RESEARCH NOTES

Fia. 4. Vertical and horizontal probes placed 10 em apart_in
the plasma column.

nearest the horizontal probe shadow will also
experience horizontal E xB and Vp xB forces due
to the electric field and density gradient at the
edge of the horizontal probe shadow. Ion probe
measurements show that the plasma has begun to
fill in the space downstream from the horizontal
probe by the time it reaches the vertical probe.
Therefore, at the cross section of the vertical probe,
the measured electric field and density gradient at
the edge of the horizontal probe shadow are much
less than the electric field and density gradient at
the edge of the vertical probe shadow. Therefore,
there was virtually no distortion of the vertical
probe shadow as shown in Fig. 4.

There is no electric field or large density gradient
at the central core of the plasma. The plasma core
does not show any rotation, as indicated by the
stationary structure of the core of the plasma
column and by the lack of observable oscillations
in this region. At the periphery of the column the
E x B force is larger than the Vp x B force; therefore,
the plasma rotates in the E x B direction, and oscilla-
tions are observed. Producing an electric field and a
pressure gradient at the center of the plasma column
results in a dominant Vp x B drift as shown in Fig. 4.
This implies that producing an artificial boundary
at regions of large electric fields may result in a
pressure drift large enough to reduce the E xB
mass motion.
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helpful discussions.
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In a recent paper Lerche' presents a calculation
of the enhanced transverse bremsstrahlung produced
by two subluminous longitudinal waves from a
plasma containing an isotropic ultrarelativistic tail.
The calculation is similar to a nonrelativistic calcula-
tion of enhanced ‘bremsstrahlung by Tidman and
Dupree’ which in turn is based on an emission
formula derived by Dupree.’ It is not obvious that
by substituting relativistic spectral densities into
these formulas one can find relativistically correct
emission results. The relativistically correct emission
formula was recently derived by Papadopoulos.® It
is the purpose of this note to discuss the relationship
of the results of Dupree and Papadopoulos, and to
examine the accuracy of Lerche’s' Eq. (2) for the
situation he considered.

The emission formula derived by Papadopoulos*
is (using the notation of Ref. 1)

wiw;Q-rqﬁ id_I,{_, f ’
a.g.s o’ K2 dw

dal _ o] @ — )"
-[(K')_ZT“?(K — K, 0 — o)S" (K, ")

dw 8r°c®
+ K — K[ AYK, o)A (K — K, 0 — o)].

(1)

The following definitions are used:
Taﬂ(K,! CU') = <QIO‘J.Q§.L i K,s w’)v (2)
A*(K’, o) = (@i} | K/, o), (3)

QIE!,w) = m, [ dpfi(K’, o, DE(K’; K, 5 B),
@

gK'; K, w;p) = K- [v(1 — Koo ™™, (5)
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Here f,*(K’, o', p) is the usual first-order perturba-
tion to the distribution function and subscript 1
means “‘transverse to the emitted wave vector K.”

Since our primary interest is the emission from
electron—electron encounters, we restrict our analysis
to this case. This simplifies the mathematics without
affecting the generality of the conclusions.’ In this
case, Eq. (1) can be cast in the form

are |l (0 — o) wie dK’
do © 8¢’ fdw
((K)T*(K — K, 0 — o")S”(K’, o)
+ K- K'[?A"(K — K, 0 — " )A"(K’, »')]. (6)

The correlation functions S°°, 7%, and A** can be
calculated using Rostoker’s test-particle model.’
If we consider the ions as forming a uniform neutral-
izing background, then Eqgs. (2)~(4) become

S, o) = |DK', )" nims | K, '), (D)
Te(XK, o)
= [DK', )| [I1 — LK, o))" (@5Q | K’, ")

+ 2(Re A’ — Re L, Re A* — Im L, Im A")

Qs | K/, o)
+ |A (X', o)|* ning | K, o)l ®)
A*(K!, o)
= |D(X', )| (J]1 — Re L] (Qins | K’, o’

4+ Re A(ngng | K/, o)), 9

where the dielectric properties of the plasma are
given by

(LUK, ); 4K, )] = wlm (K
[ ok SRy — 11 0 K, 0 ), (10
DK, o') =1 — L(X, o). )

Also the correlation functions of the particles
moving in their unperturbed trajectories are ex-
pressed by

mng | K, w
miQs | X7, w’) = 2x f dp 8’ — K'-v)fi(p)
(Q:Q5 | K/, o)
1
| meg (K5 K, w;p) |-
m.g’(K'; K, »; p)

Equations (6)—(12) accurately describe the electron—
electron emission from a plasma in terms of the

(12)
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electron distribution function. The plasma may be
relativistic or not.
We now notice that if we approximate

K'-(9/8p){v.[l — (K-v/w)]™'} by K{m]",
then
A — m]'K!L,,
Q@ | K/,

’> — ma 2-[{'2<n0n0 l K’y w,>a
and
Qo | K, o'y = m ' K'ilniny | K/, o).

Using the above approximation Dupree’s formula
is recovered. The effects of such an assumption and
the resulting error depend on the particular situation
under discussion. However, some general remarks
can be made without reference to particular situa-
tions. If the relevant velocities are relativistic, the
substitution 9/6p — m;'(8/dv) will result in a
difference of the order of the Jacobian, J(|vl/|p)),
which can be substantial. For generation of trans-
verse waves with phase velocity w > ¢K but w ~ ¢K,
the approximation 1 — K+v/w ~ 1 may be rather
poor and some care must be exercised with regard
to the number of terms that must be kept in expand-
ing [1 — (K-v/w)]™ as a power series in (K-v/w).
Dupree’s formula has been used® to calculate
quadrupole electron—electron radiation (the dipole
electron—electron radiation being zero). Although
quadrupole radiation was found by expanding the
density correlations with argument (K — K’) in a
Taylor series with respect to |K|-|K’|™, the final
result underestimated the radiation because some
terms of quadrupole order were omitted {e.g.,
(K- v/w) from the expansion of {1 — (K-v/w)]7,
and v*/¢ from J(lv[/[p[)}

We now examine the particular situation con-
sidered by Lerche.!! An electron plasma with dis-
tribution function

fillpD = f. (thermal) + = f.(jp)  (13)

with
fr = (&)_7 (74—21)
o T

is immersed in a neutralizing ion background. Here,
f-(pl) represents a relativistic tail and =, ny are
the number densities of the relativistic and thermal
electrons, respectively, with nn, ' < 1. We are
interested in the transverse emission at frequency ~
2w,, due to the ‘“‘collision” of two longitudinal
fluctuations at frequencies ~ w,. Thus, we require
the values of 8%, T°°, etc., at the resonances
of [D(K’, '|*. From Egs. (6)~(12) we find that at
resonance

; Yy>3,p>p
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dK’
&

dIse 2)1/2

2 4 2 2 2

| (0 — w,) " we Tw,

- = 5.3 2z T i
dw 8x’c w 4

{[|Re A*(K — K’, w,)|* (K/)
+ |K — K’|” Re AK — K’, w,) Re A(K!, ©,)]

iy | K, o )niny | K — K/, o)
[im DK — X', w,)] |Im DK, o,)]

+

(8w — 2w,) + 8w + 2w,)]} (14)
since

Ipae, oy o Ed g Kol

We are mainly concerned with waves which
resonate with relativistic particles so that the
domain of K’ is' w./c < K' < (w,/vey)a”'. The
balance of emission and absorption for these phase
velocities is controlled by the relativistic particles.
Thus, the dominant contribution to

(ning | K/, ;o,)(nﬁn‘g K — K, 0,)
[im DK, w)| [Im DK — K/, w,)]
(16)

(K, K) =

is given by the relativistic part of the distribution
function.! For the function given by (13) we obtain

4K” |K — K 'Jé'é

ws 0’| jo — &' n3ly — 1)2.

(K, K') = (17)

However, since nv%, >> n,c” the dominant part of
A'(K', w,) is due to the thermal electrons. Then, for
a thermal Maxwellian

®,(K, K’) = |Re &K — K, w,)|” (K)™
+ |[K — K’|* Re AK — K/, w,) Re A'K’, w,)

o K = 2K-KNEL

KIZ lK — K/l2 (18)
Combining (14)-(18) we obtain
. 2v3 & AL
I"@w.) =~ 3r'(y je1)2053 (((%(i_;.) <§f_;.) ) (19)

Comparing (19) with Eq. (61) of Ref. 1 we find a
numerical factor of 15 larger. However, the func-
tional dependence of the two results is identical.
The reason for the same functional dependence
is the existence in both cases of the factor &,(K, K').
In the cases considered in Ref. (1) and here, it is
this factor which controls the balance of waves.
This factor appears in exactly the same form in the
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nonrelativistic and the relativistic treatment, al-
though its specific evaluation depends on the form
of the distribution funection. The factor 15 comes
from ®,(K, K’) which is different in the relativistic
and nonrelativistic cases since K’ can approach
w,/¢ from above.

The final intensity of emission is extremely
sensitive to the choice of distribution function for
the ultrarelativistic electrons, e.g., a further en-
hancement by about a factor of 10 appears in
Eq. (18) for the case of relativistic Maxwellian tail,
of the same mean energy per particle as the p™”
distribution. In view of this and the uncertainties
involved in the parameters for astrophysical plasmas
we conclude that the results given by Lerche
adequately represent the situation which he in-
vestigated.

However, in the more general context of brems-
strahlung from plasmas which contain or are
suspected of containing a relativistic, or even mildly
relativistic, component it is clear that the general
formula Eq. (6) should be used. The specific results
of either Lerche or Papadopoulos, who evaluated
the radiation formulas for choices of ultrarelativistic
and thermal plasma distribution functions [viz., p~*
for Lerche; exp (—olp|) for Papadopoulos] are
valid only within the framework of first approxima-
tions to Eq. (6).

We believe that the general functional dependence
of the enhanced bremsstrahlung at ~2w, will remain
the same for nearly all physical choices of thermal
and relativistic distribution functions. Of course it
is always possible to choose a distribution function
which disproves the above statement, however the
“cooking conditions’ for such a distribution function
would themselves have to be particular rather than
general.

The authors are grateful to Professor D. A.
Tidman for several discussions concerning this
paper.
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