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We study the emission by a system of classically fast non-interacting charged particles which
undergo multiple elastic collisions in a scattering medium with temporal dispersion. We find the
spectral distribution of the radiation energy of such particles. The obtained spectrum depends
significantly both on the parameters of the initial particle beam and on the characteristics of the
scattering medium. We study in detail the emission of a single-direction beam of charged particles
in a Maxwellian plasma and also under conditions when the Cherenkov effect occurs.

1.INTRODUCTION

Ter-Mikaelyan' was the first to consider the effect of
polarization on the spectral distribution of the bremsstrah-
lung (BS) energy of an ultrarelativistic particle in a medium;
the suppression of the Bethe—Heitler BS intensity in a plas-
ma medium was indicated there in the case of rather high
Langmuir frequencies. In Refs. 2 and 3, quantitatively exact
formulas were obtained by a method proposed by Migdal*
for calculating the BS spectrum in a medium, and a detailed
study was made of the BS energy distribution of a classically
fast particle which undergoes multiple elastic scattering in a
medium with permittivity £(@) such that £'*(0) <vs ' (@
is the frequency of the radiation, v, is the particle velocity,
and we put % = ¢ = 1). The effect of multiple elastic colli-
sions with the atoms of a material on Cherenkov radiation
[£(w) > v, '] was considered in Ref. 5.

However, Refs. 1 to 5 dealt everywhere with emission
by an individual particle, whereas in many cases when fast
carriers pass through scattering media (with permittivities
which are, in general, different from unity) the aggregate of
the particles is the radiation source. From a general physics
point of view the interest in the problem of the emission by a
system of charged particles in a medium with e(w) #1 is
connected with the variety of mechanisms (collisional, in-
terference, and in the £'*(w) > v, ' case “Cherenkov” for-
mation of a radiation spectrum in a medium) with coherence
times which significantly depend on the parameters charac-
terizing the scattering of particles in the medium and also on
the dispersive properties of the medium.

In the present paper we study the radiation by a system
of classically fast noninteracting charged particles which un-
dergo multiple elastic scattering by the randomly distributed
atoms of a medium with permittivity (). We find for an
arbitrary dispersion law k(@) = £*(w)o [k(w) is the
wavevector ] the spectral energy distribution of the emission
by such particles. The spectrum obtained depends signifi-
cantly both on the parameters of the initial particle beam and
also on the characteristics of the scattering medium. We
show that in the range of extremely low frequencies for any
(but finite as w —0) £(w) the mechanism for the formation
of radiation is essentially the bremsstrahlung mechanism
and the particles emit BS quanta under conditions of com-
plete coherence.

We study in detail the radiation from a single-direction
S—pulse beam of charged particles in a plasma and in coher-
ently radiating media. In the case of the motion of particles
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in an electrically neutral Maxwellian plasma® the presence
of polarization in the medium leads under well defined con-
ditions to a radical change in the spectral distribution of the
BS of such particles as compared to the situation with
£(w) = 1.7 If, however, £'/?(w) > vy ', there is considerable
braking in the very long-wavelength range of the radiation
spectrum, as in the case where £'?(w) < v, ', whereas in the
case of rather high frequencies the BS turns out to be strong-
ly suppressed and the mechanism for the formation of radi-
ation is essentially the interaction of a system of charged
particles with a coherently radiating medium (Cherenkov
effect).

2.STATEMENT OF THE PROBLEM. SPECTRAL
DISTRIBUTION OF THE RADIATIONBY ASYSTEM OF
CHARGED PARTICLES IN ASCATTERING MEDIUMWITHA
PERMITTIVITY ¢(w)

We consider a system of noninteracting classically fast
(E>w), ultrarelativistic (E>m) charged particles (E, m,
and e are the energy, mass, and charge of each particle, w is
the frequency of the radiation, and we use # = ¢ = 1) which
undergo multiple elastic scattering in a uniform semi-infi-
nite amorphous medium with a permittivity £(w). Initially,
at time ¢ = 0, the particles are positioned at points with co-
ordinates ry,, Iy, ,....Foy and have velocities vy, , Vg, ..., Von
which have the absolute magnitude v, = [1 — (m/E)?]?
and which are directed at angles |A,, | <1, u = 1,...,N to the
e, vector (the vector along the outward normal to the
boundary of the medium). Let the characteristic longitudi-
nal size of the beam

I = max | ropy—Tro,|
v
be such that /vy ' is small compared to the time 7"when the
particles move in the material. The spectral density of the
radiation energy of these particles is then given by the formu-
la’

. N T T—1
%: 62:: Re{s"‘(m) Y | o, fae | ae
o 0

n,v=1

xexpl —ior + ik (rg,—ry,) +ik (r,[t+1)
—1(®) v, (t+0) v ()1} » ()
where N is the number of particles, k(w) is the wavenumber
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of the radiation field, d(}, is an element of solid angle in the
directionof n = k/|k|, r, (¢) + ry, is the radius vector of the
pth particle, v, (1) is its velocity, 7 is the time for the forma-
tion of the radiation (coherence time*), ¢ is the instant it is
emitted, and we have 7<t~T.

To evaluate the absorbed spectral density of the radi-
ation energy of the particles in the material, dE,/dw, we
must average expression (1) over all possible trajectories of
the carriers in the scattering medium.* It is shown in Ref. 7
that in the case of multiple elastic collisions of ultrarelativis-
tic charged particles with the randomly distributed atoms of
the material the averaging procedure reduces to finding the
Fourier component of the equal-time distribution function”
Fo (v, (W), (8),4,7):

([nv,(t+71) 1[nv.t]exp {iklr, (1) —r,(2) 1}>

—v¢ Jan | L(8 it —n8 2O Fu (va(m), va (8), 1, 7).

(2)

where the angle brackets indicate averaging over the posi-
tions of the scatterers in the medium and the quantities m, ,
0, are angular vectors which are connected with the veloc-
ities v, (n) and v, (&) and the wavevector k through the
standard relations of the theory of small-angle diffusive scat-
tering of fast particles in a material.” Integrating in Egs. (1)
and (2) over all possible n, §, and 0, [the explicit form of the
function F, (v, (m),v, (€),t,7) is given in the Appendix] we
find the spectral distribution of the energy of the radiation of
charged particles in a material with dielectric permittivity

e(w):
{e (0))2 S dt

p¥Ev=10

B, _ N(
do

dEa)) + e o’v,’
dw

xjﬁ expl — (1+i)spy] {1

A*(s)ch®s [ ( (dm)J.+votbpv)

=]
T oA}

44 ( s)
a
+f)l (dm) ( (duv) .’L+l’atb)w)_‘ - ( uv) 6A
ik . 0
+ _2 by | (dw) 1 Hvetby—i(dy) . ﬁ
By
XA, exp[—zl—‘i—o+00]}. (3)
We use in Eq. (3) the following notation:
a=(ikqui/2)"*, y=[0/quie"(0)]".

dy=ro—ru=(dy), +e.(dw):,
bl"'= A\'-— Am B=1"‘U“E‘h (m) ’

ik a iakths
A=—‘dv z+ _ths. An= t—!+'_‘—dv 2y
2(.1) 7 (g?) 2A(s)q(“)
, 4)
ik* (d,.), (
BD = d v + 0 v
24 (s) [(dw). othy, |
¢ .
| (duvn ey
Iczvozt3 b2,
Co = 4A( ) [ (duv)_l_+votbuv] - "'—48—u .
A2 ik nt
= A (d) k.
qt
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The integration in the second term in Eq. (3) over the vari-
able s = ar is performed in the complex plane along the bi-
sectrix of the right angle in the first quadrant, g is the mean
square multiple scattering angle per unit path length,” and
the quantity (dE,,/dw), is the spectral distribution of the
energy density of the radiation by an individual particle:>*>

(dE(,,) - ZezwlT[.’){J:”dsexp{—lﬁlxs}sin(IB{xs) _i}

do ths 4
+o(-p) {- 282“2” te?
€ €
xRe[exp((1—i)ﬂ|NX)—U“}, (5)

where 0(s) is Heaviside’s theta-function.'® We note that in
the S <0 case Egs. (3) to (5) are, in general, valid for
1B|<1.

If the permittivity £(w) is equal to unity we get from
Egs. (3) and (4), by displacing the integration contour
along the direction of the real semiaxis, the spectral BS ener-
gy distribution of a system of ultrarelativistic particles in a
scattering medium without dispersion.’

In the very long wavelength range of the spectrum,
w<q|B| ~*¢"*(w), retaining the main terms in the inte-
grand in Eq. (3) as w—0, we have

o ol ) )0

From this last equation it follows that in the range of very
low frequencies a system of ultrarelativistic charged parti-
cles radiates under total coherence conditions
(dE,,/dw < N?). The formation mechanism for the radi-
ation spectrum is for any (but finite as w — 0) £() essential-

. ly a brems mechanism and the Cherenkov emission (which

occurs for 3 < 0) turns out to be strongly suppressed. This is
connected with the fact that as @ — 0 the BS energy decreases
proportional to @'/> whereas the quantity dE,, /dw tends for
the Cherenkov radiation to zero following the law
dE,/do = .

In the very high frequency limit,

o>max{ge”(0) ™% (dw) /[ (by)?(dw).e"(0)¢T*1},

we find, expanding the hyperbolic functions in small s<1 in
the integrand in Eq. (3) and retaining in the factor of the
exponential and in its exponent the main terms for » — o0,

dE, ¢qT0(3) 2e*0Tp
=N —9(—p) e b
do {3n£"’((o)[i 0(=#) £ (@)
4e*
‘18"(0)) (23)"’ { “;v_l;[ t(duv)
[ (duv)J_‘f'Uotb;w] g '
[——(m: + b,“ ( (d,w)_i_‘*'liotb“v) ]
X 2z~ explizo+ik (d,,) —qk*v,rt’h,t /48] }Y 7
where  z, =wt|b,,|[ —v,e'*(@)B]"? and 7.,

=g~ 'e~'?|B]| is the time for the formation of a radiation
quantum, a time maximal for the given frequency range.
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It follows from Eq. (7) that in the very high frequency
range the interference terms decrease as w increases and
dE,,/dw becomes equal to the energy of the radiation of N
independent particles. The BS is then strongly suppressed
for $<0 and (dE,/dw)N ~'is the Cherenkov radiation
energy.” If, however, we have S>0 the quantity
(dE,/dw)N ~' is equal to the Bethe-Heitler radiation
energy.*

In the case when the characteristic longitudinal (in the
direction of the particle motion) size of the beam is such
the min{(d,,).}>max[k ~',7] (but, of course,
max{(d,,),}~1; €Tv,) the terms in the sum on the right-
hand side of (3) are periodic functions of the frequency. The

inequality
l(dEm) ( ) l[ dF(u
E extr
L) (v (T <, (8)
qu (duv)z

is then satisfied for any w. For a sufficiently extended beam
of emitting particles the interference effects thus turn out to
be of little importance and the spectral distribution of the
radiation energy dE /dw as a function of the frequency w
basically repeats the behavior of the function (dE,,/dw), in
its w-dependence, which occurs for an individual parti-
cle.*3

In the opposite limiting case of small (d,,),
(max{(d,,),}<7|B| ~?), we have, putting all (d,,), =0
in Egs. (3) and (4), after some simple transformations

dE, _ Ze;ﬁw { o )Z_‘.dt

do

ikv,th,*
Xexp 2 48

p,v=10

k*v,*t°h,.? qik?
LATLLRE Ll U

Vot z

o)
d

+ik(d,w)_LAv]{ jihis exp[— (1+i)spyx—y cth s]

e () ds
2Bm csh’s

b;w [ (duv) _L+votbllv ]

x expl — (1+i) spx—y cths}}, (9)

where y=g¢k?[(d,), + v,tb,]/4a and a
= (gkv,/2)"?; the integration in Eq. (9) is in the complex
plane along the bisectrix of the right angle of the first quad-
rant.

For further study of the radiation spectrum of a system
of noninteracting charged particles in a scattering medium
with temporal dispersion we must specify either the actual
form of the permittivity or the beam geometry. Below we
study in detail the spectral distribution of the radiation ener-
gy of a single-direction §-pulse beam ((d,, ), =0, [A,| =0,
u=12,.,N) of ultrarelativistic particles This situation is
specially singled out because for (d,, ), =0, |A, | =0 there
isin the initial beam neither a spatial dlStI'lbuthn of particles
in the propagation direction of the radiation, nor a “spread”
in velocity for the particles. Interference effects which occur
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where E_ (x) is the exponential integral,'® 7

in this case are thus essentially dynamic, i.e., connected with
the process of the passage of the particles through the scat-
tering medium.

3.SPECTRAL DISTRIBUTION OF THE RADIATION ENERGY
OF ASINGLE-DIRECTION -PULSE BEAMOF
ULTRARELATIVISTIC PARTICLES

Since the distances between the particles in the initial
beam are, as a rule, random quantities, to find the observed
spectral density of the radiation energy it is necessary to
average dE,/dw over all possible values of the vector
(d,,),. Putting in Eq. (9) all A, and (d,, ), equal to zero
and averaging the obtained expression over (d,, ), along -
pulse beam cross section (which we assume to be approxi-
mately a circle of diameter D) we obtain

%%—=N(dE) —32N (N— 1) co ﬁ
—(4+9)
XIm{ ”(m) J t:ss Zfzzzquf;:;iﬁi])
x(1-exp[~( e+ 2) 1)} (10)

where the integration contour C is the bisectrix of the right
angle of the first quadrant in the complex plane.

In the far long-wavelength range of the spectrum,
o <qe"*(w)|B| 2, we have, putting tanh s = 1 in the expo-
nent in Eq. (10) and changing from integration over the
contour to integration along the real axis,

dE, Ne*(qo)*T 16€*N (N—1) T

Tdo U nen (o) ne’r 0" q"D? Tq
——E.( QB((DI((;ZT«:DZ )+E, ( qs(m)TéTDz )]}
oSBT

1/2

= (qw) ~

a characteristic time for the formation of radlatlon in the

material in the low frequency range, o €g¢"*(w)|3 | ~
From Eq. (11) we find in the various frequency ranges

1202 " 1) e2g
: e:fg'm()m)T - N(Nsig)ue e (o) D,
dE, o<min{ge”|p|~?; (geTD?)~"}
do e (qo)"T 16N(N—1)e* T
ne" (o) e/ (0) 0*q"nD? n:,,_’
(¢D") "< o<ge™|p|2

(12)

In the long-wavelength region of the spectrum dE , /dw
is thus a growing function of the frequency and with increas-
ing o the interference term in Eq. (11) increases as a func-
tion of the time 7" more slowly than the term corresponding
to the “intrinsic” radiation of the particles. The reason is
that as the particles pass through the material the coherence
of the emission of quanta by the radiating particles is violat-
ed due to the scattering in the medium. We note that in the
rather low frequency range, ® €g¢'/*(@)|f | ~ % the mecha-
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nism for the formation of radiation by a single-direction J-
pulse beam is essentially a brems mechanism, as in the
(d,,),#0 case.

In the short-wavelength region of the spectrum,
o>qe"*(0)|B| ~?% we have, expanding the factor of the
exponent and its index in Eq. (10) in terms of small s<1

and restricting ourselves to the main terms in

(ge" (@) |B] ) /0 <],

O S P
_Kz[——(%s"( 0))" ][E,(—“’fi“l)—%zr—”“)
R

{1+0[(38—(ﬁﬂ) ]} 8>0, (13)
ﬂ={ e‘oT _ 1 _ 32e*BN (N—1)
do e”(w) el(m)vo2 VqD%s""y(m)
X{ln T:x —Jo[e,(;D(l— s((ui)voz)’ ]
X[E, ('qe (m)1(22D“rm?x)_E"( QG(wig)zDzT )]}
_é\:lzng}{HO[(ﬁ(I:—;:’)—))%]}, B<0,  (14)

where J, (x) and K, (x) are Bessel and modified Bessel
functions," 7, = (@ " '[B]| ~") max is the maximum of the
characteristic times for the formation of radiation in the
0>q|B| ~%€"*(w) frequency range considered, and
Tmax € I. Using the asymptotic expansions of the functions
J,(x), K,(x), and E, (x) for x>1 and x<1,'>'" we find
from Egs. (13) and (14) the following relations:
1) in the case when S =1 — vye'*(w) >0 we have

Nequ_*_ 16e°N (N—1) n—T—

3np  3nD*0pe(®)  Tmax

ﬂ= ) >max {gB~"e"; (¢7D*)~"} (15)
do Ne*qT  N(N—1) (eqoDT)%* (0) '

3np B 1927

ge"p k< (¢TD*) " -

2) if, however, B <0 we have

Nez(oT[ 1 32N (N—1)e*p T
C e" Cvle(0) 1 qeD% (@) o
o>max{g|B| =" (0); (¢7D)~")
Nzezu)T[ 1 ]

_voze(m)
N(N—1)gp(eDT)*¢"w® Ne*qT

64 " 3nlp)

+

q|B)*e"(0) €K@ <min { (¢TD?) "

Se(i-7) T}

(16)
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It follows in particular from (15) and (16) that in the case
of very high frequencies, w>max{q|B| %"*(w);
(gTD?) ~'?}, the quantity N ~ '(dE,,/dw) tends for 8> 0
to the Bethe-Heitler BS energy for a system of charged parti-
clesin ascattering medium with permittivity £(w). If, on the
other hand, 8 <0 the BS is suppressed and the quantity
(dE,/dw)N ~' turns out to be equal to the energy of the
Cherenkov radiation. We note that as w — « the interference
term decreases for 8> 0 faster [(dE,/dw);, = ] than
in the 8 < 0 case when we have (dE,/dw);, <o .

4.SPECTRAL DISTRIBUTION OF THE BS ENERGY OF A
SINGLE-DIRECTION BEAMIN A PLASMA MEDIUM

We consider the radiation of a single-direction §-pulse
beam of ultrarelativistic charged particles moving in a scat-
tering plasma medium with a permittivity equal to (Max-
wellian plasma)

e(0)=1—0,/0% o>a,

(17)

where w) = 47n,q>/m, is the Langmuir (plasma) frequen-
cyandgq,, m,, and n, are the charge, mass, and density of the
electrons in the plasma.® Since the permittivity £(w) given
by Eq. (17) is such that v,e'*(w) < 1, the mechanism for
the formation of the radiation spectrum is a brems mecha-

~ nism and the spectral distribution of the BS energy is given

by Egs. (10), (11), and (13).
For sufficiently low Langmuir frequencies, such that
1< (wy/q)" <& ', the BS spectrum is then in the intervals

(l)gvmo-
mo(mo/q)"’<<(o<<moc— (18)
0 E ' RKgE™, E=m/E

[in this case the parameter 3 occurring in Eq. (10) satisfies
the inequality o €qe'*(w)B ~?] given by Egs. (11) and
(12) and the quantity dE, /dw is an increasing function of
(see Fig. 1).

If, however, the frequency w satisfies the inequalities

0 <0<, (0,/q)", (19)

[the parameter Bis such that o> g ~2¢"*(w)] the spectral
distribution of the BS is given by Egs. (13) and (15). In the
range o, <o <, (w,/q)"> the radiation energy increases

dt,, ldw
T T —l ~
Y ¢ :
b
a I/ J 2N\
3—-\ —-{—_l_____ N
N
| ,bl 1
0 @y “’0(3"} wyE™ gE” w

FIG. 1. Spectral distribution of the BS energy of a single-direction beam as
function of the frequency of the radiation in a plasma medium for the
w, <q€ ~3case. Herewehave 4 = N2e’qT /3m&*, B = Ne*qT /3w& *; 1—
qD§ _3<§(qT)‘l/2, 2—qD§ ”3§§(qT) ~ 1/2’ 3'—qD§ —7]>1; a—

<0, b—xw? c—xw?
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with increasing o according to the formula dE,,/dw < »®
whereas for > g& ~* the spectral distribution dE,, /dw is a
decreasing function of the frequency tending “from above”
[see Eq. (15) and Fig. 1] to the value

dEm—N e’qT  16N(N—1)e*In(q7/E")

do 3np 3npD’w’s (m)
—»N(dE“’) [ 1+0(-1—)] , (20)
000 dw /pn. o°

where (dE,/dw) g = 2¢°qT /3m&? is the Bethe-Heitler
BS energy.* For sufficiently low Langmuir frequencies,
®, <g€ ~* the spectral distribution of the BS of a single-
direction beam has thus, asin the £ = 1 case,” always a maxi-
mum (the quantity dE /dw) increases with increasing o up
to values  ~g€ —* and for w>q& ~* the BS energy is a
decreasing function of the frequency). If ¢D& —°
<£(gT) ~ 2«1, the latter has the form of a plateau with
width T~D ~'(¢gT) ~—"/? and we have

(dEm) _2e*N*qT
d(x) max 3TCE2 -

As the diameter D of the beam increases the plateau changes
into a strict maximum (gDé ~*S&(gT) ~'?), and for
gDE ~*> 1 the quantity (dE,,/dw),., becomes of the order
of N(dE,/dw)g y. -

In the opposite limiting case of sufficiently high Lang-
muir frequencies, w,>¢g& ~* (for definiteness we assume
that w, <g€ ~*) the spectral distribution dE,,/dw is in the
range o S w, given by Egs. (11) and (12); dE,,/dw then
increases with increasing w according to the formula
dE,/dw < »'*. If, however, the frequency of the radiation
lies in one of the ranges w,<w<w,& ', w2 wo € ',
dE  /dw as function of w is given by Egs. (13) and (15). For
a sufficiently compact peak, when DSw, '&(gT) ~'/?
(such a situation means that the frequencies wSwr
~D ~'(gT) ~'? for which interference effects occur are
high as compared to the frequency @ = w,& ~ ' for whichitis
important to take into account the polarization of the medi-
um), the spectral distribution of the BS has a maximum, as
in the w<gf ~* case (see Fig. 2). If, however,
or~D ~'(qT) > <wy,& ~ ! then, depending on the rela-
tions between the beam diameter, the number of radiating
particles, and the Langmuir frequency, the following situa-
tions are possible: for w,>&wrN'/? the energy density
dE, /dw of the BS is, in contrast to the € = 1 case,” an in-
creasing function of the frequency in the whole of its range
w<E; if, however, for €0y <N '*£wr, the BS spectrum
has a maximum at frequencies close to @ ~g& ~* (see Fig.
2).

5.RADIATIONBY ASINGLE-DIRECTION BEAM OF FAST
CHARGED PARTICLES INAMATERIAL UNDER
CHERENKOV-EFFECT CONDITIONS

Since the Cherenkov effect occurs in situations when
B=1—uv,6""*(w) <0, the spectral distribution of the radi-
ation energy is in that case given by Egs. (11) and (14). In

the low frequency limit, w €q|3| ~* we have from Egs. (11)
and (12)
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a @y

g ¥ kT

T"(«; 71" w

FIG. 2. Spectral distribution of the BS energy of a single-direction beam as
function of the frequency of the radiation in a plasma medium for the
@, >g€ ~* case. The meaning of A, B, a, b, and ¢ is the same as in Fig. 1;

I—or =D ~'(qT)  "*>wé ~', 2—fwr €wo <N wr, 33—,
>N o,

N*(qo)"T L

—_t 7 <mi -2 2y -1
g, [ osmnal @
do | N(qo)"T
| BT opy-rewqlpl

ne"

In the long-wavelength range of the spectrum the mech-
anism for the formation of the radiation of a single-direction
beam, even under Cherenkov effect conditions, comprises
multiple collisions of the particles with the atoms of the me-
dium. We note that if the characteristic size of the beam is
such that gD |B| ~**<[|B|/(gT) 1, a system of particles
radiates at low w under conditions of complete coherence
(dE,/dw < N?). If, however, gD |3| ~**>1 the spectral
density of the radiation energy is proportional to the number
of emitting particles.

In the short-wave range of the spectrum, when we have
o>q|f| ~?, we find from Eq. (14)

~ Ne’(oT( 1 )_ e*NgT
" (o) v’e (@) 3n|B|
o>max{q|p| =% (¢TD*)~"}
dE, 2
do = i;v’e(Zf( —vozel((o) ){H_(N_Dln @
1 ler@-25) T}

\ 7|B|*<o<(¢TD*)~".
It follows from these relations that in the case of a sufficient-
ly compact peak for which ¢|B| ~*?D<(|3|/qT)"* the
radiation energy dE ,/dw is proportional to the square of
the number of particles up to frequencies o
SD 7'[1— (ve(w)) ~'] ~ % As o increases, but at @
£ (gTD?) ~ ', the value of dE, /dw tends to the Cherenkov
radiation energy according to the formula

Ne*oT 1 2\"*
dB, _Neol( ){1+(N—1) (—)

nl.

do  e"(0) \ rle(o)

N CLIPRE b L (T PR

._f_.] _ Ne*qT
4 3nlpl
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déufaw

FIG. 3. Frequency dependence of the spectral distribution of
the radiation energy under Cherenkov effect conditions for S
=1—v, % (w) =const <O; A=eN*wT(l—¢g 'vy?)e 3
B=eNoT(1 — e 'vy e s a—xw'’, b—oxcw ™.

On the other hand, in the very high frequency range,
w>max{q|B| ~%(gTD?) ~'?}, the spectral distribution
dE,,/dw of the radiation as a function of w behaves accord-
ing to the formula

e*NgT
3a|B|

@

do &' (o)

dE e’oTN ( 1 )

e (0)

In Fig. 3 we show the frequency dependence of the spec-
tral distribution of the radiation energy of a single-direction
particle beam for the 8 = 1 — vye'*(w) ~const <0 case.

6. CONCLUSION

We have constructed in this paper a consistent theory
for the radiation of a system of classically fast noninteracting
charged particles which undergo multiple elastic collisions
in a scattering medium with temporal dispersion. We have
found, for any dispersion law k(w), the spectral distribution
of the radiation energy from such particles. The obtained
spectrum depends strongly both on the parameters (g,£(w) )
of the scattering medium, and on the characteristics
(m,Ed,,,A,) of the initial beam. In the very low frequency
limit (w—0) the mechanism for the formation of the radi-
ation is for arbitrary but finite £(w —0) values essentially a
brems mechanism and the particles emit under total coher-
ence conditions (dE, /dw «< N?). On the other hand, in the
case of sufficiently high frequencies,

m>>max{ql6'_2£ll’ ((0); (duV)J_:[ (blw)z(duv):elhq’rz] - ‘}

the quantity dE_ /dw is proportional to the number of parti-
cles. .

We have studied in detail the emission by a single-direc-
tion S-pulse beam of fast charged particles in a dispersive
scattering medium. If the latter is an electrically neutral
plasma the presence of polarization in the medium leads un-
der well defined conditions to a radical change in the BS
spectrum of such a system of particles. In particular, for
sufficiently high Langmuir frequencies, o, >g& ~ 3, and for
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aFk (vm vv,y t7 T)

Do, > (NE?/qT)'?, the maximum in the spectral distribu-
tion of the BS radiation is suppressed by the interaction of
the radiation field with the plasma medium, and dE,/dw
becomes a monotonically increasing function of @ in con-
trast to the £ = 1 case.” However, in the case when the per-
mittivity of the material satisfies the inequality
£*(w) > vy ' in the very long-wavelength region of the
spectrum, as for £'/?(@) < v, ', the radiation turns out to be
essentially BS (as before, dE_ /do « ©'/* as @ —0). If, how-
ever, the frequency w>¢q|B | ~%¢'*(w), the BS is strongly
suppressed and the mechanism for the formation of the radi-
ation is the interaction of the system of fast charged particles
with the coherently emitting medium.

The region of applicability of the results obtained in this
paper is limited by a number of approximations. The condi-
tion E> w,m is the usual one for the discussion of this kind of
problems and is sufficiently accurately satisfied, for in-
stance, in situations where the radiation spectrum is formed
by the fast charged particles which make up the cosmic
rays.'? As to the neglect of the interaction between the emit-
ting particles, this is legitimate if the deformation of the par-
ticle trajectory caused by them (by the interaction) is small
as compared to the effect which the multiple elastic colli-
sions with the atoms of the medium have on their motion:?

(Ave)2 < (Av,)?,

where (Av,)? and (Av,)” are the squares of the transverse
(with regard to the initial direction) velocities of a particle
acquired by it due to multiple scattering [ (Av,)>~v3qT ]
and the interaction with the other emitting particles
[ (Av,)?]. Estimating (Av,)? to be

(Ave)2~ez(m€o| (duv)lein)—lv

from the last inequality, in the case of Coulomb collisions of
the particles with the atoms of the medium, when the mean
square multiple scattering angle is equal to*

g=4mnn,z*(e*/E)*1g (180z~"%),
we get

T>> {4nn,me, (e*/E?) | (dyw) L |minz® 1g (18027%) } 1,
where n, is the density of the scattering centers, ze the
charge of each of them, and ¢, the characteristic magnitude
of the permittivity of the medium.

According to Ref. 7 the double-time distribution func-
tion Fy (v,,v,,1,7) satisfies the equations

q 02Fk (vm Vv, tv T)

9t _'ikvu k(vmv’vl»ty t)=-4—'———a;]_z—_—1
(24)
OF (v, v/, t,0
'_M—) — ik (vv_vv’)Fk (vm Vv,, t, 0)
ot .
q ( 9 0 )2
=L(Z+2) A, vt
4 an ac k(vmv9 90)7 (25)

where
v,=V, (1) =vee, (1—0/2) +ven, |n|<1, en=0,
v’ =v,’ (§) =vee. (1—5*/2) +vek, |E]<1, e.5=0,
k=Fke,(1—0,*/2) +k0,; |6,|<1; e.0,=0.
The solution of Egs. (24) and (25) with the initial con-
dition
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Fk(vuv vV’v 07 0) :6(n‘Au)ﬁ(g'—AV)eXp(lduyk)

has the form

Fyv(m, €, t, t)=(nqt) ! exp{iv,tkb,,
—)sikvot (AP —ALA) —qk*v,*t°Db,, 248
—(6—A,)*/qt—"],ikv,tb, T} G(n—E—D,, 1),

where [d,,, | = [r,, — T, | and |b,, | =|A, —A,| are the
distances between the particles and the angles of their flight
at time t =7 =0 and G(x,7) is the Green function of Eq.
(24) which was first found in Ref. 4:

a

G(x,1)= exp{ —le-l—cth(a'r)"f" f——ﬂhx th 2
q q 2

nsh(art)

a ., et g \"
——0,th— +ikv,t (, a=\ikv, ——) .
q 2 2

 The physical meaning of F, (v,,,v,,2,7) in the coordinate representation
is the following:® F, (r},,v,,,t + 7, r,,V,,t) is the probability that the uth
particle has coordinates r;, and a velocity v, at time ¢+ 7 under the
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condition that these quantities for the vth (or uth, if z = v) particle at
time ¢ were equal tor, and v, (orr, and v, ), respectively.

2 In the analogous inequality in Ref. 7 and also in the formula for the
quantity g we must read d instead of @ *and (e?/E)? instead of (¢*/m).
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