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The radiation of ion-cyclotron and magnetohydrodynamic waves by the ions and electrons of
a high-temperature plasma in a magnetic field is considered. The emission and absorption
coefficients of the plasma and the equilibrium intensity of the radiation are determined.

1. INTRODUCTION

AN investigation of the study of ion-cyclotron

(w ~ wHj) and magnetohydrodynamic (w < wyj)
waves by ions and electrons moving along a helix
in a magnetoactive plasma is of interest for many
problems in plasma physics. An experimental in-
vestigation of the thermal radiation of plasma in
the frequency region w < wpyj enables us to deter-
mine the temperature of the ion and electron gases
and the plasma density. The radiation of ion-cyclo-
tron waves was observed in the ‘“Ogra’’ apparatus
on passage of fast ions through a plasma (1], and
in investigations of the low-frequency radiation
due to solar corpuscular streams passing through
the upper atmosphere of the earth (21,

Cyclotron radiation of ““fast’’ ions (|v| > vg)
which move along a helix in an unbounded plasma
was considered by Pistunovich and Shafranov (31,
In the present work we consider cyclotron radia-
tion of ions having a velocity |v| on the order of
the mean thermal velocity of the plasma ions vTj.
In addition, we consider the Cerenkov radiation of
the electron in the low frequency region . The
radiation intensity is determined with account of
the cyclotron absorption of the radiated waves by
the plasma ions and of Cerenkov absorption by the
plasma electrons. The radiating and absorbing
capacity of a plasma and the equilibrium radiation
intensity are also determined for the investigated
frequency regions.

The expressions obtained for the radiation in-
tensity of the individual particle can be used also
to estimate the radiation intensity of clusters of
charged particles passing through a plasma. If the

DLow frequency Cerenkov radiation of a “‘fast’ charge
moving along the axis of a plasma-filled waveguide was in-
vestigated by Gorbatenko, Kurilko, and Fainberg[*].

cluster dimension is smaller than the length of the
radiated wave X = ¢/wn, where n is the refractive
index, then the radiation intensity is proportional
to the square of the total charge of the cluster
(Ne)?, i.e., to the square of the number of par-
ticles in the cluster N2 (coherent radiation of the
cluster). In the low-frequency case under consid-
eration, the wavelength is large and therefore the
radiation can be coherent even at relatively large
cluster dimensions.

2. CYCLOTRON RADIATION OF IONS

An ion moving along a helix produces in a
plasma a current whose density is equal to

j =ev;0(r—ry),

here
whet vi () — drJdt,

r; (l) - - (fo cos Wy t, —ry sin gy, ¢, U"t);

v| and v] are the components of the ion velocity
vi parallel and perpendicular, respectively, to the
external magnetic field Hy; ry = v] /wHi; wHi

= eHy/Mc is the gyrofrequency of the ion. To ob-
tain the intensities of the electric and magnetic
fields produced by such a current we can use the
previously obtained expressions (2.10) from (53,
where cyclotron radiation of the electrons was
considered. For this purpose it is necessary to
make in the indicated expressions the substitution

Oy — Op;, vy — — Uy,

o} ((J) — SOy **k”Up) ) (0) -+ SWp; “/Cg!f}j:)

( the substitution v|j — —v;; is not made under the
6-function sign).

As noted earlier %], integration over kj and k|
(the components of the wave vector k parallel and
perpendicular, respectively, to H) is possible only
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in the case of weakly damped radiated waves. It is
known [8:7] that in the frequency region w £ wHj
the damping of the normal waves (ordinary and
extraordinary) is small if the frequency of the
wave is not too close to the gyrofrequency wgyj
and if in addition the pressure of the ion gas pj
=nyTj is much smaller than the magnetic pressure
pu = H}/87. If w is close to wyj, then when py
> pj only one wave propagates; the propagation of
the other wave is impossible because of the strong
cyclotron damping. When pyg ~ pj, the propagation
of both waves with frequency w ~ wyyj is impos-
sible because of the strong Cerenkov damping in
the ion gas and the cyclotron damping at both the
first harmonic and at the multiple harmonic. On
the other hand, if pg > pj, then the phase velocity
of the waves is much larger than the mean thermal
velocity of the ions, and therefore Cegenkov damp-
ing of waves with frequency w ~ wpgj is exponen-
tially small. Cyclotron damping at pyg > pj is al-
ways small, even if w is close to swy; (s =2,3,

.). On the other hand, if w is not close to swgj,
then the cyclotron damping is exponentially small.
In this case it is necessary to take into account
only the Cerenkov absorption of the waves by the
plasma electrons. We shall assume below that the
condition py > p; is satisfied. The absorption of
waves due to short-range collisions will not be
taken into account.

We consider first cyclotron radiation of the
ions, assuming that the radiated frequency is not
very close to wgj, so that the inequality | w — wyj |
> kv is satisfied. In this case the coefficients
a, b,..., which determine the dielectric tensor of
the plasma

€ = af),-j -+ l)%,'%j -+ ¢ch; hi -+ dSl'jk hy,
e (% &ppr ey — Ry Eip % W) - FEiks %k By €jmn Yo Ain

(where k = k/k and h = Hy/H;) have the form

a =& -+ 2is, b =0, ¢ = —a + 2v;22q(z¢) M/m,
. — L, U0 . U0
d:teg—QG—l‘[gﬁmq(ze), e =—1i- Hcoseq(z")
— mu;  w(2,)
f =i V Mu z-,cosie (1)*

We assume here the following notation:

1 Yi vy g
gy =] ———— gy — — —— 61,
1 1—u[’ 2 V”i(l_u[), ,=2_OOI
e —
2' Oy
l=—00
_ — v, 2 ({3n sin 0)21H12
oy = L o1 = ]/—E lu exp (—2}),
I g 24118n]cosBI l
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o —loy, o O o 4me* np
2] = =, V)= —7, U; = , Q s
ST S e M
q@) =1+ iV nzw(),
w(@)=e? (signk” + 2 \ # dt> Zp=—
Ve, V 2k ?re
7, /Ty Urs ke
vre=1/m—e’ o=V 4. B=7H =
kye ke .
n) =-5,- = ncosh, ny =-—-—=nsing

Tj and Te are the temperatures of the ion and
electron gases, m is the electron mass, M is the
ion mass, m; is the electron density which is equal
to the ion density.

Recognizing that ¢ is appreciably larger than
a, d, e, f, and |n|?, we obtain the solution of the
dispersion equation for ny:

ny=n(n)+ ilz'“]. (n)), 2)

where
(3)
(4)

:—;— (281 —n? £ ]/ni —+ 482);

[ee]
=g X g
l=—0o0

V= muv; sin26Q
n. = -
¢ 4Mz,n cos? 6 (207 + n¥ — 2e1)

2
Gl

n

exp (—23),

nt—e n? (ean? — €2 4 £2)
Q=-1_ e (5)
i v 19(z,) |
. 2n2“+ni— 281+ 2 (/1)) e, 6)
2 n, (2/12lI -+ ni — 2¢g;) :

The attenuation coefficient ng is brought about
by the Cerenkov absorption of the waves by the
plasma electrons. The attenuation coefficients ni
(I = 0) are due to the presence of cyclotron ab-
sorption by the plasma ions under the conditions
of normal (I = 1) and anomalous (I = —1) Dop-
pler effects. (Expressions for the imaginary part
of the refractive index, corresponding to (5) and
(6), were derived earlier [6].)

The refractive index of the electromagnetic
waves in the region w £ wpj (w not very close to
whi) has an order of magnitude

n~na=clvg>1,

where vp = Hy/V 4mnyM is the Alfven velocity.
We assume that vpA < ¢, for when vp < c the
cyclotron radiation and absorption effects are
exceedingly small. The Cerenkov attenuation
coefficient is

n, ~ na mored Mua
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for vre £ VA. When vp > vpe, the coefficient ng
is exponentially small. The cyclotron attenuation
coefficients n'l are generally speaking different in
order of magnitude, therefore it is necessary to
maintain in the sum (4) only the largest term.
When |z7| £ 1 we have in order of magnitude

nj ~ na(Bnp )-8, The Cerenkov absorption of

the waves by the plasma ions is always exponen-
tially small, so that

12| ~@na)™* ~ Vp,/p,>1.

If w — wyj, we obtain from (3) for a weakly
damped wave

=3 (0 — ). (M)
, V smn?, sin? 0 n .
n, = 8Mz,n I cos? 6 (1 + ”4.4 19z, Iz) exp (_ Ze)’ (8)
14 n_]_ 11— e
n = 1/ sy T (=2 ()

Inasmuch as w = wgj, we have

[y |>>n [(L=1).
The damping coefficient (9) is exponentially small
by virtue of the assumed condition

[z ~ |1 —oplo|PBra)™> 1.
For the other wave

n2~ni~]e‘1|,

1 n~ (1 —uy)® exp (— 2)/B,

where
2 ~ (I —ondo) Bra)>1,

i.e., the cyclotron damping for this wave is much
larger.

In the low-frequency region (w < wpyj) expres-
sions (3) simplify to

nt = n% —n?, (10)
n’y . 1
0t = 2, (1+ ufn?L) (sm 6>VEZ)' (11)

The first of these expreséions determines the

refractive index of the ‘‘fast’” magnetic-sound wave,

and the second determines the refractive index of
the Alfven wave. In this case the damping coeffi-
cients of these waves are respectively

" "]/s

Ben2 tg*0 exp (— 22),

ze = '————1=_ ’ (12)
V28, VnzA —n}
, E (02{38 A 1
n[[=V8 M“)H (1 + g) exp (_—2) VQBenA 4
(13)
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where
E=nt/nt|q (2) .

Cyclotron damping of magnetohydrodynamic
waves and Cerenkov damping in an ion gas are ex-
ponentially small. The expressions for the imagi-
nary part of the refractive index of a magnetic-
sound wave, corresponding to (12), were obtained
in [8-19 (we note that a factor VT /T; was
omitted in the expression for the damping coeffi-
cient in [1"], and a factor 1+£ was omitted in the
expression for the damping coefficient of the Alfven
wave in [81).2

The expressions for the electric and magnetic
field intensities in the wave zone, produced by the
moving ion, have the form

E=2 %EQ, =z ZH(I)

Li, s=—o0 §=—00

(14)

Egs) = Ps]' sin ‘Psi [(81 — ni2| ,') J’m — 582J15|/klf0],

EY) = — Pgjcos x cos Wy, legd s — s (e, — n®) J s/ k1o,
HY) = — Pgin cos 0 cos W; e — s (87 — n2) Ji5)/k 7o),

H{) = — Py n cos (x — 0) sin ¥y; [(e, — n?)) I

— sey Ji51/ k1ol (15)
2(—1)"lewB |
Py = cR[T—B  don , ; /do |
siny | cos - dznll/dnil "ll/(nlll “2)

Here and below the argument of the Bessel functions
J|g| and their derivatives JI’SI is kjry. The phase
¥sj and the damping coefficient kgj are

Y=k iRsiny +kjj(k; JRcosy —og —sn/2 —n/4

—s¢ —+ (/4) sgn (cos x, d*ny;/dn?),

%sj =C"L wgn! cos ¥, (16)

I

where nj| j is determined by formulas (4)—(6). The

connection between n); and the angle x is deter-

mined by the expression

_ oV agEe ) -
2ny;  Vnd e

‘m amn

dn

[2])In this connection it is necessary to add to formula (36)
of 1
= —pinatg® 8 2u,(l + TT, — I; — I,T,T)),
after which formula (40) of [*] becomes
( 7 ) Bind
©/1

=V

(cot2 0—3 1+ Tt 9).
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The frequency of the radiated wave w = wgj is de-
termined from the radiation condition

(18)

Using (14) and (15) for the fields, we obtain the
following expression for the intensity of the ion
radiation at frequency wgj per unit solid angle:

05 = son; + Ry j (k1)) vy

(l)si

2
2y =wo (5L ) Uy exp (— 20sR)

Uy =sin8{le s — s (e, — n?) Js/k ryl? cos y cos 0

+ ey — nf ) Jo — seqls/ k1ol cos (y, — 0)}

dn,.
X {sinx cos?f (1112i , —nE ) cos g, el
dn?
L
don, \ [\7!
x (1—8y ,;,0‘)“)} ; (19)

where w, = e’w}y;B /2mc and w = 47w /3 is the
summary ion radiation intensity in vacuum. For-
mula (19) with s =1,2,3,... determines the ion
radiation under the conditions of the normal Dop-
pler effect, and when s = -1, -2, and -3,... —
under the conditions of the anomalous Doppler ef-
fect. Expression (19) for the cyclotron radiation
(s # 0) is valid when |7/2 -6 |% > m/M for both
fast ions (v} > vTe) and slow ions (v|| £ v,
and also v| S vTj at s =1). When |7/2 -6 |2

> m/M, formula (19) coincides with the expres-
sion for the intensity of cyclotron radiation of

fast ions, obtained by Pistunovich and Shafranov (3],

This agreement is connected with the fact that the
expressions for the refractive indices in the fre-
quency region w ~ wyj of a cold plasma (fast
ions) and of a hot plasma (slow ions) coincide,
in spite of the fact that the dielectric tensor is
appreciably different for cold and for hot plasma.

In the case s = 0 (Cerenkov radiation) formula
(19) can be used only for fast ions v| > vTj.

Figures 1 and 2 show schematically plots of the
functions nﬁj(nzl) and dnj(n))/dn) (for nj; >0)
respectively for the cases w < wgj (uj > 1) and
w >wyj (uj <1). The curve dn);/dn; on Fig. 1
has a minimum when nj < np if uj > %. When
uj < 7/3 this minimum lies in the region n; >nAp.
When n; < 0 (tan x < 0) the function dnj /dn| re-
verses sign.

The solutions of (17) correspond to the point of
intersection of the curve y = dn|| /dn) with the line
y = —tan x. As can be seen from Fig. 1, when ¥
> Xmax radiation of one wave with n| =n); is pos-
sible. When x < xmax three waves are radiated
(one wave with refractive index n); and two waves
with nj =njy; these waves have phase velocities
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that differ in value and direction). The angle x
= Xmax is determined from the equations*

dnyyyldng = —1g Ymax,  d*nyy/dn? = 0.

When w > wyj, as can be seen from Fig. 2, radia-
tion of only one wave is possible (the radiation of
the other wave for which n? < 0, is impossible).
From this and from the radiation condition (18) it
follows that in the case of the normal Doppler ef-
fect one wave is radiated ‘‘“forward’’ (cos 6 > 0,

w > wyj) and either one or three waves can be
radiated ‘‘backward’’ (cos 6 < 0, w < wgj). For
the emission of slow particles, the Doppler effect
is always normal, so that only one wave is radiated
“backward’’ when s =2,3,..., since wg > WHj.

Let us estimate the order of magnitude of the
intensity of ion cyclotron radiation for the first
harmonics. If v ~ v] ~va (fast ions), then
Wgj ~ WonA. If v ~v] < va, then wgj
~ wonA (vl /vA)25~2 for s = 1.

When s = 1 the intensity of radiation of the
wave with refractive index (7) decreases with in-
creasing particle velocity (v|| < VA, VI < VA):

wy (V)
w, = V—“Z (ﬁ) n
where the damping coefficient «; is determined by
formulas (16), (8), and (9). (zy =v| /\/?vTi > 1,

tg®x
4 sin xcos2y (1 -+ 2tgy)’

e—?x.R,

(20)

*tg = tan
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tan 6 = 2 tan y). In this case we have in order of
magnitude wy ~ wonp (V) /vA)? < wona.

The radiation intensity of the other wave, for
which the refractive index tends to infinity when
w — WHj [n?~ wni/(wHi —w)], to the contrary,
increases with decreasing particle velocity:

W) ~ Wyt~ Wl (v”vi‘)_l"”. (21)
It must be noted that expression (19) can be used
in this case only for fast ions (z; ~ v) /vTi > 1).
However, the estimate (21) is correct in order of
magnitude also when v|| ~ vpj. When v S vy
the electromagnetic wave under consideration at-
tenuates strongly:

1
Reny ~Imn;~c(vo%)" "

€20ns?B (sBn | )**?sin O [(er — &2 — n3)? cos 3, c0s 0 + (1 — 2 — 1 )2 cos (3, — 0)]

PAKHOMOYV and K. N. STEPANOV

The radiation field of this field can therefore not
be represented in the form of a spherical wave.

Using (19) for the radiation intensity of the in-
dividual ion, we obtain the contribution to the radi-
ating ability of the plasma for the frequency inter-
val w, w+dw per unit solid angle, due to the radi-
ation of the s-th harmonic by the ions:

foe)

nsj (%, @) = anowa/ (15 vy %) Ig—ofo (V1, 01) UJ_' ‘dv_Lv
0
(22)

where v|| as a function of the angle ¥ and the fre-
quency w is determined by (18); fy(v), v1) is the
ion velocity distribution function. From (22) we
get

ng; (1, ) =

Inasmuch as fnj <« 1, the quantities (23) are
exponentially small if w is not close to swHji
(s=2,3,
can be used only if |zg| » 1).
of the ion radiation in the frequency interval w,
w+dw turns out to be noticeable only if w is close
to swyj, so that zg < 1. With increasing number s,
the values of 7gj for zgj < 1 decrease rapidly:

Ne ~€2new (vr:/c?) (vrs/ va)* 2.

The equilibrium radiation intensity Ij(x, w)
= ngj/asj, where agj= 2kgj is the absorbing
ability of the plasma, coincides with the Rytov
formula

li=Igsnsin 0V n* 4 n'?|d cos g/ db|? (24)

Here
ITpy = 0?T /8a%?% n' =dnl/ds.

The refractive index n(w, #) has according to (3)
a value

n?= {e; (1 -+ cos? 0)

4V & (T4 cos® 6 —4(e] — )}/ 2cos*f

(see also ['J). The connection between the angles
6 and x is given by (17), which can be represented
in the form

T E=—te—0. (25)

In order of magnitude we have in the frequency
region under consideration I~ IRJnA Near reso-
nance w = wyj for the wave with refractive index

— 9. 23
(2m)"2c2%s! n | €0s*0 sin y | cos xa®n, i/dflﬁ_ | ("li 1 ”i 2)? exp ( ZS) @3
n? =~ g, (1 + cos? 6) / cos? 0 > n’ (26)
. . . . d h 1 :
. when s=0 and 1 expression (23) the radiation intensity decreases sharply
. . [0) I’l
The contribution [=Igy 2 HiZA = (0), 27)

where f(6) ~ 1. It must be noted, however, that
expression (24) can be used in this case only if

l 1 —O)Hz/ﬁ) r/2> Un/v,q.
In the region

II—O)H,'/O)]/‘ vr:/va

this wave attenuates strongly, so that the notion of
the equilibrium energy flux cannot be employed.
The maximum value to which expression (27) tends
when the frequency approaches wpygj has an order
of magnitude I~ IRanA(vA /vTi)?.

Let us examine expressions (19), (16), and (24)
for the particular cases when the angle x is close
to zero or to w/2.

If x — 0, then ny; for u; <1 and njy for uy; >1
have the form

Vi

— n2 - —

1 n 1 —u;
— ———
2 8n% Y u;
1

Vi
nJ_=2nA (m) tgx<ﬂ||.

i

The radiation intensity and the attenuation coeffi-
cient tend in this case to zero:

0f 2B BE IS 0 —u)? 1 Vi, P
o= ()
x exp (— agR), (29)
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V”_l- s 2542
V)
(30)

2slu,

2 —
ay = 01/ T
T cay 2

x exp (—22).

S‘ZSB2S—3n2;-2 (1 — u[)z (

The equilibrium radiation intensity is equal in this
case to

2 u, N
— (31)
If x — n/2, then nj; for uj <1 and ny, for

uj > 1 are determined by the expressions*

Uy

un
nll:1_:_:[dgx<”,4» ni=n§l(l——1+ul ctg2x>.

In this case the radiation intensity, the attenuation
coefficient, and the equilibrium radiation intensity
are

(031 s2sBZj_2n2j_1 (1 — V _17,.)2

Wsj = Wy 0)%” 928 (S')2(1 + u[) €xp (—' (lsz), (32)
0, ]/7 sERETIAK T2 (1 4-u) (1— V)
W= g Vo2 251u? exp (=),
(33)
u;n?
[ =1Igs H-—ﬁt . (34)

If uj >1, then ny; for y — 0 has two solutions
corresponding to the points of intersection 1 and 2
of Fig. 1. The solution nj; corresponding to the
point 1 has for x — 0 the form

ne =n2—1iui————i n?,
1 A]/u[_1 2 L
where
VI 1y
:2 I —— t <n.
ny nA(Vu,--—1> gr<<na

The radiation intensity, the attenuation coefficient,
and the equilibrium radiation intensity are deter-
mined in this case by the expressions

(1)2 25258’..2—2n2;——1

s1
Ws1 = W,

EA
0. s—1/s
(')2[-11' R‘ 25—1B2S-—3 stn?:—2
%1 = Vi
Vu, 72
X (T/T_T) %22 exp (—22), (36)
4n?4'|/ui
= — 37
I =1Igs Var—1 (37)

*ctg = cot
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The second solution corresponding to the point 2
for x — 0 is

n,=n “ 1+ 2! ]
= A u—1 2 (u;—1)n% ’

where

u'fe

(]
—— na.
Vui—l X/3> 4

ny =na

In this case the radiation intensity of the individual
ion, the attenuation coefficient, and the equilibrium
radiation intensity assume the form

2 2s2s—2,25—1, 5/3—1/,
05 s°°8 TTny ug 1

3(1)?_” 228 (s!)z (u[ . 1)5_1‘/2)(2 GFars

exp (—asaR). (38)

Ws1 = wo

— (o‘i” E 525325_3"2,:_2 (ui . 1)
s C‘Dsl 2 2Sslul-
e 25—2
z
X | —— exp (— 22), 39
(i) @2 (39)
n2 u‘l:/z
) R L A— 40
RJ3(ui—1)X/" ( )

It is interesting to note that in this case the angle
6§ — /2 when x — 0. The conditions

cos?0>m/M (u; — 1), Bin L1,
assume in this case the form
eSS miMw—1), x*>vlvaVu—],
x> orilvaV u—1.

pnLl

It follows from (38) that the maximum radiation
intensity occurs at angles yx close to zero (6 ~w/2).
Let us estimate the order of magnitude of the sum-
mary radiation intensity at the first harmonic, for
particles with

<L vy ~ oy L va.
In this case
w (x) ~wonal Vs —1 %"

Integrating this expression with respect to y from
to x ~ 1, we obtain

2/,
W or ~Wontal!V tti — 1 Yiin.

From the condition for the applicability of (38) it
follows that

Yowrn ~m | M (u; — 1) for m/M > B3 n%,
Ko =Bl (u; — 1) for m/M < % nk.

Xmin

From the radiation condition we obtain

3
m~Vn4 /By,
so that
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Viu—1~ 13/ napy.
Therefore
for m/M>pink,
for m/ M < p’nk.

3 P—
W ot ~ Wolla VﬂAﬂll (M ] m)

3
W ot ~Wonta V naby /B3n%

This estimate is applicable also when v ~ v|
< vTj. It is only necessary to replace §) and |
by B8 =vTj /c.

An analogous estimate can be readily carried
out also for the total radiation intensity at the mul-
tiple harmonics.

3. CYCLOTRON RADIATION OF SLOW IONS AT
THE FUNDAMENTAL FREQUENCY

The results obtained above for the intensity of
cyclotron radiation at the fundamental frequency
are valid only for fast ions, when z; = v)| /V2 vy
> 1. Let us consider now the radiation of the ions,
without imposing any limitations on z;. Here, how-
ever, we shall assume that v|| < vA and v] < vA
([ ggle case of large v|| and v, was investigated in

).

If the frequency of the radiated wave is close to
wgj, then the coefficients a, b,... are equal to

T vw (21) v; Yo,
8 BrcosO _T_—tg 84(21),

cosz 9 [q (2e) + 2 q (21)] s

7t v (21) 3. : 1
% Bn coslﬁ g Wi tg* [q (2) + 24 (21)] ’
f=iVY =

a=1

U;
b=rgag dl@),  e=—i

d=—

2
m nyw (2,) v,
M 2z, cos?0 + 2 cos? 0 q(zl)’

v, cos 20 .l/‘g-];_ vw(a) v
2cos?0 q(z1) — 8 PBncos® & °
(41)

In the case under consideration the solution of the
dispersion equation corresponding to a weakly
damped wave has the form (2), where n) is deter-
mined by formula (7), ng by formula (8), and nj
is equal to

— 4
n = 'l/-ﬁ _Bnl__ ex
1 & 16n% |w(z) [?

In the particular case z; > 1 formula (42) goes
over into formula (9).

The field of the fundamental harmonic in the
wave zone has the form

c=2M o 02 (2e) —

p(—2%). (42)

E,= — 2P, cos @, Ex= —2P, cos y sin @,

_"_AP cos i
V2 'Vitsing
Hy = V_-Pl(l - sin? §) cos @;

H,=— sing,

43)

and K. N. STEPANOV

BB on,  cos ysin?y

Pi= R @ Ttsimpr

(43"

The phase ¢ is determined by expression (16) with
s=1.
The radiation intensity of an individual ion is in
this case
V2B_|_n,4 sinfycosy _o.p

W= Tw (@) P (1 4 sinzy) e ) (44)

In order of magnitude we have when v £ vpj
w ~wyna (vr:/ va)®

In the particular case when v > v formula (44)
goes over into (20).

The contribution of the radiation of the ions at -
the fundamental frequency to the radiating ability
of the plasma is, according to (44) and (22), equal
to

Mo®en’ sin®  cos X o
2V2J‘|:n’c |w (21) 2 (1 + sin? ¢

xp(—2).  (45)

In order of magnitude we have
1 ~ e*ngofol, /cv?,

when z; £ 1. If zy » 1, formula (45) goes over
into (23) [in this case it is necessary to put w
= wgj in (23)]. The radiating ability then de-
creases:

e?nyof ‘*’hri)2 _
~—2——-(l— e exp (— 22).

The equilibrium radiation intensity for the wave
under consideration is

ZnA
I'=1Irr = @ sinzy)?”

4. CERENKOV RADIATION OF THE ELECTRONS

Let us consider the Cerenkov radiation from an
electron moving along a helix in a plasma, in the
low frequency region (w £ wyj). Using formulas
(2)—(6) for the refractive indices nj(n) ) and the
damping coefficients, and the general expressions
for the fields (2.10) from [5], we obtain for the
electric and magnetic fields produced by the elec-
tron in the plasma the following expressions:

2 __ tg @
Ef,f’:-A{n"T_ei(—v_LBan_-l—v”f )sin‘l’(,/
u;

e

+ oy n & (asin Wo/ — b cos ‘}’0/)
v,22 (a? + b?%) ’
1tg ©

EY Acosx{V (lean_——‘ )cos‘l’o,

2

v N (n? —&y) (acos ¥; + bsin lI’Oi)
v,22 (a%+ b?) ’
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) tg 0

) __ ey cos 0 _
H'=An {——Vul (UJ_BJ_n_L ) cos ¥y,

e

v (e — €f + €3) sin 0 (a cos ¥; + bsin ¥))
v; 25 (a? + b?)

b

. 2 __ tg 6
0 _ gyt oy te
Hy’ = An cos (y, ){ Vi

o)y n ) (asin¥,; — b cos ‘I’oi)
22 (a% + b?)

(—U_LBJ_n_L+ )Sin\FO/

b

(=1t emVn
’
Ry (n} , —nd ) MBy | dny/do |V siny | cos yd?n, | dn? |

e

(46)

where

A=

Ze
S exp (2 — 22) dt,

0

a=1—2z b=V nz.exp(—22).
The radiated frequency is obtained from the con-
dition wj = k||jV||.

From this we obtain the intensity of the Cerenkov
radiation per unit solid-angle interval

w; (%)
_ m?e*on;n | ;S (X) exp (—2x;R) .
8nEM?} ; (nf | — nf ,)* sin xBy | cos y(d®ny ;/ dn’)) (dn), ;/ do) |

47)
where
tg 6
S (x) = cos x cos 6 [ (v” f — vlﬁlnl)
u; 2,

ofy 1 (n? — &1) (en?® — e} + €}
0?24 (a2 + b?)
2av,e2 tg 0 (v), tg 6 — v B 55n)) (e, n2— €} + e} ]

+

V u; v,2% (a2 + %)
(nf —e1)? (v tg 0 2
+ cos (x — 6)[,..”T '22 ——lean_)
e
1"?1”1’33

+ vtze (a + b%)

T 2avnyn | & (n :81) (v), tg 0 — vJ_Blzan) ] .
Vu; v, (a? + b%)

The damping coefficient kj is given by formula

(16). In order of magnitude we have when vp ~ v

~ V| ~ VTe the estimate wj ~ wgna(n/M)?, i.e.,

at the first harmonics the electron radiates (M/m )?

times less than an ion having the same velocity.
However, the Cerenkov radiation can make the

main contribution to the thermal radiation at fre-

quencies w ~ wHj. Indeed, the contribution of the

Cerenkov radiation of the electrons to the radiating

ability of the plasma is, according to (22) and (47),

1529

mPe’ny 0ur,nn | tg*0P-exp (— 22)

e =3 (2:rt)'/’M2t:2n3 (n“ 1— 1% 9?25 siny [ cos xd®n), | dn® |
(48)
where
2 2 (n2 — 2__ g2 2
P = cos ¥, cos 8 [% 4 z,: :lz(inbz) = 82)]

() — &))? njey ]
+ cos(y, — 6) [ i + 5 T rml

In order of magnitude for vp ~ vTe and w ~ wyj
we have

n, ~ m¥e*n,wur./ M.

At the same time, the contribution of the cyclotron
radiation of the ions is exponentially small if w is
not close to swyj, s=1,2,3,... When w = wyj
(for a weakly damped wave) and w = 2wy (for
both waves ), the cyclotron radiating ability is
vM/m times larger than (48). However even
when w = 3wyj we get m3j ~ Vvm/Mne.

In the case of a magnetic-sound wave (w < wyj)
with sin? x > w/wpyj we have 6 = x and

m??0?n 2 (v, tgy 2
A [ 1 .
w(y) = — — v B nasiny ) e2*R,
(0 BM3 |1 — 07/ 0% | m;,[( 2 181 X)
,l/n moB nA sin?y, ,
=K = T Mccosy exp (— Ze)‘
m2a®nye?33n?, sin? y
T e 4 exp (— 22), I=1Ign?. (49)

Me = 2y M2cw?, cos

In order of magnitude we have for v| ~ v| ~ Ve
w (1) ~ m*e0?0, [ M2c3, ®~m | Mk,
where *=c/wnp. The radiated frequency w is

® =V 230y siny V1T —ova /v cosy.

It is obvious that the condition w < wyj is satis-
fied if |1 —vA /v) cos x| < 1. Thus, the Cerenkov
radiation of the magnetic-sound wave occurs only
when vA < v) near the angle x = xo, where cos? X0
=vA /).

If v is close to vp, so that the condition x(z,
> w/wyj is not satisfied, then it is necessary to
use the general formula (47). On the other hand,
if y3 < w/wyj, we have for the Alfven and mag-
netic-sound wave

ny=ng (l:{:ﬂ)/2ﬁ)[-],’-'—xz) nj= 2n 4%,

( 2 BJ.UMA) e,
2e = U 'V 2vre: (50)

2m2etw’n 4x°

w ) = e,

*e=V 2nmofenay?® exp (— 22) / Mc,
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The radiated frequency is in this case

o= 204; (valv; —1).

Inasmuch as w > 0, only the Alfven wave is radi-
ated when vA > v, and only the magnetic-sound
wave when vp <vj.

In conclusion, the authors express their deep
gratitude to A. I. Akhiezer and V. F. Aleksin for
a discussion of the work and for useful advice.
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