
Transition bremsstrahlung of relativistic particles 
A. V. Akopyan and V. N. Tsytovich 

Institute of Radiophysics and Electronics. Armenian Academy of Sciences 
(Submitted January 30, 1976) 
Zh. Eksp. Teor Fiz. 71, 166--176 (July 1976) 

High frequency (w>wpe = (47f ne 2/m,)1/2) bremsstrahlung of electromagnetic waves in a plasma or a 
condensed medium are investigated in the quasi·classical limit. Scattering of virtual photons by the self· 
charge of the test particle (ordinary or Compton bremsstrahlung) as well as by the dynamic polarization 
(transition bremsstrahlung) is taken into acount. The frequency ranges in which interference occurs 
between the radiation corresponding to the ordinary Compton bremsstrahlung and the radiation 
corresponding to transition bremsstrahlung are studied. The limits of applicability of the Bethe·Heitler 

-formulas [Proc. Roy. Soc. 146. 83 (1934)] for a plasma are determined and it is shown that in the low· 
frequency range the bremsstrahlung in a plasma is determined completely by a new transition mechanism. 
and the Bethe-Heitler formula is not valid. 

PACS numbers: 52.25.Ps 

1. INTRODUCTION 

Bremsstrahlung in a plasma is of interest in connec­
tion with its possible use to generate and amplify waves 
in a wide frequency range W p• ~ W ~ fin, where wp• is the 
electron plasma frequency and f is the particle energy. 
It is also known that in installations used for magnetic 
plasma containment, an appreciable fraction of the inter­
nal energy of the plasma can be lost in the form of 
bremsstrahlung. In addition, the bremsstrahlung in­
stabilities of the epithermal particles, together with the 
various types of instabilities existing in a plasma, can 
hinder considerably the stability and containment of the 
plasma. 

According to contemporary concepts, bremsstrahlung 
as well as other types of radiation can playa definite 
role in the generation of radio emission from astro­
physical objects, such as pulsars. [2-41 Powerful di­
rectional beams of electrons can produce in this case 
coherent radiation amplified as a result of the motion 
energy of the beam. [5.61 A new type of scattering­
transition scattering-was considered in[ 71. 

It was shown earlier[5.81 that bremsstrahlung is pro­
duced in a plasma as a result of conversion of virtual 
quanta into real ones upon scattering either by the self­
charge of the particle or by the dynamic polarization of 
the plasma that surrounds the charges in the plasma. 
The latter bremsstrahlung mechanism is possible only 
in the presence of a medium and cannot exist in vacuum. 
The scattering associated with it is frequently called 
nonlinear, [91 since the charge of the dynamic polariza­
tion of the plasma depends nonlinearly on the electric 
fields. A more accurate and general designation is 
"transition scattering, " and has been investigated in de­
tail earlier. [71 The purpose of the present study was to 
investigate a new mechanism of relativistic-particle 
bremsstrahlung, which can be called transition brems­
strahlung. It is the result of transition scattering of 
virtual quanta produced in particle collisions. 

Transition scattering is possible from heavy particles, 
and in particular also in the approximation in which 
their mass is assumed to be infinite. [7.91 Transition 
bremsstrahlung therefore differs qualitatively from the 
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usual bremsstrahlung, since it occurs also when both 
colliding particles have infinite mass. It turns out to be 
significant also in electron-ion collisions which produce, 
as shown below, radiation of the same order as and 
sometimes also much stronger than ordinary brems­
strahlung. The results obtained in the present paper 
show that the unjustified neglect of transition radiation 
(as has been the practice until now) can lead to incorrect 
estimates of the role of multiple scattering in brems­
strahlung, a scattering first taken into account in[101. 
Particular attention is paid in the present paper to 
bremsstrahlung in a plasma, for in this case all the cal­
culations can be carried through to conclusion without 
the use of any model representations for the dielectric 
constant. The results can be qualitatively extended to 
include other condensed media, provided that the plasma 
approximation can be used for the dielectric constant. 
In a solid-state plasma, the results can be qualitatively 
used by replacing the average electron thermal velocity 
vT • by the velocity v F on the Fermi surface. 

A general analysis of bremsstrahlung in a plasma is 
presented in[5.81. The actual analysis of the radiation 
intensity in the general case entails great difficulties. 
We' confine ourselves here to the case of bremsstrahlung 
of electromagnetic waves in the frequency spectrum re­
gion W'" kc» wpe from relativistic fast particles. Al­
though in this frequency region the plasma has little ef­
fect on the propagation of transverse waves, it can 
greatly influence the matrix elements of the Compton 
and transition scattering of virtual quanta into real ones, 
and also the spectral distribution of the radiation inten­
sity. We shall consider separately the influence of 
plasma on both the ordinary and transition bremsstrah­
lung, and on their interference. 

The influence of the polarization of the medium on 
bremsstrahlung was investigated earlier by Melrose, [31 
but his results were qualitatively incorrect because of 
the neglect of the transition bremsstrahlung. 

2. PROBABI LlTY OF EMISSION OF 
ELECTROMAGNETIC WAVES 

Let us obtain the emission probability and the spectral 
distribution of the intenSity of bremsstrahlung in a 'plas-
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mao We assume for simplicity that the plasma consists 
of nonrelativistic thermal electrons and ions. We con­
sider bremsstrahlung generated in a plasma by an ultra­
relativistic electron in pair collisions with plasma ions. 
In addition, bremsstrahlung is produced also in pair 
collisions between two ultrarelativistic beam electrons 
and the plasma thermal electrons. However, according 
to Bethe and Heitler, [1J at Z »1, where Z is the ion 
charge multiplicity, the prinCipal radiation is produced 
in the plasma in collisions with ions. The transition 
bremsstrahlung produced by collision between two ions, 
one at rest and the other relativistic, can also be de­
scribed by the results obtained below, since these re­
sults do not depend on the incident-particle mass. 

In the quasi classical approximation, we have pre­
viously obtained[Sl a general expression for the total 
matrix element of the bremsstrahlung of waves with ar­
bitrary polarization, produced in pair collisions of two 
relativistic particles of the beam. In the particular 
case when one of the particles is an immobile ion and 
the other a' relativistic electron, we have from[Sl for 
the total matrix element of the bremsstrahlung of trans­
verse waves (with polarization across the propagation 
direction) (IE = 1) 

M=l\I'C)+M't), (1 ) 

where 

a ) -'/, e.'e. '12 
M'C) = (71' -i)w (oo'e.')._.'. 

m,llklx'e.'(oo- kv) 

X ([k X X] + [k x v] (kx - 00 (xv)/c') ) 
oo-kv (2) 

is the Compton-radiation matrix element, and 

(t) _ ( ,a " . ) -'J, e.'e. '12 ~ 1- 8~:~. 
M - n -a (008')._0. Ikl' , [kXX]I--:-,--

(0 m_ (0')( ex e -x_1I. 

+"'(1_e,(e»{ [kXX] 
x • (x + k)'e' 

-x-A 

(x+\c,V) '" [kXX](k+)(',V,,}} 
+. (x+k,v)'e' -(x+k)'c' ~kXv] . (x+k), -J 

_)(_11 

(3) 

is the matrix element of the nonlinear transition radia­
tion. 

In formulas (2) and (3), e. and ei are the charges of 
the electron and ion, m., v, and E are the rest mass, 
velocity, and energy of the relativistic electron, 'Y 
= e/mtlc 2, e! and eg are the longitudinal and transverse 
dielectriC constants of the plasma, and ek(tl) is the elec­
tronic part of the longitudinal dielectric constant. In (2) 
and (3) we have introduced also the four-dimensional 
vectors 

k,={k,.: 'Ie.,}; x,={x,O}; 

(x+k,={x+k, (x+k, v)}; 
i=1, 2, 3, 4, 

where w = wk and k are the frequency and wave vector 
of the emitted photon, and x is the recoil momentum 
transferred from the electron to the ion. 

We note also that Eq. (3) derived from the general 
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Y FIG.!. Diagrams of or- . 
dinary and transition brems­
strahlung. 

r 
formula o~SJ includes the condition w» kvT ., where v T • 

is the average thermal velocity of the plasma electrons. 

Not being interested in polarization effects, we get 
from (1)-(3) for the total bremsstrahlung probability of 
the transverse waves, summed over the two photon 
polarization directions, 

w(x, k)=(2n) '1l\I'C)+MIt ) I '1\ (oo-kv-xv). (4) 

The expression under the 6-function sign in (4) is the 
consequence of the energy conservation law in the quasi­
classical limit. It follows from (4) that interference 
sets in between the Compton and the transition brems­
strahlung and that, strictly speaking, the two effects 
cannot be separated. It is typical that what are added 
here are not the probabilities but the matrix elements 
for the scattering of virtual quanta into real ones. 

It follows from (2)-(4) that in the considered quasi­
classical limit the probability of the bremsstrahlung is 
equal to the probability of the scattering of the beam 
electron by the potential cp of the immobile ion, 

cp (x) =e,lx'e'(x, 0), 

multiplied by the probability of the emission in scatter-
. ing. This will be violated in the quantum limit (lEw: - t') 
both for vacuum[I2J and for a plasma. However, the 
transition bremsstrahlung in the cases of practical in­
terest is generated in the quasiclassical region, since 
the value of the polarization charge (E! (tl) -1) decreases 
with frequency at frequencies exceeding certain critical 
values. 

Figure 1 shows diagrams corresponding to the matrix 
elements (2) and (3). The expressions for the individual 
matrix elements are determined from these diagrams in 
accordance with the rules given in[51, the circle with the 
cross in the figure corresponding to an immobile heavy 
ion. 

3. INFLUENCE OF PLASMA POLARIZATION ON 
BREMSSTRAHLUNG INDUCED BY COMPTON 
SCATTERING 

We proceed to consider the influence of plasma on the 
angular distribution of the intensity of the radiation 
produced separately by each of the indicated processes. 
Although interference occurs between them, analysis 
shows that in our problem this interference is signifi­
cant in a limited region of frequency, in view of the dif­
ferent dependences of the matrix elements M(C) and M(t) 
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on the frequency. We consider first the radiation pro­
duced by Compton scattering of virtual quanta into real 
ones. Starting from (2) and (4) we have for the angular 
dependence of the spectral intensity of the radiation in 
Compton scattering 

111,% • i fI 1 p, I dI(C) 2e 'r '00' ( (1-x') (00'+00 '~'») 
dxdoo = "('(oo-kvx)' - 21'(oo-kvx)' 

{I 1+x!",d' 
X n--:-:-::-;--;;;;=--:-:c-:-:" 

1 +d'(oo-kvx) 'Iv' 

where x = cosi), ,9 is the angle between k and v, Ye 

(5) 

= e:/mecf is the classical radius of the electron, "'max is 
the maximum recoil momentum from the electron to the 
ion, d is the radius of the Debye sphere in the plasma: 
d=[T/41111e2(1 +Z))1/2 (at Te= Tl = T; Ze is the plasma­
ion charge and differs from the charge e j the plasma ion 
that takes part in the considered radiation process). 

Of practical interest is the case when "'min « "'max 
and "'maxd» 1. Taking into account also the directivity 
of the angular distribution of the radiation (in a small 
angle along v), and discarding small terms, we get in 
place of (5) 

dlw(.~) = 2e!r.'oo' (1- (1-x') (00'+1'00 • .') ) 
dxdoo y'(oo-kvx)' 21'(oo-kvx)' 

X(ln xm."d' 1). 
1 +d' (oo-kvx) 'Iv' 

(6) 

It is seen from (6) that for ultrarelativistic electron 
velocities the bremsstrahlung in the frequency region 
W'" kc» wpe in the case of the Compton radiation mech­
anism has sharp directivity. The photon is emitted pre­
dominantly forward along the direction of motion of the 
electron. The radiation-directivity cone apex angle 
Ai), in which the radiation intensity has a sharp maxi­
mum, is equal to 

(7) 

To the contrary, as follows from (5), waves with fre­
quency on the order of the plasma frequency, i. e., W 

'" wpe» kc, are emitted, with high accuracy, isotropical­
ly relative to the direction of motion of the electron. 

In the frequency region wpe« W «ywpe, the apex angle 
of the directivity cone becomes broader in comparison 
with the radiation in vacuum where, as is well known, [12) 

Ai) "'y-l. This effect was taken into account by Mel­
rose. [3) On the other hand, the decrease of the total 
intensity of the bremsstrahlung at w« W pey was investi­
gated by Ter-Mikaelyan[11) and was called the density 
effect in bremsstrahlung. The same results were ob­
tained later by Melrose[3) and called the Razin-Tsytovich 
effect in bremsstrahlung. The role of the plasma, how­
ever, does not reduce to this effect alone. 

Besides the transition bremsstrahlung, which will be 
investigated below, a change takes place in the screen­
ing effect and leads to a change in the expressions under 
the logarithm Sign, and furthermore at frequencies much 
higher than wpey. Formula (6) takes correct account of 
the screening in the plasma. In this connection, it is 
necessary to discuss also in greater detail the question 
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of the values of the largest ("'max) and the smallest 
("'min) recoil momenta in the plasma. In a reference 
frame connected with the fast electron, the lowest fre­
quency w~in of a quantum emitted in the direction v is 

(8) 

In vacuum we have correspondingly 

(9) 

i. e., W =ywpe is the threshold frequency at which the 
character of the Doppler shift of the frequency in the 
plasma changes, as does also the character of the spec­
tral distribution of the intensity (6). 

The quantity "'min can be obtained from (4) 

Xmin (tt) = (w-kv cos tt)lv. (10) 

It follows from (8) and (10) that at w» wpe the smallest 
momentum 

(0)- w~," _ w (1 + ,00 • .') 
Kmin - -v- ror 21'2C "( ~ (11) 

is given up by the electron to the ion in the case when 
the photon is emitted in the direction of v. To deter­
mine "'max we recognize that in the general case the re­
coil momentum is equal to 

X=p-p.-k, (12) 

where p and PI are the momenta in the initial and final . 
states of the electron. We shall take it into account 
here, first, that the emitted photon is concentrated 
mainly inside a narrow cone, and second, that in the 
quasiclassical limit we have 1 k 1 « 1 P I, while inside the 
directivity cone we have 1 P - PI - k 1 « 1 P I. These two 
conditions, together with (7), denote in fact that the final 
electron also moves at a small angle to v. By starting 
from these conSiderations, we obtain after some cal­
culations from (12) 

(13) 

The following conditions are easily satisfied for all 
values of y and W 

(14) 

The left-hand side of (14) corresponds to the condition 
"'min « '" max, which was used to derive the intenSity (6) 
from (5). It follows also from (13) that we practically 
always have "'maxd» 1. 

USing (11) and (13), we obtain 

(15) 

In the limit W »ywpe expression (15) coincides fully. with 
the analogous relation for 'X max/x min' which is contained 
under the logarithm Sign in the Bethe-Heitler formula. [1] 
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Integrating in (6) over all the photon emission angles, 
and also neglecting small terms, we have for the spec­
tral distribution of the radiation intensity 

+ 3-2x~,.d' 2rod/C)} 
arctg , 

xm •• d 1+2roxm 'ncf/c 
(16) 

where Amln and Amax are given by (11) and (13). Formula 
(16) is general, in the sense that it takes into account 
the influence of the plasma both as a result of the Debye 
screening and in the Doppler frequency displacement. 

We proceed to an analysis of the spectral intensity of 
the radiation (16) as a function of the degree of screen­
ing by a plasma in different regions the frequency spec­
trum. 

1. Weak screening: "-mind» 1. This condition can be 
satisfied according to (11) at the frequencies 

(17) 

where v r• is the average thermal velocity of the plasma 
electrons (vre«c). Using (11) and (13) and neglecting 
in (16) the small terms in accordance with the inequality 
(17), we obtain 

(C) 

~= 16e!r! (ln2m,C'I' _~) 
dro 3 ro 12' (18) 

The result (18) coincides practically fully with the 
Bethe-Heitler formula, [1] since the difference between 
the numerical value of the term that follows the logarith­
mic term (19/12 instead of 1/2) intll is due entirely to the fact 
that in the quasiclassical limit the value Amax (13) can be 
estimated only accurate to a numerical factor on the 
order of unity. Thus, the condition for the applicability 
of the Bethe-Heitler formulacu for bremsstrahlung in a 
plasma is the rather stringent condition (17), and not 
the condition w» wpeY, as might seem at first glance. 
The reason is that only if the condition (17) is satisfied 
do we have d» r max, where r max is the largest impact 
parameter and the Debye screening of the Coulomb field 
of the ion has little effect on the transition of the virtual 
quanta into real quanta when the former are scattered 
by the self-charge of the incident fast electron. 

2. Strong screening: %mlnd« 1. If it is recognized 
that we practically always have '''-mud» 1, then in the 
case of strong screening of the plasma the largest r max 

"" l/A mln and the smallest r min"" 1/ "-mu impact parameters 
of the colli"sion satisfy the condition r min « d« r max' 

Under these conditions the formula for the bremsstrah­
lung should contain d in place of r mln• Indeed, at the 
frequencies 

c --
rop.-<:::ro¢:2j'-rop,1'1+Z 

VIe 

(19) 

we have from (13) and (16) for the spectral intensity 
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(20) 

This result differs from that obtained by Ter-Mikaelyan 
and Melrose in the character of the dependence of the 
expression under the logarithm sign on the frequency W 

and on the energy ymec2 • 

Formula (20) is valid regardless of whether y > c/vre 
or y< c/vre• It follows from (20) that in the case of 
strong screening, i. e., when the condition (19) is sat­
isfied, the bremsstrahlung for the Compton mechanism 
is maximal at the high-frequency interval YWpe« W 
«2y2wpec/VTe, and decreases rapidly at w< YWpe. Even 
at w» wpey the result differs Significantly from that ob­
tained by Ter-MikaelyanC11l since the expression under 
the logarithm sign does not depend on W or y. The de­
crease of the radiation intensity w« wpey is a universal 
property of the emission of an ultrarelativistic particle 
in a plasma and was first observed inC19l for a synchro­
ton radiation of an ultrarelativistic particle. 

It follows from (17)-(20) that the frequency W 

= 2y2wpec/vre is the lower limit of the applicability of the 
formula of Bethe and HeitlerCll in the case of ordinary 
bremsstrahlung in a plasma. In the frequency region 
wpey« w« 2y2wpec/vre, the expression under the loga­
rithm sign changes, and does not cease to depend on W 

and y, while at w« wpey the coefficient in front of the 
logarithm also decreases. The change in the expression 
under the logarithm sign in the interval w« 2y2wpec/Vre 
is due to the fact that the minimum value of ,,_ actually 
begins to be determined by the Debye screening, since 
"'mln « l/d. 

4. BREMSSTRAHLUNG CONNECTED WITH 
CONVERSION BY DYNAMIC POLARIZATION OF 
THE PLASMA (TRANSITION BREMSSTRAHLUNG) 

We consider now transition bremsstrahlung produced 
when virtual quanta are converted by scattering from 
the dynamic polarization of the plasma into electromag­
netic waves. We simplify the matrix element (3) that 
describes the considered radiation, by using the condi­
tion w» wpe. AnalysiS shows that at high particle en­
ergies the main contribution to (3) is made in this case 
by the term containing E!.. This means that the brems­
strahlung in this process proceeds mainly as a result of 
transverse virtual quanta of the fast particle. This is 
true only for waves with high frequencies w» wpe. After 
certain Simplifications we obtain from (3) for this case 

e;e;(w[k x vl - c2 [k X)(]) 
:\{"',., ---..:....:.,....,----------
• :lro""m.lkl (1+%'cf) (ro'-rop.'-(x+k)'c') . (21) 

It follows from (4) and (21) that the angular distribution 
of the transition bremsstrahlung of the fast particle, in 
contrast to ordinary bremsstrahlung, does not have 
sharp forward directivity in the general case. In our 
case, the vector directed forward at the small angle (7) 
is not the wave vector k of the emitted quantum, but 
the vector )( +k. The general result for the angular dis­
tribution of the intensity is too cumbersome to be writ­
ten out here. We present only the total spectral radia­
tion intensity integrated over the angles: 
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(I) ~ "mas:. d 
~=2e.'r.'~(HZ) S X 

doo CUT.' of, x'(x'-lC). 

{ 1 1 1 ( 3 X') 
X 1+ (x--'k)'d' . l+(x+k)'d' + 4x'k'd' 2-F 

[ H(x+k)'d' ]} 
X 4xkd'-(H(x'+k')d')Jn l+(x-k)'d' , (22) 

where xmax is determined from (13). 

Without presenting the value of the integral in (22) we 
proceed to investigate the intensity of the transition 
bremsstrahlung in different intervals of the frequency 
spectrum. To this end we use the conditions xmax» x min 

and xmud» 1. 

1. Radiation in the frequency interval (17). In this 
limit we have from (22) 

dIo(l) = 4e;'r.' (21'CIJ)" )'( IJ) •• C )' (HZ). 
dw (OV T6 2wvTe 

(23) 

It follows therefore that the radiation intensity is much 
lower in this case than in the case of ordinary brems­
strahlung (see formula (18)). Thus, at frequencies W 

»2y2wpec/vTe, the plasma, as follows from (18) and (23) 
exerts no significant influence on the bremsstrahlung 
in either the ordinary mechanism or the transition 
mechanism. 

2. Radiation in the frequency spectrum 

In this limit we have from (22) 

dl (I) (COO) , ( 2"(00 ) _0_=2e.'r,' ~_p_e O+Z) In , 2 2 '/ -1 . 
dCI) L'T(,CI) (tJ.) +1 tJ) I'" ) z 

(24) 

(25) 

By virtue of condition (24), the radiation intensity (25), 
just as in the preceding case, is small in comparison 
with the result of Bethe and Heitler. (1J The frequency 
c(l +Z)1/2wpe/VTe is in a certain sense the threshold 
for the transition bremsstrahlung radiation (just as the 
frequency wpey is the threshold for ordinary brems­
strahlung). However, whereas for ordinary brems­
strahlung the intensity decreases at w< wpey, the inten­
sity of the transition bremsstrahlung, as follows from 
(25), decreases at W >cwpe(l +Z)1/2/VTe in accordance 
with the law (cwpe/vTew)2(1 +Z). 

3. Radiation in the frequency spectrum 

1 C --
(0".4:004: ---lJ)pe} I+Z. 

2 Vra 
(26) 

By discarding the small terms corresponding to the con­
dition (26), we obtain from (22) 

(27) 

Thus, it follows from (23), (25), and (27) that the 
transition bremsstrahlung of an ultrarelativistic par­
ticle, which is due to scattering by the dynamic-polar­
ization charge in the plasma, is excited mainly within 
the frequency spectrum (26). The length of the electro-
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magnetic wave radiated in this case greatly exceeds the 
Debye radius, i. e., X» d. It is this which causes the 
entire polarization charge to radiate coherently and 
makes the intensity maximal. In the remaining fre­
quency region, the transition bremsstrahlung is much 
smaller. Formula (27) differs from the formula of 
Bethe and Heitler in the expression under the logarithm 
sign, which does not contain the Planck constant, since 
the transition radiation is described entirely quasiclas­
sically. 

5. DISCUSSION OF RESULTS 

Meiroset3J considered in a different manner the emis­
sion of electromagnetic waves by an ultrarelativistic 
particle in a plasma, with allowance for only the Compton 
radiation mechanism. Investigating qualitatively the 
behavior of the spectral intensity of the radiation, he 
has observed an abrupt decrease of the intensity at fre­
quencies w« wpey. The same effect for condensed media 
was discussed earlier by Ter-Mikaelyan. (11J On this 
basis Melroset3J states that in a plasma, including cos­
mic plasma, the bremsstrahlung in the frequency inter­
val w« wpey is negligibly small and that the radiation 
takes place only at W ~ wpeY. However, when account 
is taken of transition bremsstrahlung considered in the 
present paper and due to the dynamic polarization of 
the plasma, the general picture of the spectral intensity 
of the radiation turns out to be entirely different. In 
particular, as follows from a comparison of (20) and 
(27), which are valid under the conditions (19) and (26), 
respectively, at fast-electron energies 'Y «c/2vTe the 
bremsstrahlung in the plasma is generated in the entire 
region of the frequency spectrum, i.e., at w<ype. In 
this case the radiation due to the Compton mechanism 
decreases rapidly at W < 'Ywpe, but the radiation due to 
the dynamiC polarization does not vanish. 

Thus, taking the transition mechanism of radiation 
into account, at y «c /2vTe the bremsstrahlung in the 
plasma is, in the entire frequency spectrum. of the 
same order as given by the formula of Bethe and Heitler, 
in which, however, the expression under the logarithm 
sign is changed twice-at W"" 2'Y2cwpe/VTe and at W "" wpeY. 
The value of the logarithm at W'" 2y2cwpe/vre ceases to 
increase with decreaSing frequency, and it retains at 
W < 2y2cwpe/vre the same value as at W'" 2y2cwpe/vre, 
while in the region W'" wpe'Y the expression under the 
logarithm sign is decreased appreciably to the value 
determined by (27). 

Inasmuch as at frequencies W on the order wpec/vre 
an interference takes place between the two brems­
strahlung mechanisms, it follows that a certain drop in 
the radiation intensity is also possible in the entire fre­
quency region. However, since the matrix element of 
the transition bremsstrahlung depends little on the fre­
quencyat w< wpec/vre, whereas the matrix element of 
the ordinary bremsstrahlung decreases rapidly with 
frequency, it follows that in the region Wpe'Y< w< wpec/vre 
the interference leads to a relatively small change in 
the logarithmic term. 

In the opposite case, i. e., at very high electron en-
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ergy, when y »c 12vTe, the intensity of the Compton 
scattering decreases in the frequency interval cWpel 
2vTe « W «ywpe in accordance with the law (W/yWpe)2, 
from W'" wpey towards lower frequencies, while the 
transition bremsstrahlung increases like ~(CWpeIVTeW)2 
and reaches saturation only at W'" wpeclvTe• Thus, in 
the case y » c 12v Te in the frequency region W pe < W < cw pel 
2vTe the radiation exists as a result of the transition 
mechanism. On the other hand, in the frequency inter­
val cWpel2vTe « W «ywpe the bremsstrahlung in the plas­
ma is strongly suppressed. 

The described regularity of the bremsstrahlung can 
be used also for a solid-state plasma but only at high 
frequencies exceeding the atomic frequencies. If, for 
example, we assume that clvF ", lOs, where v F is the 
velocity on the Fermi surface and Y'" 101-102, then, 
if the transition bremsstrahlung is included, brems­
strahlung is produced in metals in the entire frequency 
spectrum. ' 

It is now necessary to estimate from new viewpoints 
the role of multiple scattering in bremsstrahlung-an 
effect first investigated by Landau and Pomeranchuk 
without allowance for the bremsstrahlung. The transi­
tion bremsstrahlung, which has no sharp directivity, 
will not be suppressed by multiple scattering. There­
fore, even if ordinary bremsstrahlung is suppressed, 
at w< wpeel2vTe we are left with the transition brems­
strahlung. For condensed media this condition must be 
replaced by w< cld, where d is the screening radius. 
For a plasma it is relatively easy to satisfy the criterion 
under which multiple scattering has no influence at all 
on the bremsstrahlung. This corresponds to the case 
when the multiple scattering does not affect the ordinary 
bremsstrahlung. By determining more accurately the 
mean squared scattering angle in the plasma (by chang­
ing the screening in comparison, say, with gases or 
condensed media), we obtain an estimate that indicates 
more accurately than in [11J when it is possible to neglect 
multiple scattering: 

c' 
IVc=n,.-,. 

WIH' 
(28) 

We have taken into account here the fact that ne = Zn j • 

The criterion (28) will be satisfied for all frequencies 
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if it is satisfied at W'" wpey, which yields 

(29) 

Since Na in a plasma are usually a large number, the 
condition (29) is violated only at extremely high ener­
gies. 

Let us discuss finally the bremsstrahlung generated 
by ultrarelativistic ions in a cosmic plasma. Since the 
radiation in the Compton mechanism is smaller by a 
factor (melm j )2, the bremsstrahlung of an ultrarelativ­
istic ion is due only to dynamic polarization of the plas­
ma, which does not depend on the ion mass. The radia­
tion occurs principally at the frequencies W < cWpe/2vTe• 
It appears that the bremsstrahlung of fast ions should 
therefore be regarded as a possible source of radio 
emission under astrophysical conditions. 

The authors are sincerely grateful to V. L. Ginzburg 
for much attention to the present work and to valuable 
remarks. 
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