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The polarization characteristics of radiation emitted by slow electrons scattered by neutral atoms in a
magnetic field, for free-free and free-bound transitions, are calculated. Analytic expressions are obtained for
the anti-Hermitian part of the dielectric tensor and it is shown that the quantum corrections to the elements
of this tensor describe in the high-frequency limit the dichroism of a weakly ionized magnetoactive gas.

PACS numbers: 51.70. + f, 34.80.Dp, 51.60. + a

1. INTRODUCTION

Continuous emission from a plasma is determined by
the bremsstrahlung due to scattering by ions and neutral
particles, as well as by recombination and photoattach-
ment processes. For a low-temperature plasma, in
which the ion density is much less than the density of
the neutral atoms, the ratio of the intensities, for ex-
ample of the bremsstrahlung in scattering by ions and
atoms, is estimated by the formula!

S 5m € g\ amk°T\ "

5w s) ) < M
where g; , are the statistical weights of the ion and the
atom, I and N, are the ionization potential and the densi-
ty of the neutral atoms, and o, is the transport cross
section for elastic scattering of a slow electron by an
atom.

Substituting the numerical values of the constants in
(1) we find that at

No[em=*] 6,,2[10-* cm?] >2-102°T-":[K] e-1/2kT

the bremsstrahlung of a low-temperature plasma is de-
termined by scattering from neutral atoms.

The emission spectrum of a weakly ionized gas has
been the subject of a large number of studies. Thus,
bremsstrahlung was investigated in Refs. 1 and 2, in
which the interaction of the electron with the atom was
simulated by a short-range potential. The results of
Refs. 1 and 2 have found extensive application, in par-
ticular, in astrophysical research. Bremsstrahlung
with allowance for the possible contribution of partial
waves with higher moments to the cross section was
considered in Ref. 4.

At the same time, the polarization characteristics of
the continuous radiation have not been sufficiently in-
vestigated, although the appropriate investigations can
yield additional useful information on the physical pro-
cesses in a weakly ionized gas. It is obvious that if the
electrons have an isotropic distribution in the gas the
radiation cannot be polarized. An external magnetic
field, however, introduces anisotropy into the system,
so that one can expect polarization of the continuous
radiation. This question is indeed the subject of the
present paper.

In Sec. 2 we present general formulas for the Stokes
parameters of the continuous radiation and determine a
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coordinate frame in which the polarization takes on the
simplest form. In Sec. 3 we calculate the amplitude of
the bremsstrahlung of an electron moving in a constant
magnetic field when scattered by a neutral atom. In
Sec. 4 is considered continuous radiation in the case of
radiative attachment. The equations obtained for the
elementary cross sections and the Stokes parameters
are averaged over the Maxwellian distribution of the
electrons in Sec. 5. This averaging is carried out in a
quasiclassical approximation that is valid when the
electron energy in the initial and final states greatly
exceeds the distance between the Landau levels. In Sec.
6 are analyzed certain limiting and particular cases of
the general formulas, and numerical estimates of the
radiation polarization are presented.

The results on the polarization of continuous radiation
can be used also to analyze the polarization dependence
of an absorption of an electromagnetic field by a weakly
ionized gas. In Sec. 7T we derive analytic expressions
for the anti-Hermitian part of the dielectric tensor. In
particular, we calculate the quantum corrections to the
off-diagonal elements of this tensor, which are found to
determine the dichroism of the gas in the high-frequen-
cy limit.

Since we are considering here the interaction of the
field with only electrons, the field frequency w has a
lower bound

o> (0si0s) ", (2)

where wy, and wy are respectively the ion and electron
cyclotron frequencies.® The upper bound of the frequen-
cy is connected with the neglect of the internal degrees
of freedom of the gas atoms:

0<e’, (3)

where w* is the first characteristic frequency of the
atom. We neglect also spatial-dispersion effects. The
corresponding restrictions take the form?®

k,v;<w0s, |0—nws|>kpr, n=1,2,..., (4)

where £, , are the perpendicular and parallel (to the ex-
ternal magnetic field) components of the wave vector of
the electromagnetic wave, and v, is the electron ther-
mal velocity.

We use a system of units in which ¢ = %=1 and the
temperature is measured in energy units.

© 1982 American Institute of Physics 809



2. STOKES PARAMETERS

The probability of dipole emission of a photon with
polarization e and frequency w into a solid angle d§2
when an electron goes over between the states i and f
is given by®

(I)'
4}@ i Py le"d|%dQ, (5)

where d is the dipole moment of the electron. Expres-
sion (5) for the emission probability corresponds to ne-
glect of the interaction of the atomic electrons with the
electromagnetic field. It is shown in Ref. 7 that this
neglect is permissible if condition (3) is satisfied.

We direct the z axis along the external magnetic
field B and introduce the real polarization vectors

e=[kx8)/|[kXE]|, e.=[kxe]/w, (6)

where k is the wave vector of the radiated photon and ¢
is a unit vector along the z axis. The polarization ma-
trix of the radiation density takes, apart from a nor-
malization, the form

P~ (eady) (dies), @, b=1, 2.

On the other hand, this matrix can be expressed in
terms of the Stokes parameters £:

1 ( 1+&s

Peb = > E.—iﬁ.) .

Bohika 1-%
Comparing these two formulas, we obtain explicit ex-
pressions for the Stokes parameters

£:=24"'Re {(ed;) (e:dy)}, E:=—24"'Im {(edy) (e.dy)},
=A7{|dse|*~|de,|*}, A=|d;e,|*+]|dse,|*=|d;|*—|dsk]|*/ 0%
For the polarization vectors (6) we readily obtain
de,=[dXk]./k,, de,=[(dk)k.—d.k*]/(wk,). (8)

Since the observed radiation is connected with transi-
tions of many electrons, it is necessary to average in
(7) over the initial states i. The quantity A should be
averaged here independently of the other factors con-
tained in p ,, since it determines the normalization of
p. Averaging of the Stokes parameters presupposes
that the radiation detector is quadratic in the electro-
magnetic-field amplitude. Namely, if the polarization
matrix of the sensitivity of the detector is p,, the signal
from the detector is proportional to Tr(pp,).

If the radiation is connected with several physical
processes, e.g., with bremsstrahlung and radiative at-
tachment, the Stokes parameters are determined by
the equations

s L T e

in which £'" and 4, , are given by Egs. (7) for the cor-
responding process. We note that the quantities 4, ,
are proportional to the spectral intensities of the emis-
sions into a specified solid angle, and are therefore of
independent interest.

3. BREMSSTRAHLUNG AMPLITUDE

Let the electron move in a magnetic field B and in the
field of a neutral atom located at the origin. The poten-
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tial V(r,v) of the interaction of the electron with the
atom depends on the radius vector of the electron and
on the internal coordinates of the atom v.

Neglecting the electron spin, we write down the sys-
tem wave function in the form®

AT Ay (x,v)

(%) _

o (r,\w)—~>(,\(r.\w)+;| A (9)
Here

TS Ay == | V1 (10)

is the amplitude for the scattering of the electron by an
atom in a magnetic field, yx, is the wave function of the
electron and the atom without allowance for the inter-
action between them:

xl(rv v)*—*(p,(v)(b..u,(r), Ka{nv Mv p, l}v (11)

¢, is the wave function of the atom in the state [ with en-
ergy &,, and & is the wave function of the electron in
the magnetic field. In cylindrical coordinates® we have

o () = ——exp (p2-+ M) 1R (p),
V2n

Rnll(p)-(al“"'IIM”)—i (nt+|M])! ]‘lx

LA LN
2]

o (om0, a

as=(mws)~", ws=|e|B/m,

F is a confluent hypergeometric function. The corre-
sponding energy values are

Ey=8&+& ansp, gnlp=8nM+P=/2”"v

. (13)
Eue=0a(N+'2), N=n+(|M|+M)/2.

The “+” signs in (9) correspond to waves that diverge
or converge relative to the z axis.

Assuming, as before, that the electron energy is
much lower than the excitation energy of the atom, we
can neglect in (9) the excited states of the atom, as-
suming that the function ¢, corresponds to the ground
state. We shall leave out the index ! hereafter.

With the aid of (9)-(12) we can calculate the dipole
matrix elements

N—1,M—1, p T[>

[ (V)"
W—ws

~ ' N
(\p,‘ Na_lptM )=ea,'{51gn (M,) [(A)—‘(I)a

A
_WAH-MI" M.._i,p(|1<->|/>-] —sign (M)
p ,

(N,—M,)"
)

YN+, M1, pl T id— N, M,+1,p,lT‘*’|i>]} ,

(N+1)1
o+t

7 M9 >=eas {Sign(M.-)[ AN A MA, I T

—_ 2 N s
—M<N4,M‘+1,p(l7""’lf>']—sign(M,) [—’
o) otos

(NH1—M,)"
®

XXNy—1, My—1, p| T 1> — Ny, My—1, p,| T D> ]}

) » (14)
=) ey _Yf B airen =2 giren
7 1dlpl™> m{mm arolp— Lozl

2
-—_a_<i|rt—)|;>——~<flr<+>|i>},
ap; dps
_dexid,

d:——'z.,, , do=d:, |D=|N, M, p>, |=|N,M,;pp.

In the calculation of the matrix elements (14), no ac-
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count was taken of transitions between the unperturbed
functions &. These transitions correspond to the well-
investigated synchrotron radiation, which is concen-
trated for nonrelativistic electrons near the frequency
wg. According to bremsstrahlung theory® the initial
state should correspond to diverging waves and the
final to converging ones; this was in fact taken into ac-
count in the presented formulas.

In the subsequent calculations of the Stokes parame-
ters we shall confine ourselves to the quasiclassical ap-
proximation: &, &, - w> wy. In addition, we recognize
that in scattering of slow electrons by a neutral atom
the main contribution is made by states with small val-
ues of M. Assuming also that the scattering amplitude
changes slowly over an energy interval of the order of
w, we can neglect the terms ~8/9p, and 8/3p, in the last
formula of (14).

Substituting (14) in (7) and (8), we write down the
Stokes parameters accurate to quantities of order wM/
&< 1, assuming that in the quasiclassical approxima-
tion Nm.>> 1:

vb+p,d

§i=0, Ei=A~'(v-"—v,")cos0, Ey=A"! ( - v.,”) sin® 0,

by b (15)
U+ 707 (1+cos® 0) +vd sin® 0,

A=
. .

=(mim5)’
—2sign (M.M;) N*N," Re (ANp, M4, p TN, M1, pl TO1P) ),

(16)

vb

{NSN, M £, pd TP 124N KN, MFA, g T |2

2
vn”=a—;;{pi’|<ilT“"l PE+pAATOND P—2pip, Re (TP GITHND) ).

Here 0 is the angle between k and B, the common fac-
tors of the quantities A and v are left out, since they do
not change the values of the Stokes parameters.

4, AMPLITUDE OF RADIATIVE ATTACHMENT

Besides the free-free transitions, continuous radia-
tion of a weakly ionized gas is produced also by free-
bound transitions. By way of example of such a transi-
tion, we consider radiative attachment—the formation
of a negative ion in electron-atom collisions accompan-
ied by photon emission.

We write down the wave function of the valence elec-
tron in the s state of the negative ion in the form?!?
n'lx e—*
u(r)=b(—2—:—l)T—r—-, (17)
where &,=%*/2m is the ion binding energy. We assume
here that

nas>1. (18)

Therefore the influence of the magnetic field on the
bound state can be neglected. The coefficient b is de-
termined from the condition that the formula (17) coin-
cide with the asymptotic more correct expression for
the wave function of an electron bound in a negative ion.

Assuming that the attachment of the electron to the
atom does not change the wave function of the ground
state of the atom, we calculate the matrix elements of
the transition
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<uld. 19" >=Culdel © Y =be (2x) *0uc,x. | Ko(p (+5%)*) Rose (p) p'dp,
o

(19)
I AT >=<u|da|%)-—b———-—-iep(zu)'hﬁx _‘-K (p(p*+x*)") Rox (p) p*dp
(p*+x2)" 'oo ! wu \P)0°Cp-

Here K is a Macdonald function, the index i of the
quantum numbers n, M, and p is left out for brevity.
Equations (19) do not contain 7-matrix elements, since
the potential V is assumed to be spherically symmetri-
cal.

To calculate the integral, we take into account the in-
equality (8) and the exponential damping of the function
K, ,(x) at x>>1. Consequently, the argument of the func-
tions R, takes on small values, whereas large values

" are of importance for the radial quantum number

n~T/wg (T is the effective electron temperature}. For
the hypergeometric function in (12) we can therefore use
the approximation!!

Ruxc(p)=as™ [ (n+| M)/ (ntn™") ]*Jise) ((2n) plas). (20)

Here J is a Bessel function, and we assume M to be
bounded because (19) contains M= 0,+1. We assume
likewise that the quantity np®/a%, which is of the order
of T/%,, to be bounded.

Substitution of (20) in (19) leads to tabulated integrals:

4ebos(n(nt1))™
T (Mar—20)*
iebp(xws)™
T et

Substituting these equations in (7) and in (8) we obtain
for the Stokes parameters the expressions (15), in
which

ald.lpir=

O 71,

<aldylp=

M,0¢

e pinwy
m'e*

16e2ws*% (net1)
(0sF20)*
It should be noted that the constant b drops out of the
Stokes parameters. We note also that the calculations
presented here are not valid for negative ions with va-
lence p-electrons.

v=

Bat - (21)

51‘, 1y Ve =

5. AVERAGING OVER THE ELECTRON
DISTRIBUTION

It is seen from (15) that averaging of the Stokes pa-
rameters corresponds to averaging of the quantities
v. Summing also over all the final states, we write

. dp.d :
wo= Y f —%F(&)mb(&—é’,—m),

Ny N MMy

where F(%)) is a distribution function which we assume
to depend only on the electron energy.

We consider first bremsstrahlung. The calculations
can be carried through to conclusion in two cases.
First, when the main contribution to the cross section
of the low-energy scattering is made by one of the par-
tial waves. This case, with s-scattering predominant,
takes place in particular for noble-gas atoms. Under
this assumption we can neglect in (16) the interference .
terms.

Second, if the terms with different partial moments
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make comparable contributions to the cross section,
the calculations can be carried out in the long-wave ap-
proximation: w<« if" s~ The results is then expressed
in terms of a certain quantity which goes over in the
absence of the magnetic field into the transport cross
section.

We assume next that for a spherically symmetrical
scattering potential the T-matrix elements summed
over the magnetic quantum numbers are determined in
the quasiclassical limit only by the electron energy. In
the Born approximation, this result follows from Ref.
12, and in the case of a 6-potential it is exact and can
be obtained with the aid of the wave functions given in
Ref. 13 for an electron in the field of a short-range po-
tential and in a magnetic field.

The foregoing assumption allows us to use the results
of Ref. 14 to connect the T-matrix elements with the
total elastic-scattering cross section:

Z I<N, M1, p;lT"’If)l'uZ [N, MF1, p T2

.(H, H,l,
= (4nm*as') ~'0(&, B). (22)

The appearance of the factor agz* in (22) is due to the
different normalization of the wave functions of the free
motion and of the motion in a magnetic field.

Taking (22) into account and replacing in the quasi-
classical approximation the summation over N, and N,
by integration, after first separating the singularities
of the radicand by the method described in Ref. 15, we
obtain:

1) If the interference effects are neglected,
| & @&-0))"e(&:B)F (&)

[ (23 ") (2 (@)

2m  o'test
WP Py= O TOr
ke 3’es (0*—ws?)?

w0 (1 () ) (1 (55) e @
m e e
W= e [(8(8—0)) 0(&;B)F (&)
R
o () ) re-o (e (32))] o a9
E=0+0s/2,

where A is the fractional part of $/w,~-1/2 and
Al {A—G, A>H

1+A-8, A<S'’ (25)

6 is the fractional part of w/wp.

Equations (23) and (24) contain singular terms of two
types, namely, proportional to A™/2, (A’)™/2, and to
the product (aa’)™2, The former make a small contri-
bution upon averaging, whereas the latter lead to a
logarithmic divergence even after the averaging. In the
calculations that follow we shall therefore retain only
these last singular terms.

2) In the long-wave approximation, the cross section
for elastic scattering is replaced in (23) and (24) re-
spectively by a transverse and a longitudinal transport
cross section. Leaving out the terms A™/2 and (A’)™/2,
we obtain accurate to ~w/#®
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2m w*tos?

wptpdd=—"— 2
vy Intws (0*+ws?)?

j &0, (&; B)F (&)

X[t +Ti'$:z.?]dg’ (26)

mooa .
(v.,")=m—§ &0, (&: B)F(&)d&¥,

3
"2“” Y sign (1)) [ an.an,

MMy

N"I:NI‘I.

0,"=ac(&; B)— o

X[ (g_Nc(Dl) (J_N!‘Dl) ]-V' Re[(N,, Ml_i. P!lTH)li)(N(, Ml+1, P(IT(_)IP],

' (27)
0,'=0(&; B)— -‘Qg-‘ %’,Z dN,dN,[ (8~Nws) (E~N,ws) "

MMy
XRe[<GITIHIT® D],

The values of ¢}, coincide as B~ 0 and are equal to
the transport scattering cross section in the absence of
a magnetic field. To prove this fact, we note that the
radiation intensity is expressed in terms of the parame-
ters »® in accord with Eq. (15):

dal 1
—— ~ =<0, 2402 (14+cos® 0) +<vd Ysin? 6.
dodo. "2 v,24+v2) (1+cos? 0) +<vf>sin? 6 (28)

At B= 0 the intensity is independent of the angle 6,
therefore, comparing expressions (25) and (27) we ar-
rive at the equation 0% =0% at B =0. The total radia-
tion intensity coincides in this case with the radiation
intensity calculated in Refs. 1 and 4, if it is assumed
that

0, y=0w B=0. (29)

Before we integrate with respect to d% in (23)-(26),
we write, in accord with Ref. 15:

A-"h==2h

5 (—1)*  2aM& _1:_)
et I °°s( o 4

Discarding in the product (AA’)™/2 the rapidly oscil-
lating terms, which make a small contribution upon
averaging, we write

(AAI)-V‘=E (_1).+“’ cos [ W& (M_M,) + 2nM’ (l!_] .

(M'M)" ®s ®s

The logarithmic divergence in this expression is the
result of the terms with M=M’. At 6<lorl-56«1
we obtain

(AA’)="=—In [218 (1—8)]=J (8). (30)

If we assume for F(¥) a Maxwellian distribution and
regard ¢ as a quantity that depends weakly on the ener-
gy, so that it can be taken outside the integral sign,
then the remaining integrals can be obtained from the
tables

2\ %5 0¥ w*tos
b by (2 L :_H
TAITN (mT) e o LA LS
2 "'6,‘0)e‘7”
by em | [l S—— ' S
(vd> (mT) fron 2(B),
20&)5
b_y by 2905 by, by
wL—-v> oitor {v+v2), (31)
3 (2+p)J(8)

(B, 8)=H, +—
L

Hy()=B(*/2,5:B), B=0/T, 814=0.,(&uw;B),

n is the number of the cyclotron-resonance harmonic
and is equal to the integer part of w/wg, and Y is a
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confluent hypergeometric function.!*

In writing down (31) we used the fact that the total and
transport cross sections are equal if scattering with a
definite partial moment coincide. We shall therefore
use everywhere the transport cross section. Substitut-
ing expressions (31) in (15), we obtain for the Stokes
parameters the expressions

b_ b 4wwsD (B, )
EfP=0, &/ ————(mzﬁox:) Z, cos 6,
D —
ES= (p—’;b)—i sin?®, A,=D(B,5) (1+cos®0)+sin?6,
(32)
H,(,8)
D(B,8)=Dy(w)Y RO
o? ((D’+(Daz) G,°
D, () o) =6—I.-.

Similar calculations can be carried out also for con-
tinuous radiation corresponding to radiation attachment.
Here, however, it suffices to retain quantities linear in
wa/w, since wy<« &, even for a binding energy &,~0.01
eV at B« 10° G.

As a result we obtain

4op 3/ ws \*
r= 7 = P —1 Gin2
Er=0, &, mgpcos 0, & 3 (’m——é’,) A,'sin%0,
3/ ws \* (33)
= = 2 in?
A, (1+ 2 (m—l?'o) ) (1+cos? 0) +sin? 6.

6. LIMITING CASES AND NUMERICAL ESTIMATES

Equations (33), which determine the Stokes parame-
ters of the radiation in radiative attachment, are quite
simple and require no further analysis. We consider
therefore limiting and particular cases, when the rather
cumbersome expressions (32) can be simplified.

The parameter E;’, which determines the degree of
circular polarization of the bremsstrahlung, takes a
simple form if the radiation is absorbed along the mag-

netic field:
the 2005 )
o*tos
where the upper sign corresponds to 6 = 0 and the lower
to6=m.

For the other observation angles, the Stokes parame-
ters are determined by the function D{B, 6). This func-
tion becomes simpler at w<«< T, when B<«<1. It is known
that in this frequency band the radiation has the highest
intensity. Using the expansion of the function ¥(a, c; B)
at B« 1 (Ref. 11), we write

3 o7 (%) ]

DG, O)=10.(0) [ 1+5 27 (34)

The second term in (34) gives rise to oscillations at
frequencies that are multiples of the cyclotron frequen-
cy (cf. the theory of magnetophonon oscillations!®). If
the quantum oscillations are neglected, then

4(1)3«)10,((-0) _YDo(0)—-1
D= m cosO, ESP= T, sin® 0,

(35)
Ay=yD, (o) (1+cos* ) +sin® 6.

For example, putting y=1, we have £, 0.38 for B
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b

=1

FIG. 1. Dependence of the Stokes parameter §g on the radia-
tion frequency at §.,;,=0.001, wg/T=0.2, and §=1/2,

=500 G and w= 10 GHz at 6 = 7/2.

At W< wy it follows from (35) that £,=0 and £;= -1.
Thus, at frequencies much lower than the cyclotron fre-
quency, the bremsstrahlung is almost completely lin-
early polarized, and its directivity pattern is sin%g, just
as radiation from a classical electric dipole.

For frequencies wy<< w< T we have
EP~2050" cos O,

and the Stokes parameter gg can take on in this frequen-
cy region a maximum value determined by the amplitude
of the oscillations at the multiple harmonics:

(ny@/8nT)1In Smin
1+y+ (nY0/8rT)In Smin

(&) mas™

where §_,, = 6w/wy is the minimum value of the detun-
ing, determined by various broadening mechanisms,
which are discussed in the next section. The depend-
ence of £ on the frequency is shown in Fig. 1.

7. DICHROISM OF WEAKLY IONIZED GAS

The results obtained in the preceding sections for the
polarization and angular distribution of the radiation of
a weakly ionized gas can be used to analyze similar
characteristics of absorption by the gas.

The coefficient of absorption of radiation with polar-
ization e and with wave vector k is given by

x (k,e)= %v-'ﬂ< wE? (k,e) —W}(.md) (ke)>, (36)

where N, , are the densities of the electrons and neutral
atoms, I, is the intensity of the incident radiation,
wias, 18d) are the probabilities of the absorbed and in-
duced radiation; the averaging over ¢ and f is under-
stood in the same sense as in Sec. 5.

It is known® that the quantities W'®*) and Wi!*¥ are
equal and are connected with the spontaneous-emission
probability (5) by the relation

W((;b!) =W’(‘ind) — %:s_lhwﬂ. (37)

If we consider absorption due to free-free transitions,

then
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N, W

wor=gn § anwr 32 5 a5 1o

©p/g N =0 N!=0

Wi

o= (s )l w o

WD i, ey = _S d8.F &) ; ;V:I-o )m,,]
3
X [%"-—-o)— (N,+—2-) B]]- (M)(k e), (38)

where N .7 are the mteger parts of the numbers €,/ w,
-1 and(s’ w)/wg -3, respectively.

Making in (38) the substitution %, ~ #, - w and redes-
ignating the summation indices N, =~ N,, we obtain after
substituting (37) and (38) in (36)

e (k, e)=8—:,-’1v.1v.<e’—1)<w,,<k, o). (39)

A Maxwellian distribution was assumed here for the
function K(g).

We introduce the coefficients of linear and circular
dichroism!”;
x (k, e,) —x (k, &)
x(k,e)+x(ke,) '
x(k,e.)—x%(k,e,)
1= x(k,e-)+x(k,e,)’

'{l=2

where e, = (e, +ie,)/2"'2, and e, and e, are defined in (6).
With the aid of (7) and (39) we obtain
16=2§tb' (40)

Precisely the same relations between the Stokes pa-
rameters and the dichroism coefficients can be ob-
tained also for the “photodetachment—radiative attach-
ment” process. We can therefore use for the dichroism
coefficients the equations obtained in the preceding sec-
tions for the Stokes parameters.

11=2§sby

Certain interest attaches also to the absorption co-
efficient (36), which determines the anti-Hermitian
part of the dielectric tensor, a part connected with the
collisions of the electrons with the neutral component.
Usually this tensor is written in the form

e g 0
e§;)=(—ig“ % 0). (41)
0 0 e°

. =i0),’ ((D"l" (h))’)
L © ( o — (D.') )
2i0y'0p
g‘ =

. l0p
Veffs gy -—(I)' Veffiy

wp= (4me®N,/m)"* is the electron plasma frequency, and
Vo, is the effective collision frequency. The tensor
(41) is written in a coordinate system in which the z
axis is directed along B and the x axis along e,.

The absorption coefficients (36) are expressed in
terms of the components of the tensor &}; with the aid
of the following formulas:

% (k, e-) —x (k, e,) =2iwg* cos 8, x(k, e,)=iwe,™,

(42)

% (k, e;) =io (e, cos* B+¢,* sin*6).

Using the calculations performed in the preceding
sections to find the quantities (36), and comparing the
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result with Egs. (32), we can obtain expressions for the
frequency of the collisions due to absorption in free-
free transitions:

Yy
.‘VJ_.n(0))=Veﬂ‘lu..npl(1"e_’)' Veftf_'g;sraulv.(%) ,
% oo (B
=B g, 2T L (43)

o,, is the transport cross section in the absence of a
magnetic field and corresponds to the average energy
%.,- The quantity v ,, was chosen to be the effective
collision frequency; in most papers the numerical co-
efficient of v,,, is as a rule not determined (see, e.g.,
Ref. 10).

As follows from the foregoing equations, the collision
frequency outside the main cyclotron resonance line
differs from that used in the 7 approximation by two
factors: by the frequency dependence that leads to a
difference between the cyclotron-resonance line shape
from a Lorentzian, and the anisotropy connected with
the magnetic field. The quantum effects lead also to
oscillatory singularities of v,. The amplitude of the os-
cillations is determined by the line-broadening mechan-
isms, most important among which for the problem
considered here are the following.!®

1) The broadening connected with the motion and re-
coil of the gas atoms. This mechanism leads to the fol-
lowing limitation on the quantity 5{3) that determines
the oscillation amplitude

) m T,\"%
6mb\=(ﬁn 0') ’

where M is the mass of the atom and T, is the tempera-
ture of the atoms.

2) Collision broadening, which leads to finite lifetime
of the electron on a given Landau level. In this case

@ -
Snte= (027 . )%

We note that the Doppler broadening ~nv,/c, which is
connected with condition (4), as well as the radiative
broadening, turns out to be much less.

If the gas density is low enough, so that the following

Yin / Vess:
1.2

L+ il L1
04 06 1° z ¥

| ]
0.1 0,2

0.7

FIG. 2. Dependence of the transverse (curve 2) and longitudi-
nal (curve 1) collision frequencies of radiation frequency in
semilog scale.
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condition is satisfied

m (T. [oFs ’h>1
SN \ T, M n) ’

then the broadening mechanism connected with the mo-
tion and the recoil of the atoms is found to predominate.
For example, at T,~T,, B=~10* G, N,~10' cm™, and
0,,= 10™° cm? the reduced ratio turns out to be ~10°.

Taking the foregoing into account and carrying out
estimates similar to those in Ref. 19, it is easy to veri-
fy that the amplitude of the oscillations of the quantities
€% and g° decreases with increasing number of the har-
monic like ~n™2.

Using the asymptotic value of the function § at small
and large values of the argument,'* we obtain at W< T

v_,_(o))=veffa"';_’"B) [1*%1—2_%111(;{—"&1)‘: )l/’] ’

5" (B) p* (44)
and at w>»> T
" 5..(B)
Vo =“T‘Veff 'L"_:IE ) ﬂ/‘. (45)

Putting EL*",, =70,,, We can easily verify that the
asymptotic form (45) coincides with the asymptotic form
that follows from the results of Ref. 4. The collision-
frequency growth given by expression (45) continues up
to frequencies limited by the condition (3).

Figure 2 shows the calculated values of v, , at wg/T
= 0.2, 6{4),=0.01, and G, , = 0,

min r*
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