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Abstract. It is shown that the conversion of an electromagnetic wave (ie, a transverse photon) 
to an electrostatic wave (ie, a longitudinal plasmon) and vice versa can occur in a uniform, 
homogeneous and isotropic plasma by Cerenkov absorption of one kind (ie, the photon or 
the plasmon) and the subsequent emission of the other kind (ie, the plasmon or the photon, 
respectively). Furthermore, it is shown that there also exists an additional ‘stimulated mode 
conversion process’. These mode conversions by double Cerenkov processes are of second 
order in the Heitler-Ma formulation of the quantum time-dependent perturbation theory. 
Explicit expressions for the cross sections appropriate to these mode Conversion processes 
are also presented. 

1. Introduction 

It is well known that the electrons in a plasma can emit and absorb both transverse 
photons and longitudinal plasmons by the familiar Cerenkov processes (Pines and 
Schrieffer 1962, Tsytovich 1970, Harris 1972, Arunasalam 1968, 1973). These Cerenkov 
emissions and absorptions of photons and plasmons are a consequence of the interaction 
Hamiltonian which is proportional to the scalar product of the particle momentum and 
the vector potentials of the transverse electromagnetic waves and the longitudinal 
plasma waves. According to the Heitler-Ma formulation of quantum time-dependent 
perturbation theory (Heitler 1954) these one-photon or one-plasmon emission and 
absorption processes are first-order processes, that is these processes occur in the 
familiar ‘Fermi golden-rule’ approximation of the time-dependent perturbation theory. 
These first-order processes are direct transitions from one quantum state to another and 
do not involve a passage through any intermediate virtual states. 

In this paper we wish to show that, in the second order in the Heitler-Ma formulation 
oft  he time-dependent perturbation theory, mode conversion processes (ie, the conversion 
of a transverse electromagnetic wave to a longitudinal plasma wave and vice versa) 
can occur in a uniform, homogeneous and isotropic plasma by Cerenkov absorption 
of a quantum of one kind (either the photon or the plasmon) and the subsequent emission 
of a quantum of the other kind (either the plasmon or the photon, respectively). These 
mode conversions by double Cerenkov processes occur by passage through an inter- 
mediate virtual state. Both energy and momentum have to be conserved between the 
initial and final states of the transition. However, in intermediate transitions to and 
from virtual states, momentum will be conserved but energy need not be conserved. 
This is due to the fact that the electron spends only a very short time in the virtual state 
and by the Heisenberg uncertainty principle it is meaningless to speak of energy con- 
servation for transitions to and from virtual states. Since in the mode conversion 
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process under study a quantum of one kind (either the photon or the plasmon) is absorbed 
and subsequently a quantum of the other kind (either the plasmon or the photon, 
respectively) is emitted, it is clear that the final emission process can be either a 
spontaneous emission or a stimulated emission. Thus we will show that in a plasma 
there exists not only a ‘spontaneous mode conversion’ but also a ‘stimulated mode 
conversion’. 

In the literature other authors have considered the mode conversion processes in 
inhomogeneous plasmas. For example, Stix (1 965) has considered mode conversion 
due to density gradients in a plasma, Tidman (1960) has considered mode conversion 
due to either a density gradient or a temperature gradient in a plasma, Kritz and Mintzer 
(1960) have considered mode conversion at a density discontinuity in a plasma. However, 
mode conversion by double Cerenkov processes to be discussed in this paper can occur 
in a uniform, homogeneous and isotropic plasma. We shall show that for most cases of 
practical interest the cross sections for these mode conversions by double Cerenkov 
processes in a plasma are very much larger than the Thompson cross section. Thus these 
mode conversions by double Cerenkov processes may have some significance in laser 
fusion experiments and in the understanding of radio wave emission from extraterrestrial 
plasmas (such as the observed intense radio wave emission from the bright areas of the 
sun). 

2. Review of the basic concepts 

The Hamiltonian 2 of a plasma (of electrons and ions) and the radiation field (of 
transverse photons a’nd longitudinal plasmons) may be written 

2 = H+Hin,,  (1) 

Hln) = (2) 

where 

and Hint is the interaction Hamiltonian that is responsible for the emission, absorption 
and scattering of photons and plasmons. In general Hi,,, will be a sum of many in- 
dependent interaction terms. One half of these terms represents the interaction of 
transverse photons and longitudinal plasmons with the electrons. The other half 
represents the interaction of the photons and plasmons with the ions. For the sake of 
simplicity we shall neglect the presence of the ions and consider the plasma as a gas of 
electrons. Then Hint will be a sum of four interaction terms. Two of these terms represent 
the interaction of the photons with the electrons, and the other two terms represent the 
interaction of the plasmons with the electrons. Of the two interaction terms that 
represent the interaction of the photons with the electrons, one of these represents the 
interaction appropriate to Cerenkov emission and absorption of a single photon (ie, the 
interaction that is proportional to the scalar product between the electron momentum 
and the vector potential of the photon field), and the other represents the interaction 
appropriate to two-photon processes such as the scattering (ie, the interaction that is 
proportional to the square of the vector potential of the photon field). Similarly, of the 
two terms that represent the interaction of plasmons with electrons, one of these 
represents the interaction appropriate to Cerenkov emission and absorption of a single 
plasmon, while the other represents the interaction appropriate to two-plasmon 
processes. In this paper we are interested only in the two independent interaction terms 
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that are responsible for Cerenkov emission and absorption of a single photon or a 
single plasmon. That is, we will write 

H,,, = H o + H , ,  (3) 

where H o  represents the electron-photon interaction that is responsible for Cerenkov 
emission and absorption of a single photon, and H ,  represents the electron-plasmon 
interaction that is responsible for Cerenkov emission and absorption of a single plasmon. 
One can show (Tsytovich 1970) that the non-zero matrix elements of H o  and H ,  are 
given by 

(4) 

( 5 )  

( 6 )  

(7) 

(NO+ 1, U'\H,INO, U) = (NO+ 1)"'M0(60 * U ) 6 " , , " - f i k 0 ! p  

( N o -  1, U'IHOINO, U >  = N:;2Mo(ro * @",,"+*ko,p 

( N I  + 1, U'IHiINi 9 U >  = (NI + 1)"'Mi(oi/ki)6u,,"-,,, p 

(N1- 1, U'IHllNl, U >  = N :  2Ml(wl/kl)~", ,u+*k, p 

and 

where 

the suffix zero refers to parameters appropriate to transverse photons, while the suffix 
one refers to parameters appropriate to longitudinal plasmons; q, and U are the charge, 
mass. and the velocity of the electron; N refers to the number of transverse photons or 
longitudinal plasmons of energy ha, momentum hk, and polarization vector r ;  D is the 
dielectric coefficient of the plasma appropriate to photons or plasmons; and L3 is the 
volume of the plasma under study. 

According to the Heitler-Ma formulation of the quantum time-dependent perturba- 
tion theory, the transition probability j(.f; i )  from an initial state li) of energy Ei to a 
final state If) of energy Ef is given by (Heitler 1954): 

where 

where If'> is an intermediate state of energy Ef8. The series solution of the integral 
equation (1 1) may be written 

where If"> is another intermediate state of energy Ef,>. In this paper we are interested 
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only in the second term of the right-hand side of (12), and we shall see later that this 
term is the one that is responsible for mode conversion by double Cerenkov processes 
in a uniform, homogeneous and isotropic plasma. 

3. Theory of mode conversion 

It is apparent from (3) to (12) that the first term on the right-hand side of (12) (ie, 
( f  lHin,li)) can only lead to (a spontaneous plus stimulated) emission and absorption of a 
transverse photon or a longitudinal plasmon. This term clearly cannot lead to a mode 
conversion. That is, this term cannot lead to an absorption of a quantum of one kind 
(either the photon or the plasmon) and to a subsequent emission of a quantum of the 
other kind (either the plasmon or the photon, respectively). Let us then examine the 
nature of the second term on the right-hand side of (12). From (3) we get 

It is clear that the two terms in the first parenthesis on the right-hand side of (13) will 
lead to two-photon or two-plasmon processes, while the two terms in the second 
parenthesis on the right-hand side of (13) will lead to a mode conversion by double 
Cerenkov processes (ie, to the Cerenkov absorption of a photon or a plasmon and the 
subsequent Cerenkov emission of a plasmon or a photon, respectively). Thus the matrix 
element (flT(i) appropriate to the mode conversion processes under study may be 
written 

In order to treat this problem in the most general way, let us suppose that the initial 
state li) represents a state in which there are N o  photons, N ,  plasmons, and an electron 
moving with the velocity u i .  That is, li) = IN,, N , ,  ui). For example, these initial N o  
photons may be due to a large amplitude electromagnetic wave incident on a plasma 
(such as the incident laser radiation in a laser fusion experiment or a large amplitude 
electromagnetic wave used to heat a plasma) or it could be the thermally excited transverse 
radiation field in the plasma; while the initial NI plasmons may be due to large amplitude 
plasma waves excited in the plasma (say for example by the familiar two-stream insta- 
bility in beam-plasma systems or a large amplitude plasma wave launched with a probe 
in the plasma) or it could be the thermally excited plasmon field in the plasma. 

Let us first consider the mode conversion process where a transverse electromagnetic 
wave (ie, a photon) is converted into a longitudinal plasma wave (ie, a plasmon) by the 
double Cerenkov processes. Then in the final state If) there will be ( N o -  1) photons, 
( N ,  + 1) plasmons, and the electron moving with a velocity uf .  That is 

I f )  = IN0 - 1, N ,  + 1, Vf) .  

It may be pointed out that the final velocity uf of the electron will in general be different 
from its initial velocity vi since both energy and momentum must be conserved in the 
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transition from the initial state li) to the final state If). It is seen from (14) that the 
transition from the initial state IN,, N , ,  ui) to the final state IN, - 1, NI + 1, of) can take 
place through either of the two intermediate states 

(15) I f ' )  = IN,, N ,  + 1, U') 

I f " )  = INo - 1, N I ,  U"). 

and 

(16) 
In reaching the final state If) from the initial state li) through the intermediate state 
If') of (15) a plasmon is first emitted and a photon is subsequently absorbed, while in the 
passage through If") of (16) a photon is first absorbed and a plasmon is subsequently 
emitted. On making use of (4) to (9), (15) and (16) in (14), we find (after somewhat lengthy 
and tedious algebra) that the matrix element appropriate to the conversion of a photon 
to a plasmon may be written 

(N0-1, N,+1,~f lTINo,N, ,u i )  

Hence from (17) and (lo), the transition probability for the mode conversion of a photon 
to a plasmon may be written 

j(N,-1,Nl+1,~f;N,,N,,~i) 

x 6{h(w, - 0,) - h(k, - k , )  . [ U i  + h(k, - k1)/2p3}. 

We note that in (1 8) 

-(kO-kl) * [~i+h(ko-k1)/2~I},  (20) 
where we have made use of the fact that the polarization vector of the longitudinal 
plasmon c l  = k , / k , .  It is interesting to note from (20) that the transition probability 
for the mode conversion of a photon to a plasmon is proportional to 16,. c1I2. That is, 
the wavevector k, of the newly born plasmon tends to be predominantly in the direction 
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of the electric field co of the absorbed photon. Furthermore, it may be noted from (20) 
that the transition probability for the mode conversion of a photon to a plasmon is 
proportional to ( N ,  + 1). The term proportional to N ,  shows that it is possible to have 
‘stimulated mode conversion’; that is, mode conversion of photons to plasmons is 
enhanced if there are plasmons present in the initial state. 

Equation (20) is the transition probability for the mode conversion of a photon into 
a plasmon by an electron moving with a velocity u i .  We now wish to calculate the 
differential cross section for this mode conversion process. For this purpose we note 
that the incident flux of photons is N,c/L3 and 

(. . .) -, (“) 271 j dkk2 dR,(. . .), 
k 

where c is the velocity of light and dR, is the element of solid angle. Hence the differential 
cross section for this mode conversion process may be written 

Let F ( q )  represent the probability that the electron is in the initial state IuJ. We will 
assume that the probability function F(ui) is normalized such that 

J dui F(ui) = 1. 

Thus from (22) and (23), the ‘average differential cross section’ for this mode conversion 
process may be written 

where P denotes the principal value. The reason for taking the principal value in (24) 
is apparent from the restriction f ’  # i in the sum over f ’  in the second term on the right- 
hand side of (12). 

It is seen from (20) and (22) that the exact evaluation of the differential cross section 
do(vi)/d(l,, is extremely difficult. Hence let us now make a rough estimate of this 
differential cross section. For this purpose we will make the reasonable assumption 
that the wavelength of the electromagnetic waves is very much larger than the wavelength 
of the plasma waves; that is we will assume that k, << k, . Furthermore, we will assume 
that ui >> hk0/2p and ui >> h k , / 2 p ;  that is, we will neglect the terms corresponding to 
Compton recoil. Then the approximate form of (20) becomes 

AN,- 1, N ,  + 1, V f ;  No,  N , ,  Vi) 

= (2n/h2)N0(N1 + l)M;M:(W,/p)ZJ€, . €l/0,~26(w, - 0 1  + k l  * Vi). (25) 

The dielectric coefficient D N 1 -wi/w2, where cop is the plasma frequency. Hence 

a 
- ( 0 2 0 )  N 20. a. 
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Thus on making use of (8), (9), (25)  and (26) in (22)  we get 

The restriction imposed by the Dirac 6 function 6(oo-w, + k l  . vi) implies that the 
result of (27) is valid if and only if Iwo-oll < k , u , .  Hence the average differential 
cross section for the mode conversion of a photon into a plasmon by the electrons in a 
plasma may be written 

for (oo-opl < kDUT = up, where kD is the Debye wavenumber and uT is the average 
thermal velocity of the electrons in the plasma. Here we have assumed that the frequency 
of the plasmon o1 is approximately equal to the plasma frequency up and the wave- 
number of the plasmon k l  < k D  (ie, the plasmon wavelength must be greater than or 
equal to the plasma Debye length). Here again we may note from (28) that the polariza- 
tion vector E ,  of the newly born plasmon tends to be predominantly in the direction of 
the polarization vector eo of the absorbed photon. It is seen from (28) that (da/dQ,,) is 
proportional to ( N ,  + 1). The term proportional to one is due to Cerenkov absorption 
of the photon and the subsequent spontaneous Cerenkov emission of the plasmon, 
while the term proportional to N ,  is due to Cerenkov absorption of the photon and the 
subsequent stimulated Cerenkov emission of the plasmon. Thus, there is not only a 
spontaneous mode conversion but also a stimulated mode conversion. Since for most 
laboratory or fusion plasmas uT << c, we see from (28) that the cross section for the mode 
conversion of a photon to a plasmon will in general be very much larger than the square 
of the classical electron radius (q2/pc2)2  for Iwo-opl comparable to up. 

Let us now consider the other mode conversion process where a longitudinal plasma 
wave (ie, a plasmon) is converted into a transverse electromagnetic wave (ie, a photon). 
This process may also be looked upon as the emission of transverse electromagnetic 
waves by longitudinal plasma oscillations. This may occur in a laboratory beam-plasma 
system, or in extraterrestrial plasmas (such as the observed intense radio wave emission 
from the bright areas of the sun). It is known that large amplitude electron plasma 
oscillations can be excited in non-equilibrium plasmas (for example by the familiar 
two-stream instability or the inverse Landau damping). By mode conversion the large 
amplitude plasma oscillations can be transformed to transverse electromagnetic waves, 
and thus a non-equilibrium plasma may emit various forms of non-thermal radiation. 

Let us again start from the same initial state li) = IN,, N , ,  vi) of N o  photons, N ,  
plasmons, and an electron moving with a velocity u i .  Throughout this paper we con- 
sistently use the s u f i  zero to denote parameters appropriate to photons and the suffix 
one to denote parameters appropriate to plasmons. The final state for the mode 
conversion of a plasmon to a photon is If) = INo + 1, NI  - 1, U,), that is a state of 
( N o  + 1) photons, ( N ,  - 1) plasmons and the electron moving with the velocity v f .  This 
mode conversion process can occur through either of the two intermediate states 
I f ’ )  = IN,, Nl - 1, U’) and If”) = IN, + 1, N , ,  U”). Thus one can show (after a somewhat 
lengthy and tedious algebra) that the matrix element appropriate to the conversion of a 
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The transition probability for the mode conversion of a plasmon to a photon may be 
writ ten 

Here again we will make the reasonable assumption that 

Then on making use of (29), (30) becomes 

where c1 = k,/k. The incident flux of plasmons is N,vg /L3 ,  where ug = c?wl/akl is the 
group velocity of the plasmons. Thus on making use of (21) to sum over the final photon 
states, the differential cross section for the mode conversion of a plasmon to a photon 
may be written 

since for photons w, = ck,. Thus the ‘average differential cross section’ for this mode 
conversion process may be written 

where P denotes the principal value. 
It is clear from (31) and (32) that the exact evaluation of da(vi)/dnk0 is extremely 

difficult. Thus we will now make a rough estimate of this differential cross section. For 
this purpose we will neglect the terms corresponding to Compton recoil, that is we will 
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assume that vi  >> hk0/2p and vi  >> hk1/2p. Thus on making use of (8), (9), (26) and (31) 
in (32) we get 

2 

S[w,( 1 - k, . q/k,c)- (0, - k ,  . V i ) ]  
o o ( N o +  l)q4011c0. ell 

c3v,p21wo( 1 - k, . Ui/k0C)l 

= If0 * c1I2(N0 + 1)(q2/pc2)2(c/vg)[01/I(01 -k1 * ui)(l -ko * ui/koOII. (34) 
The restriction imposed by the Dirac 6 function 6[0,(1 -A,. ui/koc)-(w1 - k ,  . vi)] 
implies that the frequency w, of the newly born photon is such that 

o,(l - k, . u,/k,c) = (wl - k l  . Vi) .  

Since for most cases of practical interest 0: N o i [1+  3(kl&)2] >> ( k , ~ ~ ) ~  and (cT/c) << 1, 
the average differential cross section for mode conversion of a plasmon into a photon 
by the electrons in a plasma may be written 

(da/dQko) IcO * € 1  12(N0 + 1)(q2/pc2)2(c/cg), (35) 
where iD is the Debye length. The frequency w, of the newly born photon is 
0, ‘v wp[l +2(k1iD)2]. It is apparent from (35) that the polarization vector co of the 
newly born photon tends to be predominantly in the direction of the polarization 
vector c1 of the parent plasmon. Here again we see from (35) that (do/dR,,) is pro- 
portional to ( N o  + 1). The term proportional to one represents the spontaneous mode 
conversion process, while the term proportional to N o  represents the stimulated mode 
conversion process. Since w: ‘Y w,2[1+ 3(k1j%D)2], the group velocity 

t’g = awl/akl 2: {(OpA~)(3klA~)/[1 +&i.,)2]} = {0~(3klA~)/[l  +q(k1E*D)2]} 

Thus we see from (35) that the cross section for the mode conversion of a plasmon to a 
photon will in general be very much larger than the square of the classical electron radius 
(q2/pc2)2  since uT << c and k l i D  < 1 for most cases of practical interest. 

4. Discussion 

It is seen from (28) and (35) that the average differential cross sections for the mode 
conversions by double Cerenkov processes in plasmas can in general be very much 
larger than the square of the classical electron radius (q2/pc2)2. We now wish to show 
that for most cases of practical interest (ie, for laboratory plasmas, for laser fusion 
plasmas and for plasma parameters in the solar corona) stimulated mode conversion 
will in general exceed spontaneous mode conversion. For this purpose we now consider 
a plasma at thermodynamic equilibrium. Then one can show (Bekefi 1966) that in the 
classical limit (ie, hw << KT) the energy density U per unit frequency interval is 

U ,  = ~ ( ~ ~ ~ 2 / 2 ~ 2 ~ 3 ) ( 1  -opz/w2)1/2 (36) 

U1 = V(KTw2/2n2C3)3 - 3’2(c/UT)3( 1 - wi/w2)1’2 

for photons and 

(37) 
for plasmons of frequency w - wp. Here Vis the volume of the plasma. However, in 
non-equilibrium plasmas the energy densities will in general be very much larger than 
those given by (36) and (37). Thus the results of (36) and (37) represent the lower bound 
on energy densities that can be found in plasmas. It may be noted that for frequencies o 
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near the plasma frequency wp the energy density in the longitudinal mode U ,  is approxi- 
mately ( c / u , ) ~  greater than that in the transverse mode U,. Thus for w - cop, in general 
the stimulated mode conversion of photons into plasmons will be much more efficient 
than the reverse conversion of plasmons into photons. Since in general k l  >> k , ,  only 
the number N of quanta (either the photons or the plasmons) in the frequency interval 
Aw N hk:/2p where k,  N (0, -up)/+ can take part in the stimulated mode conversion 
processes. That is, the frequency interval of interest 

AO N (h/kT)(w,- ,  - C O ~ ) ~ .  (38) 

Since the number of quanta N = U A o / h o ,  it is relatively easy to show from (36), (37) 
and (38) that for equilibrium plasma N ,  of (28) and N o  of (35) are given by 

N ,  N ( V / ~ ~ ~ T ~ ) ( W , ~ - W , ) ~ / U ~  (39) 

N o  N ( V31’2/4x2)(~, -wp)3~0 /c3wp.  

and 

(40) 

respectively. Here I/ is the volume of interaction between the incident flux of quanta 
(either the photons or the plasmons) and the plasma. 

Let us now consider the mode conversion of photons into plasmons in a laboratory 
plasma of electron density no N 10l2 cm-3 and an electron temperature T 2: 4 eV. 
Further let us assume that the incident beam of electromagnetic energy has a cross 
sectional area of 10cm2 and the frequency of the incident photons w, 1: 1 . 1 ~ ~ .  If the 
incident electromagnetic beam traverses a distance 1 in the plasma, then the fraction f 
of the incident electromagnetic wave energy that will be converted into electrostatic 
plasma waves is given by 

f2: n,(da/dR,,)l. (41) 
For these conditions we find that (da/dRk,) 1: ( N ,  + 1) x 9.52 x cm2, 
N ,  1: 2.55 x 103V = 2.55 x 1041, and f 2: 9.52 x 10-91(2.55 x 1041+ 1). The distance 1 in 
which the entire incident electromagnetic wave energy is converted into electrostatic 
electron plasma waves (ie, the distance 1 for which f 2: 1) is 1 N 82.2 cm. For reasonable 
values of 1 since N ,  >> 1, we see that stimulated mode conversion is considerably larger 
than spontaneous mode conversion. The fact that the entire incident flux of photons is 
converted into plasmons in a distance of about 82.2cm seems to indicate that this 
nonlinear mode conversion by double Cerenkov processes in plasmas is a highly 
efficient process. By Landau damping these converted electrostatic plasma waves will 
then heat the plasma. Thus it appears that one should be able to heat a plasma via this 
nonlinear mode conversion process by shining on the plasma electromagnetic waves 
of frequency wo slightly above the plasma frequency wp . 

Let us now consider the mode conversion of photons into plasmons in typical laser 
fusion experiments. In present day experiments on laser produced plasmas one obtains 
an electron density no N 10’’ cm-3 and an electron temperature T N 100 eV. Let us 
assume that the incident laser beam is focused on a cross sectional area of 10-4cm2 
and the frequency of the incident photons O, 1: 1.1 wp. For these conditions we find 
that (da/dRk,) N (NI + 1) x 7.66 x cm2, N ,  2: 6.59 x 10” V = 6.59 x 10’1, and 
f 2: 7.66 x 10-41(6.59 x 1071+ 1). Hence the distance 1 in which the entire incident 
electromagnetic wave energy is converted into electrostatic electron plasma waves 
(ie, the distance 1 for which f N 1) is 1 1: 4.44 x 1O-j cm. Here again we see that for 
this value of 1, N ,  >> 1, and consequently stimulated mode conversion is considerably 
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larger than spontaneous mode conversion. By Landau damping these converted 
electrostatic plasma waves will then heat the laser produced plasma. 

Let us now consider the mode conversion of plasmons into photons in the solar 
corona. The generally accepted view is that an eruption from the chromosphere or 
lower corona yields a beam of electrons in the range of 20 to 200 keV. This electron beam 
travelling upward into the corona can excite large amplitude electron plasma oscilla- 
tions by the familiar two-stream instability. According to (35) these plasma oscillations 
can undergo mode conversion into transverse electromagnetic waves of frequency 
wo - 0,. In the solar corona the electron density no 2: 4 x lo9 cm-3 and the electron 
temperature T N lo5 K N 8.6 eV. Hence 0, N 3.58 x lo9 s-l, uT N 1.74 x 10'cms-', 
and the Debye length iD N 3.45 x cm. If we assume a 100 keV electron beam, then 
the beam velocity vB N 1.9 x 10" cm s- '. The wavenumber k ,  of the plasma oscillations 
that are excited by this electron beam is k ,  2: w,/vB N 1-88 x lo-' cm-'. Thus from 
(35) and (40) we obtain (do/dCl,,) 2: ( N o +  1) x 7.02 x cm2, 

N o  N 2.03 x lo-' I/ N 2.03 x 

and f N 241 x 10- "l(2.03 x 10-'l3 + l), where 1 is the characteristic scale length over 
which large amplitude plasma oscillations are excited in the solar corona. The character- 
istic length scale I in which the entire electrostatic electron plasma wave energy will be 
converted into transverse electromagnetic waves (ie, the length scale 1 for which f z 1) 
is E N 364 x lo4 cm. Here again one may note that for such scale lengths the stimulated 
mode conversion is considerably larger than the spontaneous mode conversion. 

We remarked earlier that other types of mode conversions can occur in a plasma 
due to either a density discontinuity or a density gradient. According to Tidman (1960) 
the efficiency of mode conversion due to a density discontinuity is much larger than 
that due to a smooth density gradient. However according to Bekefi (1966): 'The 
efficiency with which the two waves couple at a boundary-that is the fraction of the 
energy transferred from one mode to the o theraepends  very sensitively on just about 
every plasma parameter. Therefore, there is hardly a theoretical model (and there are 
several in the literature) that can be readily applied to a given experimental situation'. 
For this reason we find it extremely difficult to compare mode conversion efficiencies of a 
volume process (such as the one presented in this paper) with those associated with 
surface effects (such as the one associated with a density discontinuity). However, 
according to Kritz and Mintzer (1960), for the conversion of longitudinal plasma waves 
into transverse electromagnetic waves at a density discontinuity in the solar corona, 
the plasma waves must be incident within zero degrees eighteen minutes with respect 
to the normal to the density discontinuity (ie, a rather stringent condition). In particular 
for incident angles larger than zero degrees eighteen minutes there is no conversion of 
plasmons into photons at the density discontinuity. Taking the ratio of the densities 
across the discontinuity to be 2: 1, and for w N 1.10, (where up is the plasma frequency 
of the high dense medium) they find that lo-' < f < for incident angle 8 in the 
range 0" 5' < 9 < 0" 18'. Furthermore for 8 = 0 (ie, for a normally incident longi- 
tudinal wave) there is no mode conversion at all. But for conditions in the solar corona 
we showed earlier that for volume mode conversion by double Cerenkov processes 
f 2: 1 for characteristic length scales 1 - lo4 cm. It does therefore appear that the mode 
conversion efficiencies at a density discontinuity (a surface process) is smaller in magni- 
tude than those due to double Cerenkov processes (a volume process with a large 
conversion cross section). 
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