and experiment is perfectly satis
factory both with respect to the value of p<m> for differ
ent m, and with respect to the frequency r~ge. 

With increasing magnetic field, as noted above, a de
crease of R takes place, as well as a certain increase 
of Ne· However, the parameter 01 ~ 1/R2 Ne increases 
on the whole with increasing Ho and, according to Figs. 
1 and 2, the excitation of the oscillations should occur 
in reversed order, from the higher modes to the lower 
ones, in accord with experiment (Fig. 8). 

The fact that the experimentally observed oscilla
tions are localized near the beam boundary and propa
gate in azimuth towards the Larmor rotation of the ions 
also agrees with the theory. The sharp decrease of the 
oscillation amplitude when one of the beams is turned 
off is due to the transition from absolute instability to 
convective instability with a small increment y « w. 

Finally, the fact that the oscillation excitation condi
tions do not depend on the potential of the end dia
phragms indicates that the oscillations are not connec
te.d with the electric field in the plasma (in particular, 
w1th the presence of secondary electrons). 

The foregoing comparison of the experimental data 
with the conclusions of the theoretical analysis gives 
grounds for concluding that we have observed drift- beam 
instability of radially- bounded ion beams in a plasma 
situated in a longitudinal magnetic field. 

In conclusion, we are grateful to A. M. Narda and 
I. A. Soloshenko for a discussion of the results. 
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