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tion of a lower limit for the absolute magnitude
of the cross section for v-uv photon production.
This lower limit is shown in Fig. 2 along with a
second estimate of the cross section. The sec-
ond estimate is obtained by normalizing the value
for the photon production cross section at 22 eV
in the c.m. system to that obtained by extrapolat-
ing McLaren and Hobson' s' linear function for
the excitation cross section. They report shock-
tube measurements of the threshold behavior of
excitation, in argon-argon collisions, to levels
in the ('P)4s configuration. Their experiment
does not distinguish between excitation to meta-
stable states and those which decay by allowing
transitions. Therefore, this second estimate
may serve as an upper limit to the absolute cross
section if it is assumed that the observed photons
originate principally from states below 13.8 eV
(the energy of the next excited state which may
decay by v-uv photon emission).

It is very interesting to compare the photon
production cross section with the cross section
for negative-charge production' in collisions be-
tween neutral agron atoms, also shown in Fig. 2.
One notes that the photon-production cross sec-
tion remains below the cross section for ioniza-
tion as the energy is increased. The most strik-
ing feature of the present results is the structure
between 60- and 80-eV c.m. energy. This struc-
ture is of the same form and over the same in-
terval as that found in the negative-charge pro-
duction cross section, shown in Fig. 2 as a solid
line. The meaning of this similarity between ion-
ization and photon production is not yet clear.

It may be the result of an energy resonance for
the formation of some excited state, atomic or
molecular in character, which decays either by
ionization or photon emission or both. In any
case, it is apparent that energetic photons, pro-
duced in considerable abundance even at low en-
ergies, may provide valuable information per-
taining to inelastic atomic collisions.
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An experimental analysis is made of the scattering of microwaves by the density fluc-
tuations due to electron plasma-wave instability in a beam-plasma system. Reasonably
good (i.e., within an order of magnitude) agreement is obta. ined with the Shapiro-Drum-
mond-Pines theoretical estimate of the energy associated with the "linearly unstable"
electron plasma waves at "quasilinear" steady state.

According to theory, a beam-plasma system
will become unstable against a growing plasma
oscillation due to a two-stream instability mech-
anism when the beam density is sufficiently large
and the beam velocity is approximately equal to
the phase velocity of the plasma wave. Shapiro'
has shown that even if initially the beam is not a

gentle bump, such a "linearly unstable" beam-
plasma system will in time reach a "quasilinear"
steady state of Drummond and Pines provided
the density of beam electrons is very much less
than that of the plasma electrons so that the
growth rate of the plasma waves due to the beam
electrons is less than the frequency of the plasma
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waves. In this quasisteady state the energy as-
sociated with the electron plasma wave under
consideration is several orders of magnitude
larger than its corresponding thermal equilibrium
value (i.e., the value in the absence of the beam).
Since the cross section for the scattering of elec-
tromagnetic waves from electron plasma waves"
is proportional to the energy of the plasma waves,
it is possible to carry out experiments on the
scattering of microwaves from the density fluctu-
ations associated with electron plasma-wave in-
stability. Indeed, Bohmer and Raether' and
Wharton and Malmberg' have previously reported
experimental observations of microwave scatter-
ing from unstable electron plasma waves of beam-
plasma systems. However, in these papers no
comparison is attempted between quasilinear the-
ory and experiment. It is our aim in this paper
to see how well the theoretical predictions of the
Shapiro-Drummond- Pines quasilinear theory are
borne out by our microwave- scattering experi-
ment.

In the theoretical analysis of this problem, one
considers an electromagnetic wave of frequency
co; =2'& and wave vector k; incident on a plasma
of electron number density n, in which there ex-
ists an electron plasma wave of frequency wz

=2'~, wave vector k~, and energy density $(k~,
~~). Let ar, =2', and k, be the frequency and

wave vector, respectively, of the scattered radi-
ation such that the energy and momentum con-
servation relations

and

(2)

respectively, are satisfied. Then one can show

that the differential cross section per electron
d'v(E~, co~)/dQd&e which represents the fraction of
the incident electromagnetic wave energy that is
scattered by a single plasma electron into a unit
frequency and solid-angle range around (mz, &/, )P
is given by

d'o(k, (u, )
d 5M',i

a conventional electrostatic energy analyzer in-
dicate that the normalized velocity distribution
function of the plasma electrons in the direction
of the beam may be approximated by'

f (v)

(2w)'/2v,
e o+-—y2/2 y 2 & — 2/2 2

(4)(2m)"'v,
1

7

where vT, /e =mv, /e =26 eV, t&T,/e =mv, '/e =680
eV, and a=7.7&10 ~. Similar measurements in-
dicate that the equivalent temperature' of the
beam electrons vT/, /e = mv/, '/e = 60 eV at a beam
voltage of Vz =mvd'/2e =3.9 kV, where vd is the
drift velocity of the beam electrons and 2v& is
the velocity spread of the beam around vd. Since
for our experiment v&/vd & (nz/n, )"'«1, where
n& and n, are the densities of the beam electrons
and the plasma electrons, respectively, our beam
is, according to Shapiro, initially a low-density
monoenergetic beam. When

(Op -k'PVd,

and when the ratio of the growth rate due to the
beam electrons to the damping rate due to the
plasma electrons" is

(6)

such a beam-plasma system is unstable, and in
the early stages of its time evolution the beam
becomes smeared out to such an extent' "that
the eventual quasisteady state of the system is
the quasilinear steady state of Drummond and
Pines. ' '2 At this quasilinear steady state the
energy density of the electron plasma waves per
unit wave-number interval is (to within an order
of magnitude) given by' "

Q/, b(k~, (u~) =w(6k, /2w)'$(k~, (u~)

= j —,'(-,'m)'/2n pm(u~'/k~',

where & refers to the component perpendicular
to vd, j=1 according to the Drummond-Pines
estimate, ' j =(8m)'/2 according to Shapiro's esti-
mate, ' and'

where 07(9& ) =(e2/mc2) [1-—, sin228& ] is theP p
Thomson cross section' for a scattering angle of
0Ap'

For our experiment, measurements made with

sin5 = (&kz~/kz) = (inc/R) "2(v,/v d).

Here, for the distribution function" of Eq. (4),
the number of e foldings R through which the
wave amplitude has gone before reaching the
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FIG. 1. Schematic diagram of the experimental ar-
rangement.

steady-state spectrum is given by'

(9)

The beam-plasma system under consideration
has cylindrical symmetry about vd, hence, for
microwave scattering with a pair of transmitter
and receiver horns each of which has an angular
resolution of +66I such that AI9& sinD =0, it is
relatively easy to show from Eqs. (3) and (7)
that the "average" cross section per plasma elec-
tron [i.err the frequency integral of Eq. (3) over
the entire plasma resonance line and the solid-
angle integral over the instrumental angular res-
olution b, 9 «8A ] is given by"

(~ 1/2

cr(k, (up) =a T(81, )jRml—

(10)

where AI9 is in radians.
Figure 1 is a schematic block diagram of the

experimental arrangement. The incident micro-
wave power (PI=6.0 mW) was modulated in the
line by a ferrite switch (at 10' Hz) and the detec-
tor was synchronized to this modulation frequen-
cy. The horn and lens combination was designed
to give a plane-parallel beam. Half-power points
appeared at about +3 from the center; that is
he =3m/180. The diameters of the cylindrical
plasma column and the beam were about 10 and

1.9 cm, respectively, and the length of the beam-
plasma system was about 200 cm. The scatter-
ing volume was approximately a 2 cm cube cen-
tered around the geometric center of the beam-
plasma system. In these experiments the cyclo-
tron frequency was 1.8 6Hz.
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FIG. 2. Scattered power as a function of frequency.
Experimental conditions are no = 1.34 X10 cm (i.e.,
f&=1.04 6Hz), beam voltage=3. 9 kV, incident power
=6 mW, beam current =47 mA (n& =2.8 &&10~ cm ),
receiver bandwidth=l. 6 MHz, and 0~=14', 0~ =O'. The
gas used was xenon at 6.4 &&10 6 Torr.

We first measured the scattered power at the
plasma frequency as a function of the beam elec-
tron density n& keeping all the other parameters
fixed. This scattered power at e~ first increased
steadily with n~, reached a maximum value, and
then decreased as n& was further increased. Fig-
ure 2 shows the frequency power spectrum mea-
sured at this maximum.

For the data shown in Fig. 2, the beam and
plasma parameters were kept fixed (at this max-
imum value of the scattered power vs nb), the re-
ceiver frequency was held at 34.47 6Hz (+0.8
MHz), and the transmitter frequency was varied
in steps of about 20 MHz, keeping the incident
power level at a constant value of 6.0 rnW for the
purpose of scanning the scattered frequency-
power spectrum. From the integrated area under
the frequency-power spectrum of Fig. 2, we get
the experimental value cr(kz, uz) = 9.4 x10 "cm'.
Since Hj, =81+ 9, =14', o T(8r, ) =7.5x10 "cm'.
From Eqs. (5) and (6) we get kz =1.77 cm ' and
inn=7. 28. Since 68=m/60, the theoretical Eqs.
(8), (9), and (10) yield sin6=0. 258, A =9.51,
v(k, rd~) = 9.35 x 10 "cm, and o'(k~, (u~)/o T(&g, )
=1.25 &10' for the Drummond-Pines estimate
[i.e., for j =1]; and for Shapiro's estimate [i.e.,
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for j =(8n)"2] we get sin6 =0.248, R=10.32, o(kz,
v~) =5.52&&10 "cm and [o(k~, ~z)/or(&q )]=7.36
&&10'.

The estimated uncertainty in the experimental
value of o(k~, u.~) is approximately a, factor of
4. There are two sources that contribute to this
factor of 4: (1) The correction that has been ap-
plied for the horn-to-horn insertion loss accounts
for one-half of this uncertainty; and (2), typically
the pair of angles OI, O„corresponding to maxi-
mum scattered signal, differed by approximately
2 each from the corresponding pair of angles OI,
6, predicted by Eqs. (1), (2), and (5), and conse-
quently the integrated area under the frequency-
power spectrum for the two cases differed by a
factor of as much as 2. For the results discussed
above, this latter factor of 2 is such as to double
the experimental value quoted above.

That is, our microwave scattering experiment
yields

o(k„co,)
7 10,0 6

g10 + (g )
' -0. 3&

P

while Drummond-Pines quasilinear estimate
yields

lo '("-""- ) =7.1010 o (g )

and Shapiro's estimate is

lo '"-""'--' =7.87.

Thus we believe that our experimental result is
in reasonably good agreement with the Shapiro-
Drummond-Pines theoretical estimate of o(k~,
~~) based on their quasilinear theory.
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