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The dissipative part of the high-frequency conductivity, which describes the absorption of electromagnetic 
waves in electron-ion collisions in a degenerate plasma in a quantizing magnetic field h, >E, (o, is the 
cyclotron frequency and 8, is the Fermi energy) is obtained. Consistent account is taken of the screening of 
the Coulomb interaction of the electron and ion. The dependence of the longitudinal effective collision 
frequency vll, in tenns of which the absorption coefficient of electromagnetic waves polarized along an 
external magnetic field B is expressed, on the photon frequency o <o, and on the ratio frR,/cf is 
investigated (ap is the plasma frequency). The absorption coefficient of the ordinary wave propagating in a 
direction transverse to B is calculated. It is shown that the peak in the frequency dependence of the 
absorption coefficient, which takes place in samples with small effective carrier mass at h = cf - hB /2 is 
perfectly observable at NZ, 48, - W,/2. The conditions under which this absorption peak can be 
observed in n -1nSb are discussed. 

PACS numbers: 72.30. + q 

1. Emission and absorption of photons in electron- Ref. 21, 
ion collisions a r e  among the principal interactions be- 

-. 
sa=hoa/2+ sa=hoa/2+n'tiLN.1/2mSoe", (2) 

tween radiation and magnetized plasma. These pro- 
and the condition (1) should be replaced with cesses have by now been considered for both nonde- 

generate' and degenerate2 plasma. In Ref. 2 is con- 
sidered the case of a quantizing magnetic field B, when 
the distance iiw, between the Landau levels exceeds the 
Fermi energy &,. In this case the high-frequency con- 
ductivity, which describes the absorption of the elec- 
tromagnetic waves a t  different values of t~ /&,  (w is 
the frequency of the absorbed radiation) has been cal- 
culated and a comparison made with the cases of a de- 
generate plasma at B = 0 and a nondegenerate plasma 
in a quantizing magnetic field. The dissipative proper- 
ties of the plasma a r e  described by the Hermitian part 
of the conductivity tensor gag, whose components a r e  
determined by the effective electron-ion collision fre- 
quencies v,,(w) and v,(w) along and across the magnetic 
field, respectively. An important feature of the results 
obtained in Ref. 2 is the presence, a t  Rw, >&,, of peaks 
on the v,,(o) and v,(w) curves a t  a frequency w =&, /E.  
In contrast to the ordinary peaks a t  the cyclotron har- 
monics, which appear much less  frequently on the v,(w) 
curve, the peak a t  the frequency o =&, /E  i s  more clear- 
ly pronounced on the v,,(w) curve, i.e., for waves polar- 
ized along the external magnetic field. We note that the 
above-mentioned results were obtained in the limiting 
case 

when the screening of the impurity charge can be dis- 
regarded. Here 0, = (4nNee2/mk,) "' i s  the plasma fre- 
quency, N, is the concentration and m the effective 
mass of the electrons, and ko i s  the dielectric constant 
of the crystal. 

As will be made clear below, the effects observed in 
Ref. 2 can be experimentally investigated only for sam- 
ples with small effective carr ier  mass. In this case the 
spin splitting of the Landau levels can be neglected (see 

hQ,/ea= (64bz Ry/n2eB) " < I ,  (3) 
where Ry =me4/2kiA2 i s  the effective energy of the first  
Bohr orbit, and b =Rw,/&,. Even for the crysta ln-~nsb 
(m = 1.3 10-29r, ko = 15.9, Ry = 1.1. lo-'' erg), however, i t  
i s  impossible to ensure simultaneous satisfaction of the 
strong inequality (3) and the quantization condition b > 1. 
Thus, for b = 5 we get from (3) Rw, >>0.8. 10-l2 erg o r  
B>>700 kG which is unattainable, and for b = 2 we have 
tZw, >>0.6. 10-l3 erg  o r  B>>50 kG. Therefore in experi- 
ments on photon absorption in a degenerate semicon- 
ductor situated in a quantizing magnetic field it i s  real- 
istic to attain satisfaction of the condition R0, 5 &, , a t  
which it becomes important to take into account the 
screening of the impurity charge. 

Allowance for the static screening reduces usually to  
replacing in the expression for the collision frequency 
the Fourier transform of the "bare" Coulomb potential 
U, = -4nZe2/k2 by Uk = -4nZe2/(k2 +qi), where go = const 
i s  the reciprocal Debye radius and k is the wave vec- 
tor.' It i s  known that in a degenerate plasma the static 
screening differs substantially from the Debye screen- 
ing. This manifests itself in the fact that qo becomes a 
function of the wave vector k (for more details see  Ref. 
3, p. 156 of the Russian translation). In the case of 
rapidly alternating processes, such a s  photon absorp- 
tion, the screening i s  dynamic, a s  a result of which U, 
becomes a function of k and w. Photon absorption in a 
nondegenerate plasma, with dynamic screening taken 
into account and in the absepce of a magnetic field, was 
investigated by Perel' and E l i a ~ h b e r g . ~  Their allow- 
ance for the screening resulted in a small change in the 
argument of the Coulomb logarithm. As we shall show, 
in a degenerate magnetized plasma allowance for the 
dynamic screening leads to a substantial change in the 
absorption coefficient. 
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In the present paper we calculate the high-frequency 
conductivity, which describes the absorption of elec- 
tromagnetic waves whose polarization vector is parallel 
to the external magnetic field B, in a degenerate plas- 
ma at  Ew, >&,, v,,(o)<< w<wB, with account taken of the 
dynamic screening of the Coulomb field of the impurity. 
We have investigated the shape of the absorption peak 
observed in Ref. 2 a t  the frequency w =&,b for differ- 
ent values of tin, /&, . With the propagation of ordinary 
waves in a direction perpendicular to the field B in n- 
InSb a s  an example, we discuss the conditions for the 
experimental study of the indicated absorption peak. 

2. To determine the high-frequency conductivity of a 
degenerate plasma situated in a quantizing field 
B =(O, 0, B),  we calculate the electron current bj, in- 
duced by the electric field of the wave E = (0, 0, E,e-'" '), 
i.e., we confine ourselves to the dipole approximation. 
We have 

where 6pe is the high-frequency increment to  the elec- 
tronic density matrix, v, = (N, y, , f ive  ) is the complete 
set  of quantum numbers of an electron located in the 
quantizing magnetic field; these numbers correspond to  
the energy levels 

(in this section of the article we neglect solid-state 
effects, i.e., we assume that k ,  = 1). 

Silin5 has solved the equation for the binary collective 
matrix, and obtained a s  a result, in the born approxi- 
mation, the integral ( v, 1 6I,(bp ,) I v',) of the collisions 
of the particles of species a! with all  other particles and 
with one another. Using this collision integral, we ob- 
tain the kinetic equation for the single-particle electron 
density matrix bp, : 

h(w-o,.,.) (V. /~P.(Y/ )  

=[p."(r,') -p.O (v,) I (v, I V e  I v.'>+ifi(vs 161.(6pa) Iv,'). (6) 

Here Rw,;,~ =E .: - E .,, p z(ve) is the equilibrium den- 
sity matrix, V, =ie(Ep,)/mw is the operator of the en- 
ergy of the interaction of the electrons with the field E, 
and p, is the momentum operator. 

The operator 6l,(bpe) is a functional of bp,, and 
therefore the exact solution of Eq. (6) is a very com- 
plicated task. In the high-frequency case, however, 61e 
contains a small factor -v,,(w)/w, and Eq. (6) can be 
solved by successive approximations. Putting bp, = bpi'' 
+6pk2), where 6pi1) is the solution of Eq. (6) with the 
collision term discarded, we obtain 

In the considered case E ( 1  B, the operator V, i s  diagon- 
a l  and in accordance with (7) we have (v, ( 6 p  I J , )  =0, 
thus making the calculations much simpler. The kine- 
tic equation (6) then takes the form 

A(w-ow..) (v.1 6P,lv/)=ih(v. )61,(0) 1~:). (8) 

Substituting (8) in (4) we obtain the collision increment 
to the electron current: 

1 
6jJ1'= -z (ve161=(0) lvs)pve. 

0 (9) 

Since V, i s  diagonal only in the dipole approximation 
and a t  E 11 B, Eq. (9) is valid under the same conditions. 
The expression for the collision term (v, 1 61e(0) I v,) 
can be obtained by substituting in Eq. (3.11) of Ref. 8 
the operator V,, the values of the matrix elements cal- 
culated with the wave functions. of the electron in the 
magnetic field, and the energy levels (5). Cumbersome 
calculations yield for the collision increment to the 
electron current: 

sj,"' = dk ik." 
-= 

1-E+(Q+w, -k) nb(52) [I-E+(w, -k) 1 (10) 
x{lrn [ e+(Q, -r) (iati i j-I  + E+ (w, -k) --). 

Here &+(w, k) is the longitudinal dielectric constant, 
which depends on the frequency and on the wave vector, 
and i s  analytic in the upper w plane: 

NB is the concentration of the particles of species 0 
( B = e , i ) .  

The imaginary part of (10) determines the small col- 
lision correction to  the anti-Hermitian part of the con- 
ductivity tensor, which we shall not calculate. The real 
part of (10) determines the Hermitian part of the con- 
ductivity tensor a:,, and in accordance with Ref. 2 also 
the effective longitudinal frequency of the electron-ion 
collisions v,, (w): 

Formula (12) i s  valid for frequencies much higher than 
v,,(w), and also not too close to the first  cyclotron reso- 
nance I w - wBl >> v,,(w). According to (10) and (12) we 
have 

4nZe3 dk k.' Im e+(o, k) 
qu (0) = - - ---- mu ~ ( Z J T ) '  k8 le+(w,k)L2 

Here m = m ,  and Ze i s  the ion charge. We note that (13) 
i s  valid in the presence of an arbitrary external field in 
which the z-component of the electron momentum i s  
conserved. In particular, in the absence of an external 
field (i.e., after making the substitution k: /k2- t ) ,  ex- 
pression (13) coincides with the known result obtained 
from the Vlasov equation (see Ref. 6, p. 182 of the 
translation). 

3. We proceed now to investigate the influence of 
dynamic screening on the dissipative properties of the 
plasma. We confine ourselves to degenerate semicon- 
ductors placed in a quantizing magnetic field ltw, >E,  a t  
electromagnetic-field frequencies w<w,. In this case 
the quantitiesm, w,, b,  etc. in the relations obtained 
above must be taken to mean their effective values [we 
note that the effective mass of the electron in the ex- 
pression for w, does not necessarily coincide with the 
effective mass in expression (2) for w,]. In the right- 
hand side of (11) it i s  necessary to replace unity by k ,  
and take N, to mean the concentration of the free car- 
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riers in the conduction band, which generally speaking 
depends on the magnetic field. However, according to 
Ref. 7, for n-InSb i t  Ne>>2- 1016 cme3 the concentration 
of the free electrons ceases to  depend on the magnetic 
field and i s  equal to the donor concentration. The e f -  
fective energy Ry of the first Bohr orbit increases with 
increasing B. Thus, according to  Ref. 8, for n-InSb we 
have RY(B = 150 kG)- 3Ry(B=0), but at B>150 kG the 
dependence of Ry on B has a tendency to saturate. 

We introduce, following Ref. 2, the dimensionless 
variables x = Iiw/&,, w =kzR2/2, u =klR2/2, where 
R = ( R C / ~ B ) " ~  is  the magnetic length. We  then obtain 
after simple calculations (x< b, b > 1) 

and 
~ r n  e+ (u,  W )  =k0lp(u, w ) /  (u+w) , (15) 

W I  < w < ~ 2 ,  W ~ < W  < W I  ( X  < 1) 

at W I  < w < W, (x>  I ) .  

outside these intervals 

Here 

Formulas (14) and (15) were obtained with account taken 
of the relation 

from which it is  seen that under the conditions when the 
born approximation is  valid and at b>l we have bl,<w,. 
Substituting (14) and (15) in (13) we obtain 

where the intervals of integration with respect to w are 
determined by relation (15). Here 

I t  is easy to  verify that the term with n = O  in the sum 
(14) has logarithmic singularities at the points w, , w, , 
w, , and w, , inasmuch as at these points either the nu- 
merator or the denominator of  the argument of  the log- 
arithm vanishes. The remaining terms of the sum have 
no singularities. In the limiting case b>>l, x<< b it i s  
possible to carry out the summation in (14); 

" 

where Ei*(u) i s  the integral exponential function and 
C E 0.577 is  the Euler constant. It follows from (18) that 
i f  the born approximation i s  valid the terms of  the sum 
with n 1 in (14) are small compared with u, and can 
therefore be neglected in (17). 

I t  i s  obvious that at 

w<lCp(u, w)1<<1, w<*(u, w ) < l  (19) 

the main contribution to the integral with respect to u in 
(17) i s  made by the region u<<l and in expressions (14) 

'and (15) we can put e-" = 1. At w >>lcp 1 and w >>JI the 
functions cp and J I  have no ef fect  at all on the value of 
v,,(x), and in this case we can also put e' = 1 in (14) and 
(15). The function J,(u,w) - ( R ~ / % W , W ) " ~ .  The logarithm 
in (14) can noticeably exceed unity only in the immediate 
vicinity of  the singular points w, , w, , w, , w4 , so that in 
practically the entire range of  variation of w we have 
cp(u,w) - (~y /%w,w) '~ .  

When solving the kinetic equation ( 6 )  we have assumed 
satisfaction o f  the condition w>>v,, , which takes accord- 
ing to (17) the form 

vl l /o-hvo/eBxZ=2 Ry b/neBx2<l, (20) 

from which we get at x<< 1 

Consequently, in expression (17) we can assume that 
~ ( u ,  w ) and $(u, w ) do not depend on u. We have 

and J,(u,w)=J,(w) i s  given by the formulas in (15), in 
which we put e* = 1. In this case we can obtain an an- 
alytic expression; for v,,(x) in the limit x<< 1, and the 
numerical calculations at x - 1 can be greatly simplified. 

Inasmuch as at x<< 1 we have w4 - w,>>w, - w, , and the 
denominator o f  the integrand in (17) does not tend to 
zero as u - 0 and w - 0,  the main contribution to v,,(x) 
is  made by the integration interval w, -'w cw,. I t  i s  
easy to veri fy  that the last statement i s  valid at 

7 -  (Ry/eB)"/2n>xS/4b. 

We introduce a new integration variable in accordance 
with the formula 

Then 

where /3 =4/b + y ln(64/x2). In the derivation of  (23) we 
took into account the fact that cp(w)>>$(w) at ln(64/x2) 
>n. Integration of  (23) with respect to a is  carried out 
with the aid of  formula (4.212) of Ref.  9, and with re- 
spect to u with the aid of  formula (14) on p. 219 of Ref. 
10 (Russian translation). We  have (x<<l): 

v , , (x)  =vo[ (4/b7)  Qo(B/r) - (4/b)@o(B) I ,  
@, ( B )  =-ep Ei ( -B) .  

(24) 

At y ln(64/x2)<<4b<<1 we obtain from (24) 
v, ,  ( x )  =yo. (25) 

The value in (25) i s  half the corresponding value in Ref. 
2, since we have considered the limit y>x3/4b (x<<l) 
and in the derivation of (23) we have neglected the in- 
tegral over the interval w,<w<w,. 

To study the influence o f  dynamic screening of the 
impurity charge on the shape of the absorption peak at 
x -  1, we expand the integrand in (17) in partial frac- 
tions and, taking into account the dependences of cp and 
J,  on u ,  integrated with respect to u .  W e  obtain 
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FIG. 1. Dependence of vll in a degenerate plasma (T = 0) on the 
dimensionless radiation frequency % = l i w / ~ ~ ,  b = I L V ~ / & ~  = 5 at 
different values of the ratio fiSl,/&,. The ordinates are the 
ratios of the collisions frequency to v,, see Eq. (17). 

The frequency dependence of vll(x) a t  b = 5  and a t  dif- 
ferent values of Enp, /~,=(16b-y)~'~, obtained a s  a result 
of numerical integration in accordance with (26), is 
shown in Fig. 1. It i s  seen that the decrease of the ef- 
fective collision frequency, due to allowance for the 
dynamic screening of the impurity charge, i s  much 
more pronounced a t  x< 1 than a t  x > l .  Therefore when 
the point x = 1 is  approached from the low frequency 
size, the slope of the peak increases in comparison with 
the case ?in, /&, = 0, and decreases when approached 
from the high frequency side. A shift of the maximum 
of the curve towards higher frequencies is simultan- 
eously observed. The peak remains perfectly disting- 
uishable up to li51, / E ,  = 1.5, but a t  En, /&, >2 it prac- 
tically disappears. 

4. We consider now collision absorption of an ordin- 
ary  wave whose electric field intensity vector is pa- 
rallel to the external magnetic field B. In the case of 
propagation perpendicular to B, the dispersion equation 
for such a wave i s  of the form (see Ref. 11, p. 109) 

ii'=k,[i-Qp'lwz+iQ,'y,, (o)/w3], (27) 

where Fi i s  the complex refractive index. It follows 
from (27) that a t  

the frequency is 
o= (Qg2+kac2/ko) ", 

where k i s  the wave vector, and the absorption coef- 
ficient is 

2w Imr? a = =  an vrr 
C YO (29) 

ao=2k,"b Ry h2Q,21nRc~,2 (Z=1). 

In the considered case kl B we can neglect the spatial 
dispersion if kR<<1 (R is the magnetic length). At 
n,<w - &,/% we have from (28) 

kR- (k,~,'lmc~fiw,) "<I, 

i.e., the dipole approximation used to derive (17) is 
valid. 

We indicate now the conditions under which the ab- 
sorption peak a t  the frequency w-c,/E can be observed 
in n-InSb,. It i s  known (see Ref. 12, Chap. 5) that the 
absorption in n-InSb can be measured a t  a free-space 
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FIG. 2. Dependence of the absorption coefficient a! of an or- 
dinary wave polarized along the external magnetic field in a 
degenerate plasma: (T = 0) on the dimensionless radiation fre- 
quency x =Ew/&,, b = ~ ' w ~ / E ~ =  2, tiSlp/&, = 0.7. The ordinates 
are the ratios of the absorption coefficients a! and a!,, see (29). 

wavelength A<40 p m  or  tiw >0.45. 10-l3 erg. We choose 
&,= 1.2. 10-l3 erg; to observe the peak we must vary the 
frequency in the range 0.6. 10-13< tio<2.2. 10-l3 erg. 
The width of the forbidden band i s  2.9x 10-l3 erg, there- 
fore the interband transitions make no contribution to 
the absorption. As seen from (29), a t  w-Q, the refrac- 
tive index increases, and the absorption increases 
sharply. The measurements must be made in the re- 
gion w>51,, in which this effect does not manifest itself 
very strongly. As we have shown, satisfaction of the 
conditions Aw, >&, >AQ, is realistic a t  not too large b. 
We choose b = 2, then Aw, - 2.4 10-l3 erg and B= 200 kG. 
In this case [see (2)] we have 

.\:=3.6.10" ~ r n - ~ ,  ao=iOO cm" , AQp/es=0.7, 
hv Jel=2b Ry/nes=l.2. lo-' 

i.e., the condition of applicability of the high-frequency 
approximation is well satisfied. 

The results of the calculations of the absorption co- 
efficient from formulas (26) and (29) a t  the indicated 
values of the parameters a r e  shown in Fig. 2. At x>0.8 
we have lcp I ,  $-S(~y/Ew,w,)"~-0.27 in practically the 
entire range of variation of w , and consequently re- 
placement of eY  by unity in (14) and (15) i s  justified, 
and expression (26) i s  a good approximation for v,,(x). 
It is shown in Ref. 2 that the temperature smearing of 
the peak i s  negligible a t  T<O.l&, (T is the temperature 
in energy units), i.e., in our case the experiment should 
be carried out a t  T s 8 0  K. 

The author thanks L. E. Gurevich, G. G. Pavlov, and 
D. G. Yakovlev for helpful discussions. 
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negative ions in a rarefied gas 
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The mechanism of the appearance of the decompensation effect of a dense ( -  50 mA/cmZ) beam of negative 
ions in a rarefied gas is elucidated. The effect is due to singularities in the development in the resultant ion-ion 
plasma, of the instability of oscillations that are almost perpendicular to the beam velocity. It is shown that 
the spatial characteristics of the instability depend in turn on the depth of the stationary negative potential 
well that determines the mean transverse energy of the positive ions. It is established experimentally for the 
first time that the longitudinal phase velocity of the excited oscillations is much smaller than the beam 
velocity. 

PACS numbers: 51.50. + v 

Upon propagation of a beam of negatively charged 
particles in a gas and its ionization a s  a result of the 
accumulation of positive ions in the potential well of 
the beam and of the rapid departure from it  of elec- 
trons a t  a sufficiently low gas pressure, a two-beam 
plasma is formed. 

Interest in the study of the stability of such beams 
relative to transverse perturbations is stimulated first  
by applications, such, for example, a s  the acceleration 
of positive ions by means of electron rings,'* electron- 
beam welding,"5 and, in recent times, the contemplat- 
ed use of beams of negative ions in fast-arom injectors 
for thermonuclear devices? At the beam current den- 
sities (-50 rn~/cm') and low gas pressure required for 
injectors, a s  was discovered in Ref. 7, effect of strong 
decompensation of the beam ar ises  a s  a result of the 
instability of the transverse oscillations of the ion-ion 
plasma; this hinders the effective beam transport. 

In the present paper we study those characteristic 
features of the spatial development of the instability 
in such a plasma which make clear the mechanism that 
produces the effect. 

i. e. , 1 w, - k,v, I = cob, their buildup occurs; here k ,  
=2n/h, is the longitudinal wave number of the oscilla- 
tions. 

An important consequence then follows, namely, that 
in the case wp/wb = (m- /~+) ' "  <<I, 

~ . B w ~ / L ~ ~  (1) 

d k r =  (m- /M+)  "vb<vb. (2) 
The growth ra tes  of the buildup can be obtained from 
the dispersion equation. Usually the temporal prob- 
lem is solved in the approximation of a cold plasma,14 
the analysis of which was first  given by ~uneman. '  
However, this approximation, a s  is well known, is in- 
applicable in finding the spatial growth rate.  Account 
of thermal motion of the positive ions9 leads to a more 
complicated equation: 

where v, = (~T+/M+)'", d+ = (~+/4ne'n)", W(W/ 1 k l v ~ )  
is a Kramp function, k2 = 1 k; 1' + &, and k i  = k, + ix 
must be determined. 

The problem simplifies slightly a t  w/ 1 k 1 v, >> 1; then 

up2 3 k2uTZ inAb 0 o 0 b 2  Before proceeding to the esposition of the experimen- 
I -7 (f +TT)+wKexp(-kT) - ( w - k z , u b ) z  = 0. tal  results, we consider the buildup of oscillations in 0 

an unbounded plasma, consisting of immobile positive (4) 

ions with mass M+ and a beam of negative ions (or elec- 
trons) with mass m-, propagating with velocity vb in the Upon satisfaction of the condition k,<< kl, the maximum 

z direction. It is known that the natural oscillations of value of the spatial growth rate x and i t s  corresponding 

the charge density of each of the components, in the longitudinal wave number k, and resonance frequency 
w,, a r e  connected by the following relations, a s  fol- frame of reference in which i t  is a t  rest, take place 

with the frequencies w, = (4ne 'n+/~+)"~ and wb = (4ae2nb/ lows from the solution of (4): 

m-), where n+ = nb =n  a r e  the densities of the compo- 3 k2vT2 ''2 

= (1 + )  - x + k . = W " ,  
nents. In the case of resonance of these oscillations, 2 a:,, ' ub 
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