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Quasihydrodynamic equations for transverse waves in an inhomogeneous plasma are obtained in the geometric optics approxi-
mation. Examples of bounded equilibrium radiation blobs in which the light pressure is balanced by the plasma pressure are
considered. The spectrum of radiation balancing a plasma of prescribed profile is calculated.

1. The propagation of low-amplitude electromagnetic
waves in an inhomogeneous plasma has been considered
in many papers (see, for example, the monograph“],
and the literature cited therein). A number of
papers™-®! have considered monochromatic waves of
intensities so high that the radiation pressure becomes
comparable with the plasma pressure. In this paper

we solve, in the geometrical optics approximation,
certain problems involving the interaction of intense
nonmonochromatic radiation bunches with a plasma.

2. In the geometrical-optics approximation, the
motion of transverse quanta in an inhomogeneous
plasma is described by the equations

dr dox dk _0_a)k_ wk:m,' (1)
dt ok ' dt o
Here v is the group velocity of the waves, k is the
wave vector, and wo(r) = [47e’ng(r)/m]¥? is the elec-
tron plasma frequency. If we introduce the momentum
p = ik and the “mass’’ uy = Awk/c® of the quantum,
then Eqs. (1) can be rewritten in the form

P=uv,

d 2
2 % Yn); a=2m (2)
dt o m

so that the force exerted on the quantum by the ex-
ternal medium is proportional to the gradient of the
electron density ne(r). If we introduce the function
Nk(r, t), representing the number of quanta in the
state k, and normalized in such a way that the quantity
N(r) = 2 [ Ngdk/87° is equal to the number of quanta
" with two possible polarizations in a unit volume, then
all these quanta will be acted upon by the summary
force (see (2))
Me o gk 3)
8x°

L=—UVn, U=a| o
The quantity U has the dimension of energy, and we
shall show below that it is equal to the average kinetic
energy of an electron oscillating in the rapidly alternat-
ing field of the waves.

3. In the absence of absorption and scattering of the
quanta, the function Ni(r, t) satisfies the kinetic equa-
tion

a . a . (4)
— N div (vV) + = (V) = 0,

which when multiplied respectively by 1, ik, and hwg
and upon integration over the number of states 2dk/ 8
(with allowance for polarization) yields the quasihydro-
dynamic equations for the ‘‘gas’’ of quanta:
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s ) -
SV AVW) =0, —P=—V.7+

F
;t—w-i—czdivP———U%ng:O, (5")
(A similar system was previously obtained for longitud-
inal waves in%l.) We have introduced here the obvious

notation
1
N=[0uk vy =—[vOudk P=[kd,dk,

6
Tap = f“”avﬁa)kdky w '—"—‘J. Ao @Drdk, O = Ny/4rd. ( )
Contraction of the tensor 7 yields the relation
N 27,2 2 __ 2
Spn:naa=-‘.ﬁm@kdk=w_2(]nc. (7)

Ok

We note that the system (5)—(5’) is not closed. In the
stationary case we have the equation

Vt=1f,= —UVn, 8)

which describes the equilibrium of the plasma with the
radiation.

4. It is useful to trace a more detailed derivation of
(5') directly from Maxwell’s equations

7] a
57 B=—CcrotE,—E — crot B — 4, ©)

where j = env and mv = e(E + ¢”'v x B). Writing down
the relation

a E’-I—B’_ ¢ . X
we expand the field in plane waves
E(r, £) = { et ¢ g, (11)

which can propagate in the plasma. Here Ek is as-
sumed to be a function that varies slowly with the time
and with the coordinates. Assuming the existence of
many harmonics with random phases, we introduce the
correlation function

12)

The bar denotes averaging over the phases. Recogniz-
ing that Bk = ck X Ex/wk and Eg L k (transversality),
we obtain the averaged Poynting vector
ck’ c? k
FuBr) = — k. (13)
— - | = Kuax.

Wk Wk

(EvEv) = Ki(r, 1)8(k —K').

§=%[—E_,_B]=4—ijdkfdk'

If we define the number of quanta Nk by the relation

*[EB] =E X B.
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Nk:ﬂsz/ﬁ(x)k, (14)

then, taking the definitions (6) into account, we easily
verify that

— 1 — i i — 1 (1 5)
=P, —E=—p, — B = —pw — .
S (P,Sn Zw’SnB 2w Un,
and thus the energy of the quantum per unit volume is
w= = —(FTB)+Un, (16)

and includes, besides the field energy, also the kinetic
energy Une of the electrons oscillating in the field!™,

Substituting the obtained values of EZ, B?, and § in
the average equation (10)

6 _ — —_
—(FFB)8n+ divS = — JE = — en (VE), )

we obtain

%w—l—c%ﬁvl’—U—%ne=ng[50t—U——-e(;ﬁ)], (18)
and to obtain equality with (5’) it is necessary that the
right-hand side vanish,
5. To prove the validity of the last relation
= 9 19
e(vE) = i U, ( )
we represent the position of the electron in the form
r =R + p, where p < R. The quantity p describes the
rapid oscillations of the charge about the average posi-
tion R. We represent the equation of motion of the
electrons in the form (we expand the fields in terms
of p)

m(R+p) =e{E(R) + (pV)E(R) + c—*[pB(R)]}, (20)
and for fast oscillations we have
- - e ¢ , ,
mp = mv = ¢E(R, t), v=;——J;E(t)dt. (21)

This oscillation velocity ¥ must be substituted in (19),
from which R drops out.

t t

j te(E_v_),,———e—m;-j‘ dt'E*( t)jE(t” )dt"

(B =

(Ek'Ek,)

e 4
= r_ % Be) 22
m ot J. (0x — Or) Ox (22)

The fields were represented here in the form of the
expansions (11). Symmetrization under the integral
signs in (22)

2 Wy, )C\)k ((l)k/ (JJk)(l)k Wk Ox/
1eads tO the I‘esult

((l)k"’“ or)on

e(vE ——-f-z—-a—j dk-——U (23)

2m ot
which proves (19), as well as (5 ) by virtue of (18).
6. Averaging the equation of motion (20) over the
fast oscillations and recognizing that

r— 17

[eB]= _[p—ﬁB] =c[protE],

we obtain

e{(oV)E + [p[VE]]} = eV (oE)- (24)

The caret over E indicates the action of the operator

mR = F, =
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v, but since E = mv/e, we have e(pE) =m(p))
= —m(w) and consequently F, = -/, mv(v?).
Using expression (21) for v and the expansion of
the field (11) we obtain, taking (12) and (14) into acoount

(25)

321 = {Z | ax e BB Jonon = T,
so that the quantity U introduced in (3) is the average
kinetic energy of the electron oscillating in the field.

On the other hand, substituting (25) in the force Fi,
we get from (24)

mR=F, = —VU (26)

and consequently, the quantity U plays the role of the
potential energy at slow electron displacements.

We note that an analogous situation is encountered
in thermodynamics, where the quantity Ugag
= cyT(¥kTN at v = %) is the kinetic energy of the
fast thermal motions of the molecules and plays at the
same time the role of the potential energy Ugag

j pdV = pV/(¥ - 1) in the slow process of adiabatic

(p\\fly = const) expansion of the gas.

7. Multiplying F, by ne, we obtain the force acting
on all the electrons in a unit volume, and therefore the
hydrodynamic equation describing the motion of the
plasma in the field of the waves can be written in the

oV =—Vpgs+1is f=nF = —nVU. 27)

Formulas (26) and (27) generalize the results ob-
tained earlier*® for monochromatic fields to include
the case of a nonmonochromatic set of waves with ran-
dom phases.

In the case of stationary equilibrium between the
plasma and the radiation, we obtain from (8) and (27)
the self-consistent equations

Vou=f,=—UVn, Vpgs=1I, = nVU. (28)

Assuming quasineutrality ne =nj = n(r) and, in the
simplest case, constancy of the total temperature T,
= Tj + Tj of the electrons and ions in space we obtain
from the second equation

pgas=nT,, n(r) =n(w)e V™ (at U(cw) =0).
This Boltzmann distribution is analogous to that ob-
tained in'***] for monochromatic waves. If we assume
not the field but the plasma density profile to be speci-
fied, then we obtain from (29) the equilibrium value of

the quantity

(29)

Ur) =T.Ing™, g=n(r)/n(c0). (30)
The first equation of (28) then takes the form
Vo= n(oo) T, IngVg = —V(pgas+ nU) (31)

and in a number of cases it is possible to obtain from
it the distribution of the field that balances a specified
plasma profile.

8. Let us consider a concrete example of a similar
self-consistent problem for a profile in the form (see
Fig. 1)

Ln{.z')

FIG. 1. Density well in a plasma "7, PSS
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n(o0) —n(0) q
ch*(z/a) ch®(z/a) (32)

where q =1 - (n(0)/n(»)) < 1. In the case n(x) =0
such a profile would correspond to a flat layer of a
plasma with thickness on the order a, with a density
that drops off towards the periphery. As first shown by
Epstein!*), the wave problem of reflection from such
a layer can be solved exactly. In our case n(«)
> n(0), corresponding to a ‘‘small well,’’ and the prob-
lem consists of finding the radiation that is strapped in
it and has a pressure capable of balancing the indicat-
ing profile.

Let us consider the case when the radiation consists
of waves propagating only along the x axis. The tensor

(see (6)) has in this case only the component 7xx,

which obviously coincides with the contraction (7), nxx
=w - 2nU, and since all the quantities depend only on
X, by integrating (31) and assuming that there is no
radiation at infinity (x = +«), we obtain

n(z) = n(co)— =n(x)g gl@)=1—

w — nU 4 pgas= consl == pg(0o). (33)
Taking (30) into account, we obtain the energy density
w(x) =E2_/4ﬂ=9gas(°°) (1—g+ghng™). (34)

This expression is valid for any flat layer. For a con-
crete layer, say of the form (32), we can obtain from
this the total energy of the trapped radiation (at n(0)

=0,q=1, ¢ =x/a)
+oo o
W= jw(x)dz = apgs(o0) j (ch=*& — th*E Inth? &) dE

= (5~ 2) apgulo), (35)

per column of unit cross section dydz =1.

9. The radiation considered by us is not in thermo-
dynamic equilibrium, and therefore cannot be com-
pletely described by specifying only the quantities w
and U in Eqs. (28) which do not even form a closed
system. Their solution is therefore not unique.

Moreover, it is clear that the specified plasma pro-
file can be balanced by the radiation pressure only at
a definite spectral composition of the latter, In es-
sence, therefore, it is necessary to know the distribu-
tion function Ni(r, t) itself, and not only its integral
characteristics

=200 2 [0 T and v = [z 2% (36)
@y 8n°

In the case of a flat layer with trapped waves propagat-

ing only along the x axis (anisotropic one-dimensional

radiation), this problem admits of a unique solution in

the case of a monotonic density profile g(x)

=n(x)/n(=), of the type shown in Fig, 1.

10. In fact, the general solution of (4) is the function
Nk, which depends in arbitrary fashion on the integrals
of motion of the quantum. In the one-dimensional case
ky = kg = 0, and therefore the only integral of motion
is the frequency wk itself, so that here Ny
= f(wk) 6(ky) 8(kz). Takmg this unique dependence into
account, wé write down the quantity U(x) (36) in the
form (dk dkxdkydkz)

+[Rm|
dk dk,
U(zx)= I uy (o) diy; u(ox) = 2:I'I:fl_‘ .H‘ 8n®

—1km|

(37).

Here | kpy| is the maximum value of |k, |. Recogniz-
ing that wk and hence also u, are even functions of
kx, and changing over to a new variable wg, we have

O __J~ u( day®

Fax/ 0k, ‘Va) > — @’ (z)
where the integration with respect to w is carried out,
using as limits the local plasma frequency wq(x) and
the maximum frequency trapped in the well wo(x —=)
= wo(w) = vdren(«)/m. It is convenient to introduce
a new integration variable s = w:/wZ(«) and the rela-
tive plasma profile in the well gk )} =n(x)/n(») =<1.
Then (38) takes the form

—2j.uldk—2fu' , (38)

0 (00) ds
U(z) = @ u,(s)
. ;!‘x) Vs — g(z)

(39)

and u(x) depends in turn, for the Boltzmann distribu-
tion (29), on the profile g(x) in accordance with the
formula (30), so that if we put £f(s) = u;wo(«)/cT,, then
by equating (30) and (39) we obtain the Abel integral
equation

L ()

0<g<),
g Vs—g

(40)

a solution of which is the function

1—s

f(s)=—

arc tg

11. Gathering the results, we obtain the distribution
function of the quanta trapped in a well with arbitrary

plasma-wall profile
T+ arc th ( Oo(e) ) —1,

where wg = v woixi + c?k2, The dependence on the con-
crete profile n(x) enters in Nk only via the frequency
wk, so that the energy density can be represented in the
form

Nk-—-ﬁ(k,,)é(k)4n

w(z) = J. ﬁm.ﬂdﬂ = “j‘ﬁal)vﬁ,(z

ylx)

(41)

where (here v = Vs = w/wo(«))

dk,dk. ok,
wo(z) =2 AwrNe2 v —_=
( ) J.j Wk Vi 8r° a(u)k
8 0 2 T
=— pg“( ) — v arctg & v
n@(o0) Yvi—g(x) v

is the local energy density per unit frequency interval,
Integrating this expression with respect to x, we
obtain the spectral distribution of the total energy

-H‘!]
arctg‘ V

- MVS —&) (42)

The last integral must be taken over the region where
s - g(x) > 0, For the concrete profile (32) considered
by us earlier, it is equal to

8
W,= ,[ w,(z)dx =;‘Pgas(

j [s — 1 + geh~?(z/a) ]~ dz = na/yl —s, (43)
so that in this case formula (42) becomes
AW = W dw = 8apgg(c0) F (v)dv, (44)

where the function F(v) is

2 1 —w? 1 2
F(v)= v arctg Vi—w ={ fv for
1—+° 1 for

v,

v—>1.

V)



FIG. 2. Spectrum F(») of equilibrium radi-
ation in a well with density profile (32).

The spectrum F(v) is shown in Fig. 2. It is easy to
verify that the integral of (44) over the frequencies
gives the value of the total energy (vyjp =0 if q =0

W = Sappa(ee) | Fivyiv = (5 —2) apgas(oo),
Ymin=0
obtained earlier in (35). At given W and P s(oo) this
relation determines the dimension a of the well
12, It is easy to consider also the inverse problem

of finding the equilibrium plasma profile, given the
spectrum of the total energy W,,. Then, in accordance
with (42), one should regard as known the function

+1%t]

Is)=| Vs_

—jxy

2‘[ _ e (o) W,
o dg }/s— 8pgas(0) sarctgYs—' —1 '
(45)
This equatlon can be solved only if the spectrum W,
vanishes at v? < g(0) < 1 and extends up to v =1,
Then, solving the Abel equation (45), we obtain for the
proﬁle g(x) the inverse relation
1 £
r=a(g)=— [ 1)
znn(o)vg -
For example, substituting here J(s) = ra/V1I - s-
from (43)), we get x(g) =a cosh™[(1 - g(0))/(1 - g)],
which corresponds to the profile (32).

13. Let us consider finally a spherically symmetrical
well in a plasma and assume for simplicity that the
radiation consists entirely of quanta moving only on
c1rcu1ar orbits, so that kr = 0. Putting k| = (kj

g)‘/ % and equatmg the centrifugal and radlant forces

), we have
v o on . ?
b e On meaning ¢k, — 2(%) 98()
r wx Or 2 or

Therefore on a circle of a given radius r there can
move only quanta with frequency

o= Yo O ok = oniee) [ e+ e =2 (46)

as a result of which the quantities U and w (see (32))
turn out to be connected by the relation

w = [ ho ~T2—-—(2n+r-—)U,

and the tensor 7 has obviously the form (see (7))

- ~ e w ~ r r on
i=(f-F)(g-vm)=(-F)vgar
The first equilibrium equation in (28) is satisfied

automaticalily, and from the second we have
U="T,1n(1/g), so that

a
w(r) = pga(e0) (28 +7=-¢ ) In(1/g).
For example, for a spherical well with density profile
g(r) =1 - cosh™®[(r/a)] (see (32)) we have
thg ) 1

()= 2pyu(e0) (1t 43522 .
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and then the total energy in the well is
W= Djw(r)zmrz dr = '_[;Mapm(m),{,
where (see (35))
® = j(Sch"g-I—th"glnth“g)dg = 5——2—2.

In view of the one-to-one correspondence of the
radius and the frequency, which is given by (46), it is
easy to write for this case also the distribution of the
total energy with respect to the frequencies, dW
= Wydw, where

Wm=w(r)4m“ddTr=—ina’w(r)-g§-— ——(v),

w
3 do  wo(o0)
and the function ¢ (v), normalized by the condition
1

f ¢(v)dv =1, is determined from the parametric rela-
[+]

tion

4 (sh®*E 4 3Eth &)™ 1
P(v)=— o ln——,
% 5sh& 4 3EchE(1 —3th*E)  th*E
th
\)—‘I/Lhz E4 3¢ If’ .

For small v << 1 we have, in particular, ¢ (v)
= (v¥/Kk)In(2/v)%.

In analogy with a spherical well, it is easy to con-
struct also a cylindrical well with quanta moving in
circles, we shall not stop to discuss this case.

In conclusion we note that in the concentric model
with circular orbits of the transverse quanta, which
was considered above, four-wave processes of induced
scattering do not change the distribution function Ny,
so that the evolution of trapped radiation is possible
only as a result of electron collisions and a three-wave
process in which one longitudinal and two transverse
quanta take part. These questions, however, deserve a
separate analysis.
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