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The plasma maser, an interesting nonlinear process in plasma, is an effective means of energy up-
conversion in frequency from Langmuir turbulence to the electrostatic Bernstein mode. It is shown here
that the primary momentum and energy source of the plasma maser is the external magnetic field, which
is not the case for the standard mode-mode coupling processes. For strongly magnetized plasma
(2, Z wp,, where (), and o, are the electron cyclotron frequency and the plasma frequency, respective-
ly), the growth rate of the Bernstein mode arises from the polarization term. The growth rate is large in
contrast to the previous ion-sound-turbulence case. These results have potential importance in the inter-
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pretation of anomalous radiation phenomena in astrophysical, laboratory, and fusion plasmas.

PACS number(s): 52.35.Mw, 52.35.Ra, 52.25.Sw

I. INTRODUCTION

According to recent weak-turbulence theory [1], the
lowest-order mode-mode coupling processes in plasmas
are composed of three parts. The first one is the three-
wave resonance [Fig. 1(a): with matching conditions
k,;+k,=k;, o, +w,=w;] and the second one is the non-
linear Landau resonance [Fig. 1(b): with the condition
Q—w=(K—k)'v]. Both processes (a) and (b) are well
known in plasma physics [2]. The third process, which
we consider here, is the plasma maser [Fig. 1(c): with
conditions w=k-v, QFK-v]. It corresponds to the ver-
tex correction [3]. Most authors in the past have con-
sidered energy up-conversion from ion-sound turbulence
to Langmuir waves in an unmagnetized plasma. The
growth rate in this case is too small to be observed in ex-
periment. Accordingly, the process has not attracted
much attention so far. Here, we consider plasma-maser
interactions in a magnetized plasma and show that the
growth rate is enhanced. Along these lines, quantum-
electrodynamical methods are used to investigate some of
the nature of the plasma maser [4]. The aim of the
present paper is to clarify the reason that this process is
effective only in a magnetized, and not in an unmagnet-
ized, plasma.

According to the previous studies on the plasma maser,
the slow time change of the plasmon number (Ng ) in the
presence of resonant mode (k,w) is given by Eq. (47) in
Chap. 14 of Ref. [5]
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where R 1y is the three-wave resonance term (Q+Q'= o,
K+tK'=k), Ry is the nonlinear Landau resonance term
(Qtw)=(K=xk)v, and Tpy is the plasma-maser term
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(o=kv, Q#Kv), and where 7, is the linear growth rate,
Tk =(wp /K)(eg)™!

—ko) |8 l(a—kv)-k |2
X [ dv P(Q—Kv) [az ](Q Kv) K[au ]fOe,
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and o), is the electron plasma frequency. ¢ is the linear
dielectric constant of the nonresonant mode (K, ), while
P denotes the principal value. y,=0 because Q7*Kv by
assumption. Both terms, 75 and (egx)”'(9/0¢)eg,
represent the slow time change of the medium due to
quasilinear interactions between resonant electrons and
the low-frequency mode (k,w), and are combined into an
absorption term 3%,/23Q dz. As has been shown recent-
ly [6], only for an unmagnetized plasma, the plasma-
maser contributions exactly cancel out with the reverse
absorption effect if the above slow time change of medi-
um due to quasilinear interaction is considered. For a
magnetized plasma [7], the plasma-maser interaction is
effective for the energy up-conversion in frequency from
resonant low-frequency modes to nonresonant high-
frequency modes.

In spite of many studies on plasma maser, the problems
of momentum and energy sources in the plasma maser
have not been cleared up yet. To elucidate the momen-
tum sources of the instability, we consider the case Klk
and E,;18E,, where E; and 8E, are the electric fields of
the low-frequency (Langmuir wave) and high-frequency
(Bernstein) modes, respectively, and k and K are their
respective wave vectors. In contrast to the previous
cases, it is found that only the polarization term contrib-
utes to plasma-maser instability. The contribution from
the direct-coupling term vanishes identically. The
present study clearly shows that the plasma-maser in-

7456 ©1992 The American Physical Society



45 MOMENTUM SOURCE OF THE PLASMA MASER

teraction strongly depends on the wave modes, in addi-
tion to the condition of the system being open or closed.
In Sec. II, the nonlinear dielectric function of the Bern-
stein mode in the presence of stationary Langmuir tur-
bulence is obtained under a random-phase approxima-
tion. The plasma-maser interaction is considered and the
growth rate of the Bernstein mode is estimated in Sec.
III. The momentum sources of plasma-maser instability
are clarified and conclusions are summarized in Sec. IV.

>

@ k)

FIG. 1. (a)-(c) show three-wave resonance, nonlinear scatter-
ing, and plasma maser, respectively.
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II. NONLINEAR DIELECTRIC FUNCTION
OF THE BERNSTEIN MODE
IN THE PRESENCE
OF STATIONARY LANGMUIR TURBULENCE

We consider a homogeneous magnetized plasma in the
presence of an enhanced Langmuir wave turbulence
driven by a weak electron beam drifting with velocity v,
through a background plasma of Maxwellian electrons
and ions with the following distribution functions [8]:

—”ll)2 - 2
FoeW)=(1=8)(m /20T, /% ™1/ Tog ™ 1/2Te

2 2
—mv7 /2T —m(v,—v,y)°/2T
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(1)
foi(V)=(M /22T,
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where f,(v) is the electron distribution function, 7}, and
T(>T,) are temperatures for the background and beam
plasma, and §=n, /ny, <<1 is the ratio of the beam elec-
tron density to the background plasma density. Here,
vo>>(2T/m)'? is assumed, and L and || mean perpen-
dicular and parallel to the external magnetic field. fg;(v)
is the ion distribution function.

We start with the set of Vlasov-Poisson equations for
the electrons,

24,9
ot or
_€ E(r,t)-’rm ]_a_ lfe(r,v,ﬂzo ,
c ov
2)
V-E(r,0)= —4me [ f,(r,v,t)dv , (3)

where the notations are standard. According to the
linear-response theory of a turbulent plasma [9], the un-
perturbed electron distribution function and fields are

FOe =f0e+6fle+62f2e ’
E0e=€E1’ B0e=B0 ’

4)

where € is a small parameter associated with the Lang-
muir turbulence field (E;) with the wave vector
k=(0,0,k,) propagating along to an ambient magnetic
field By=ZB,. In Eq. (4) the second-order electric field
(e2E,) is omitted, which can be justified under the
random-phase approximation. The Fourier components
of f,, are

3
(e/m)E (k@) 3= fo,

I
—il@—ky,+i0) o

frelk,0)=

We now perturb the quasi-steady-state by a high-
frequency test electrostatic (ES) Bernstein-mode wave
field udE, (K, ) with a propagation vector K=(K,0,0)
and a frequency (), here u <<e. We note that both the
beam electrons and Langmuir turbulences carry momen-
tum along the Z direction. Thus they carry no momen-
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tum in the ES Bernstein-mode propagation direction.
Accordingly, if the ES Bernstein mode grows, a question
arises as to where the wave momentum comes from. This
is the main motivation of the present study. The total
perturbed electric fields and the electron distribution
function can be written as

SE=ubE, +uedE,, ,
8f =udf, +uedfy, +ueAf .

In the above, we have omitted the modulation electric
field ue’AE because it gives a small nonlinear frequency
shift in the final result. To the orders u, pe, and pe? we
obtain from the Vlasov equation,

(6)

Pof,~ -8B, 2=, =0,
P5f1h”%E1'(%5fh_%SEzh‘S_vae
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€,(K, Q) is the direct-mode-coupling term given by
2 2

wpe e

JHK v, /Q,) 3
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where

The Poisson equation for the ES Bernstein mode is

V-8E,(K,Q)=—4me [ [8f,(K,Q)+Af(K,Q)]dV .

Taking a transform of the form

Alr,v,1)=3 A (K,v,Q)exp(iK-r—iQ1) ,
K

we obtain the nonlinear dielectric constant of the ES

Bernstein mode [¢,(K,Q)] in the presence of Langmuir
turbulences as

6, (K, Q) =e(K,Q)+¢,(K,Q)+¢,(K,Q) , (10)

where €,(K, 1) is the linear part given by

0
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v, v, —w+kp +i0 dv, ¢
and €,(K, Q) is the polarization-mode-coupling term given by
© 2 2 0)2
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Here,

JHK v, /9Q,)
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6&K—k,Q—w)=1+

where @, ,, and J (K v, /Q,) are the electron plasma
frequency, the cyclotron frequency, and Bessel functions,
respectively. In deriving Eq. (10), integration is per-
formed over the unperturbed orbit, and a random-phase
approximation on Langmuir turbulences is adopted. It is
easy to show, after a little algebra, that the result ob-
tained above [Eq. (10)] agrees with the standard expres-
sions for the nonlinear dielectric constant [10].

III. PLASMA-MASER INTERACTION

We consider the plasma-maser interactions between
electrons and Langmuir turbulences driven by an elec-
tron beam, with the electron distribution function as
given by Eq. (1). Inserting Eq. (1) into the linear dielec-
tric constant of an ES Bernstein mode [Eq. (11)], we get
K iaz

e

? 2n%,(K3a2)e

(Q2—n?02)a?

()]
&K, Q)=1— [-F

) (19)

L n=1

where a, is the Larmor radius for the background plasma
electrons defined by a,=(T,/mQ2)"%, and I, are the
modified Bessel functions. We now put €4(K,Q)=0 to
obtain the linear dispersion relation of the ES Bernstein
mode. Then we get

?=n202(1+8,),

where

(20)

2.2
Klae

_ 20}, 1,(Ka)e N

2.202
Klaeﬂe

(21)

n

From Egs. (19) and (21), we obtain
36(K,Q) = 2170208,
FYY) 2 (QP—n202)?

The growth rate of the Bernstein mode is given by

(22)

2 2 2, ~Kia
© | 2a°k1,(K1a;)e 1728

2a’m

47e
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m

sQ, 9 3
9 kL , 18)
’ v, 9, ky dv, ]f(,edv (
—
K Q) _ M K.0) -
Y T 6K, ) ’ (
a0 a=0,

where Im shows the imaginary part of the dielectric con-
stant, and Q, is the real frequency of the ES Bernstein
mode.

A. Growth rate from the direct-coupling term

It is easy to show, by partial integration of Eq. (12),
that €;,=0. Accordingly, the growth rate of the Bern-
stein mode from the direct-coupling term vanishes. This
result is markedly different from the previous studies on
plasma maser, where the direct coupling offers contribu-
tions. The reason is that wave electric fields of the Lang-
muir wave and the Bernstein mode are perpendicular to
each other with the wave vectors K 1k.

B. Growth rate from the polarization term
The growth rate of the Bernstein mode from the polar-

ization term is

Ime, (K, Q)
9€y(K, Q)
o a=q,

¥,(K,Q)=— (24)

By inspection, it is clear from Egs. (14) and (16) that

A =0and ImC =0. Thus,

Im[(A4 +B)(C +D)]=Im(B)Re(C +D)+ReB XImD ,
(25)

where Re shows the real part. For the electron distribu-
tion function as given by Eq. (1), we obtain from Eq. (15),
after a lengthy but straightforward calculation,

0 (Q?—a’Q?)a?

where I, is the modified Bessel function, and
v,=(2T/m)"? and p,=(T/mQ?)'/? are the electron
thermal velocity and the Larmor radius for the beam
electrons, respectively. The real part of B, which is an
odd term in (k,), comes from the background plasma.
The imaginary part contribution of B even in (k,w)
comes from the plasma-maser interactions between Lang-
muir wave and beam electrons, for which the condition is

Temaan IT  (kp,)

(0—kyvg) —K202 —[mo/k, —v. )2
1Yo L(K2p)e Klpe, ~[mw/ky=vo"1/2T ’ 26)
-
o=k v,. From Eq. (16), we obtain
w 2n%k b
C=-3 & 2’1 "
sne1 QHQ*—n2Q2)q2
y 1+2Q2(92+s203) c
(Q*—s202)? |b @7

where
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b= [ “I3(K v, /QIAK v, /Q,)f o, (v, 270, dv, powers of (kv —w)?/(Q2—s%Q2), (kw,—w)/Q for

o , , (28) 1=Q,Zw~w, and keep the dominant odd terms in

szo JAK v, /@WK v, /Q,)f o (v )20, dv, . (k,) with fo,(v)=f0,(v,)fo.(v,). We obtain from Eq.
(17)

In deriving Eq. (27), we expand the denominator in
J

2.2
Kia

D 2%k I(Klad)e "M @ a0%
s=1 0 (Q?—52Q0?%)a? Q=522 (Q?—s2Q?)?
2172 (w—k,vp) —K202 —m(w/k,—v.)?
25 ’°8 m 1Yo L(K2p2)e Klpee m(w/ky—vg)?/2T (29)

Har=s2a)pt kT (k)

In deriving Eq. (29), we have retained only dominant terms to make ReD an odd function of ® and k. On the other
hand, the dominant imaginary-part contribution (ImD) from the plasma maser (0 =kv) is even in (k,®).

For strongly magnetized plasma (Q,2wo,), expanding the denominator of Eq. (18) in powers of
(kyv, —)*/(Q*—s2Q2) etc., we obtain the dominant contribution as follows:

< 6I(K?a?)

21 (Q2—s202)

sZ

T 22,2
3kja,

I(K?%a?)
-

_g2,2
eKlae‘

(30)

6K~k Q—0) K—k|*~k} +20%, Qok?

In obtaining Eq. (30), we use €,(K,Q)=0 [Eq. (19)]. We note that the first and the second terms in the right-hand side
of Eq. (30) are even and odd in (k,®), respectively. Inserting Egs. (25), (26), (27), and (29) into Egs. (13), we obtain

= |E)(k,0)]* o 4a’7'"?8 bk, (@—kyvy)

Ime, (K,Q)= 1,(K1p?)
mep i 2:15 4TNT  QX02—a’02) 6(K—k,Q—w)K—k[K3p2allk,|  kp, * "
oKk —miw/ky—ug P 2T n? 204(Q°+5°Q7) | ¢
Q2—n2Q? (Q*—s2Q2)? |b
202 2 2y, ~Kle! 2
s“Q°I(K1a;)e 40 a1)
(0*—s%Ql) Q*—s2Q} ||
Inserting Egs. (22) and (31) into Eq. (24), we get
7K, Q) = |E(k o) o)2d?r % bk, (kypo—w)
Q > 47NT 4 2 — - CLI2Kr242,2 k 1,(Kip;)
a=1k,w . ‘Qﬁa‘Qe 6.O(I( k"Q (1))|K kl Klpeaelknl ﬂv‘-’
_K2 2
o KiFe —mla/ky = 22T | 202(92+‘129§)£ 0, (Klade 407
¢ ¢ (Q2—a2Q27 b (Q2—a2Q?) Q—a20? ||’

(32)

f

where B, and €K —k,Q—w)|K—k|* are given by Eqs.  (kjvo—w)=k, and ka,=0. l(wpe/Qe)(Tb/T)”z.
(21) and (30), respectively. In deriving Eq. (32), we put  First, we obtain from Eq. (21),
a =s =n. The final growth rate is even in w and k, be-

cause we take odd functions in ® and k for Bi=(w,,/Q,)* . (33)
leoK—k,Q—)|K—k|?]! [Eq. (30)]. Equation (32) is
the main result of this paper. In obtaining Eq. (33), we put I,(K%a2)~(K%a2)/2 for

Next, we estimate the growth rate for Q~Q, and K,a, <1. For the above parameters, the dominant con-
w=w, with Q,>w,. For K,a,=0.5, K,p,=1.5, tribution of Eq. (30), which is an odd function in k aqd w,
k,=0.1(T,/T)""*k,, and vy=11v,, where k, is the De-  comes from the last term in square brackets on the right-
bye wave number for the background electrons, we get  hand side and reduces to
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1
6(K—k,Q—0)K—k|?

22
1 1+
kﬁ\

_ K2a2
Io(Kfa})e el (34)
We note that the second term on the right-hand side of
Eq. (34) is 0odd in k and w.

Next, we estimate Eq. (28). For a small argument of
the Bessel functions, we put J3(K,v,/Q,)=1 and

7

JUK v, /Q,)=(K v,)?/(402). Then we obtain

b(n =l)z(Kf/4Q§)fowf0€(vl 2mvidv, =(K a,)*/4 ,
c(s=n =1)z(Kf/l6Q:)fomfoe(ul)Z#vfdvl

=(K,a,)*/8 . (28"

Inserting Egs. (33), (28’), and the second term in Eq. (34)
into the right-hand side of Eq. (32) with @ =1, we obtain

2
7,(K, Q) _ |E(ke)? /K a,)%8 _K2p? —x32|  (Kia,)

————I1,(K?}p?)e "IyK?al)e "V |1———— (35

Q kE 4NT  |Q, | 2Kp ) %kga? 2P 0 2 |0,
M

Figure 2 shows the normalized growth rate [Eq. (35)] d%,(K,Q) ©, 2w 20n 2 (K%pte ~KiP
versus plasma parameter (@pe /9,). Here, “Shaoa, | 1 202
W[=31 . E/(k,0)|?/47NT] is the normalized Lang- 2003 ko)A (Q*=nQ2)p;
muir turbulence energy density, and we take 6=0.1, 3f0e(v))
T/T,=9, K,a,=0.5, K,p,=1.5. It should be stressed x [ “ar @, (0

that the growth rate obtained [Eq. (35)] is large in con-
trast to the previous ion-sound turbulence case [11],
where ya/Q=(m /M)XK /k2)Wy << Wy and
v,/Q=0, here Wr[=3, |E/(k0)l*k,/k)*/4wNT]
represents the normalized turbulence energy of ion-sound
turbulences. Here, m and M are masses for an electron
and an ion, and k and K are wave numbers for ion-sound
and Langmuir waves, respectively. The maximum
growth rate is comparable to those of the other two
mode-mode couplings (three-wave resonance [Fig. 1(a)]
and nonlinear scattering [Fig. 1(b)]).

IV. DISCUSSIONS AND CONCLUSIONS

The reverse absorption process to the plasma maser
comes from the quasilinear interactions between electrons
and the Langmuir turbulence [6], and is given by
1[9%,(K,Q)/3Q 3¢)],

~~

.0
—> 5

0 02 04 06 08 10 ~ Qe

FIG. 2. Normalized growth rate of the Bernstein mode [Eq.
(35)] vs (@, /Q,) for T/T,=9, 6=0.1, K,a,=0.5, K,p,
=1.5. Here, W[=3, |E,(k,w)|*/47NT] is the normalized
Langmuir-turbulence energy density.

where fo,(v)) is the electron distribution function paral-
lel to the external magnetic field. In deriving Eq. (36), we
use Eq. (11). The slow time change of the electron distri-
bution function comes from the quasilinear interaction
between resonant beam electrons and Langmuir tur-
bulence as

afoe(vu)

m vy k » vy
(37

Inserting Eq. (37) into Eq. (36), we find the reverse ab-
sorption process to the plasma maser vanishes in addition
to the plasma-maser contribution from the direct cou-
pling [Eq. (12)].

We now consider the momentum (energy) sources of
the plasma maser. Both the electron beam [Eq. (1)] and
the Langmuir turbulence carry momentum only in the z
direction. Thus they provide no free momentum (energy)
source for the ES Bernstein mode with perpendicular
propagation considered here. The momentum source ex-
ists in the external magnetic field itself because the mag-
netic field carries momentum (e/c A), where A is the
vector potential. For the present case (B,=zB,), we get
A,=(—yBy/2), A,=(xBy/2), and A,=0. According-
ly, the external magnetic field carries momentum only in
perpendicular direction. Indeed, the growth rate
v, (K, Q) vanishes for B;—0. This consideration clearly
shows that the primary momentum (energy) source of the
plasma maser lies in the external environment (magnetic
field), which is consistent with recent analysis [4]. In oth-
er words, the plasma maser vanishes for a closed system
without an  external magnetic field because
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Ime, (K, Q)+(1)3%,(K,02)/0023:=0 with Ime,(K,Q)
=0 [6]. The plasma maser is effective only in an open
system with momentum (energy) sources from outside
systems. This point is markedly different from the two
standard mode-mode coupling processes in plasmas [Figs.
1(a) and 1(b)].

Historically, the plasma-maser process from the
direct-coupling term (€;) was pointed out by Tsytovich
and co-workers for an ion-sound turbulence in an unmag-
netized plasma. The contribution from the direct-
coupling term often cancels out with the reverse absorp-
tion process due to the conservation of adiabatic invari-
ant (plasmon number) [6] in the quasilinear process.
Both processes vanish identically for the present case.
On the other hand, the plasma-maser interaction from
the polarization term (€,) for magnetized plasma was
pointed out in Ref. [1]. For a magnetized plasma, the
dominant contribution to the plasma maser comes from
the polarization term. The primary momentum (energy)
source of the plasma maser exists in the external magnet-
ic field in addition to the low-frequency turbulence.

The plasma-maser interactions between Langmuir tur-
bulences and the ES Bernstein modes are studied for a
strongly magnetized plasma. The enhanced growth rate
of the ES Bernstein mode comes only from the polariza-
tion term [Eq. (35)]. The direct-coupling contribution
vanishes identically, as does the reverse-absorption pro-
cess due to the quasilinear process between Langmuir
waves and beam electrons. In contrast to the
parametric-resonance processes, the plasma-maser in-
teraction does not require any matching condition be-
tween the nonresonant high-frequency mode and the res-
onant low-frequency mode. Accordingly, the investiga-
tion of plasma-maser processes may open a branch in
plasma physics. It is left for experimentalists to check
the finer details of the theoretical predictions. One of the
most interesting applications of the plasma-maser insta-
bility might be to pulsars, which have superstrong dc
fields. The full QED calculation is necessary to investi-
gate whether the plasma maser has any interesting prop-
erties in a relativistic electron-positron plasma.
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