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of Helium for Slow Electrons*

J. M. ANDERSON) AND L. GOLDSTEIN

DePartment of Electrical Engineering, University of Illsnois, Urbana, Illinois

(Received December 16, 1955)

The method of interaction of rnicrowaves in gaseous discharge plasmas has been applied to a determina-
tion of the variation of the effective collision cross section for momentum transfer, q, of helium atoms with
electrons having energies from 0.04 to 0.4 ev. Under our experimental conditions with electron densities
&10' electrons/cc, appropriate charge interactions have been considered. The mean fraction of excess
energy loss of slow electrons upon collision, G, was found to be ~2.7X10 ', the expected 2m/bI value.

INTRODUCTION

HE phenomenon of interaction of guided micro-
waves in gaseous discharge plasmas, previously

reported, ' enables a determination of the "effective"
electron collision cross section for momentum transfer
in the collision of free electrons with other heavier
constituents of the plasma. A preceding article' (re-
ferred to here after as I) reported a determination of the
"effective" collision cross section of helium atoms and
singly charged positive ions for slow electrons having
a mean energy of 0.039 ev, corresponding to room
temperature ( 300'K). It was shown in I that the
"effective" electron-molecule collision frequency, v, for
room temperature electrons with helium atoms was
found to be 3.12)&10s/sec mm Hg, giving an effective
collision cross section, q, equal to 6.8&(10 "cm' or a
probability of collision for momentum transfer, I',
equal to 24 cm'/cm' at O'C and 1 mm Hg. In the
present discussion a controlled variation of the mean
energy of the electrons in a decaying, initially room
temperature, isothermal, discharge plasma established
in helium permits the determination of the variatioe of

q or I' with electron energy. The geometries and
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assemblage of apparatus of the experiment are identical
to those described in I. The momentum scattering of
electrons by positive ions of the plasma was minimized
in this case, however, by appropriate experimental
conditions of relatively high gas pressures.

Briefly the conduct of the experiment is as follows:
the discharge plasma, contained in a thin-wall Pyrex
discharge tube located coaxially in square wave guide,
is produced by application of a repetitious two-micro-

second high-voltage dc pulse to a cathode and anode
external to the guide. At appropriate times in the after-
glow thus formed, two or more low-level microwaves
are propagated. The higher power-level ((0.5 watt)
"disturbing" microwave is a 1- to 100-microsecond
duration square pulse of microwave energy at a fre-

quency of 8600 Mc/sec. The "wanted" wave, lower in

power level by &30 db, is a continuous wave at 9400
Mc/sec. Some fraction of the "disturbing" wave

energy is absorbed by the plasma medium. The electro-
magnetic energy extracted increases the mean agita-
tional energy of the free electrons of the plasma. This
increase in electron energy alters the effective electron
collision frequency with other heavier constituents of
the plasma. The second "wanted" microwave is utilized
to detect these small changes in collision frequency, its
absorption being proportional to the product of electron
collision frequency and electron number density.

Recent measurement of the microwave conductivity
in the afterglow of a pulsed discharge in helium has
been reported by Gould and Brown. ' They utilize

3 L. Gould and S. C. Brown, Phys. Rev. 95, 897 (1954).



934 J. M. ANDERSON AND L. GOLDSTEIN

cavity techniques4 in a similar method of microwave
interaction. The variation of the probability of collision
for momentum transfer, P, with electron energy re-
ported by Gould and Brown, is dissimilar to other
earlier determinations in 'that it does not contain small
variations in P for energies (1 ev as measured by
Ramsauer and Kollath' and by Normand. ' It, there-
fore, appears advisable to re-examine the variation of
the helium cross section for electrons in this energy
range utilizing the technique of cross modulation of
propagating microwaves, in order to take advantage of
the high degree of relative accuracy possible by this
technique for small variations of electron energy.

locities of the electrons is assumed to exist at all times.
This appears to be justified, due primarily to electron-
electron interactions at the electron densities here
considered.

In each macroscopic volume of the plasma medi'ura. ,
the balance of mean agitational energy for each electron
may be shown to be

dQ.
+t v (Q.—Q )= o,+ g'T„—

dt 2n, n,

where 0„ is the real part of the complex high-frequency
conductivity of the plasma and is assumed to be of
the form

PRELIMINARY CONSIDERATIONS o „=(n,e'/maP) v„; (2)
A determination of the variation of P as a function

of electron energy follows immediately from an experi-
mental determination of the variation of effective elec-
tron collision frequency, v, as a function of mean elec-
tron energy. In an evaluation of v, the following
difhculties arise:

(1) Microwave energy is absorbed nonuniformly in
the plasma, because of nonuniform applied microwave
electric field strength and nonhomogeneous electrical
conductivity of the plasma.

(2) Heat may propagate through the plasma because
of gradients of temperature and charge density.

(3) The electron gas loses energy in collisional con-
tact with gas molecules and ions. The relaxation time
for electron-molecule energy exchange is ~1/G v,
where G is the mean fraction of excess electron-energy
lost in each collision and is =2m/M', where m/3f is the
ratio of electronic to atomic mass. The similar factor,
G;, for electron-ion collisions has not as yet been satis-
factorily determined; based, however, on experimental
results, shown in I, it will be neglected hereafter.

(4) The variation of microwave conductivity of the
plasma as a function of mean electron energy is not
known (precisely the quantity to be determined).

In the following it will be assumed that no change in
electron density distribution occurs during periods of
elevated electron temperature, T„ in the presence of
the disturbing wave ((20 microseconds). That is to
say, it is expected that a steady state in electron tem-
perature may establish in such short time intervals,
but that the slower redistribution of electron density
(as a result of T, gradients) has not had time to take
place. Such a "quasi" steady state is experimentally
observed by negligible variation of the phase constant
associated with wave propagation in the plasma-filled
wave guide during the "heating" process. Indeed, the
phase constant measured is sensitive to distribution as
well as total electron density. Further, in any macro-
scopic volume, the Max wellian distribution of ve-

4 L. Gould and S. C. Brown, J. Appl. Phys. 24, 1053 (1953).' C. Ramsauer and R. Kollath, Ann. Physik 3, 536 (1929).' C. E. Normand, Phys. Rev. 35, 1217 (1930).

Q, and Q are the mean agitational energies of the
electrons and atoms, respectively; E'~e'"' is the
microwave electric field in the plasma medium; e and
m are electronic charge and mass, respectively; n. is
the electron density, and E is the heat transfer co-
ef5cient. Since Q, = zskT„where k is Boltzmann's con-
stant, and in the "quasi" steady state, described above,
dT,/dt=0, the T, may be written as

T,=T + +— g'T, .
3mkGco' 3kn, Gv

(3)

The usually considered processes of heat propagation
through the plasma medium, such as those due to ambi-
polar diffusion, emission and absorption of radiation,
diffusion of hot electrons through the gas of neutral
atoms, etc., and which do not take into account elec-
tron-electron interaction, may be shown to be negligible
for the short time intervals of measurement and rela-
tively small gradients of temperature in our experiment.
A heat transfer coefIicient for the completely ionized
gas which does include the influence of electron-
electron interaction has been given by Spitzer and
Harm. ~ The evaluation of this coefFicient for the charge
densities of our experiment predicts appreciable heat
transfer through the electron gas of the plasma, and the
time constant associated with this heat transfer
(~10 second) is calculated to be so small that
some amount of temperature equalization may take
place in the short time interval of measurement in the
experiment. However, it is doubtful that the coefIicient
given by Spitzer and Harm is applicable in our case
of relatively low percent ionization ( 0.001%), since
even if electron-electron interaction is taken into
account, the presence of a large density of effective
scattering centers (here the neutral atoms) would reduce
heat transfer with respect to that of the completely
ionized gas. Regardless of this latter statement, the
total microwave energy dissipation in the plasma, with
inclusion of this rapid heat propagation as given by

r L. Spitzer and R. Harm, Phys, Rev. 89, 977 (1953).
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the coeKcient for a completely ionized gas, was calcu-
lated by an approximate procedure. A comparison with
the experimentally determined microwave energy dis-
sipation shows considerable discrepancy, as will be
discussed later. A further qualitative, but we believe
significant, experimental observation by the phenomena
of afterglow quenching' is also an argument in favor
of a much smaller and probably negligible heat transfer
coeKcient. Viewing the emitted light of the afterglow
with a photomultiplier free to move along the discharge
tube, the quenching of the afterglow is observed to
vary within experimental error as the expected ex-
ponential loss of microwave energy in propagation
along the plasma-filled wave guide. Rapid heat propaga-
tion through the plasma with consequent temperature
equalization would tend to destroy this agreement. The
electron temperature distribution is, therefore, in what
follows assumed to be little influenced by propagation
of heat in the plasma.

PROBABILITY OF COLLISION AND ITS
VARIATION WITH ELECTRON ENERGY

The calculation of the expected total microwave in-
sertion loss in the plasma-filled portion of the wave guide
is reasonably simple of solution if it is assumed initially
that negligible heat propagates in the plasma and that
the probability of collision for momentum transfer,
I', is independent of electron energy. A procedure for
calculation of this total microwave energy loss under
these assumptions is given in Appendix I. When the
results of this calculation are compared with the. ex-
perimentally determined loss, and discrepancy is noted,
such deviation could perhaps be due to a variation of
I' with electron energy. With this supposition and
admitting the difFiculty of a complete solution for the
effective electron collision frequency, v, as a function
of electron temperature, and, what is the same thing,
P as a function of electron velocity, it is further
assumed that the discrepancy between theory and
experiment is to a first approximation linearly related
to a change in v away from that value predicted by
constant I' . For the condition of little total microwave
loss, some average value of the electric field in the
plasma medium is assigned for each amplitude of the
incident disturbing wave in order to determine the
corresponding electron temperature. If the variation of
v is not appreciably different from v T,' the error
in this procedure is probably not great. Finally, the
measured v will be expressed as a series of powers of T, :

v„=Pb„T.'"+&

where
8 lr2kl'"+' t"

b„=a„pp —
~

—
I

' I"+' exp( —u')dg,
3+s. km) ~p

2e eppp (X~)n=
(

—
~
(1.14v +0.765v;, , ).

pr'mes 2~)
(6)

However, as already mentioned for the case here dis-
cussed, v,«v . Hence,

Bn 2 28e'Nppp (.X,) Bv

Bt pr'duo (2') Bt
(7)

But from Eq. (13) of I, Bv /Bt is readily obtained,
and finally

Pp is the pressure normalized to 0 C, and u= (m/2kT, )'tt.

EXCESS ELECTRON ENERGY LOSS FACTOR,
6, IN HELIUM

Observation of the character of the pulse modulation
transferred to the wanted wave under the conditions of
experimentation previously described, will permit a
determination of the mean fraction of excess energy
lost, G, by an electron in colliding with heavier con-
stituents of the plasma. In the simplest case of small
deviation of the collision frequency of the electrons the
relaxation time constant associated with the effect of
cross-modulation is related to the effective electron
collision frequency and the loss factor G by, r 1/Gv,
as shown in I. More specifically, a measure of the rate
of change of transmission of the wanted wave as a
function of time, immediately after removal of the
pulsed disturbing wave, and a knowledge of the ex-
tremes of electron collision frequency during the cross-
modulation effect, suKce to calculate G. However, the
precision with which this factor may be determined will

be limited by the necessary fo1lowing assumptions. As
before, an average microwave electric field applicable
for the entire length of the plasma is assumed for each
incident disturbing wave amplitude, which is equivalent
to assigning an average value of electron collision fre-
quency to apply along the discharge tube and in the
important central region of the waveguide transverse
to microwave propagation. Further, the collision proba-
bility, P, is considered constant with electron energy,
in the range here involved. Under these conditions the
following expression may be written.

It was shown in I that the attenuation constant o. is
given by

from which the coeKcients of a series expansion of I'
in terms of electron velocity, e, follow immediately, f,=O

2.28e'eppp t' Xp q

I
—

i
"G

E2pr) F'—2F+1
(8)

P„=Pa„v",

' Goldstein, Anderson, and Clark, Phys. Rev. 90, 486 (1953).

where F= (v'+vp)/(v' —vp), vp is the initial electron
collision frequency in the isothermal plasma, and v' is
the elevated steady-state value of v during the eGect
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Gae Temperature 3004K
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Fto. I. Comparison of total attenuation of the 8600-Mc/sec
wave by the plasma medium with that which would be expected
by theory. (See text for description. )

of cross modulation. Time, 1=0, coincides with re-
moval of the disturbing wave pulse.

EXPERIMENTAL RESULTS AND CONCLUSIONS

A measurement was made of the variation of total
loss of microwave energy in the plasma-filled portion of
the wave guide as a function of incident electric field
strength of the disturbing wave, which leads indirectly
to the variation of the effective electron collision fre-
quency with helium atoms as a function of the electron
temperature. In a determination of microwave energy
loss, the amplitude of the transmitted and detected
continuous wanted wave, &oB/2s-=9400 Mc/sec, was
recorded photographically while simultaneously a
higher power-level, (max -', watt) 20-microsecond
duration pulse of disturbing wave, &e~/2s =8600
Mc/sec, was propagated through the plasma. The
measurements were made at a time when the electron
density, mo, reached the selected value of 2.5&&10"
electrons/cc in the plasma decay, and the gas pressure
in this experiment was 10.15 mm of Hg. These condi-
tions were chosen to satisfy the assumptions previously
stated. The disturbing wave was attenuated at its
source in steps of 0, 1, 2, 3, 4, 6, and 10 db from a

~ I

maximum incident power level of 410 milliwatts. At
8600 Mc/sec this maximum power implies a maximum
electric field strength in the square wave guide of 15.3
volts/cm. After treatment according to calibration of
equipment, the insertion loss of the wanted wave for
various levels of disturbing wave is reproduced in
Table I. ReQection of both microwave signals from the
discontinuities due to the discharge tube proves to be
small, allowing the insertion loss measured to be taken
with negligible error as the true attenuation in the
plasma.

The total attenuation of the 8600-Mc/sec disturbing
wave in the plasma (self-distortion, see I) is linearly
related to the right column of Table I, according to
Eq. (19), of Appendix I. In passing it may be noted
that an average of measurements of the effective elec-
tron collision frequency in the isotherma1 room tem-
perature plasma established in helium made at a micro-
wave frequency of 9400 mc/sec, agrees within 2%
with measurements at 8600 Mc/sec.

From the earlier development with the viewpoint of
negligible heat propagation in the plasma, the calcu-
lated total microwave energy in the plasma in decibels
for the 8600-Mc/sec signal is given in Fig. 1 as the solid
curve. The dotted curve is for a similar calculation
assuming rapid heat propagation (equalization of T,)
over the cross section of the wave guide but negligible
heat propagation along the discharge tube. Such as-
sumptions are admittedly an oversimplification of fact
but will permit a reasonable simple calculation for the
purpose of comparison. The data are seen to fall above
both calculated curves at the higher temperatures but
to agree fairly well with the solid curve at low tempera-
tures. The discrepancy between experiment and the
solid curve is, at most, 3.5%, and therefore any
signihcance of the discrepancy may be shrouded in ex-
perimental error. However, the experimental points
possess no appreciable random nature, but rather follow
a well-described pattern. Further, this type of data
depends strongly upon relative measurements which
are inherently more accurate. The discrepancy be-

TABLE I. Attenuation of the transmitted (9400-Mc/sec)
wanted wave through the plasma in the presence of simultane-
ously propagated (8600-Mc/sec) disturbing waves of various
levels.

O
0)

IT) 0
Electron Temperature('K)

Frc. 2. Variation of "eGective" electron-molecule collision fre-
quency in the afterglow established in helium as a function of
electron temperature (gas temperature ~300'K).

Attenuation of inci-
dent 8600-Mc/sec
disturbing wave

power source
(decibels)

0

2
3

6
8

10

Maximum incident electric
field strength of the
8600-Mc/sec wave

(volts/cm)

15.3
13.5
12.15
10.84
9.65
7.77
6.09
4.83
0

Attenuation of propa-
gating 9400-Mc/sec

wanted wave by
the plasma
(decibels)

2.41
2.245
2.06
1.904
1.767
1.536
1.377
1.256
1.045
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FIG. 3. Comparison of experimentally determined collision
probabilities for slow electrons in helium. (1) indicates the result
of this work, Eq. (9), (2) is the total probability of collision from
the measurements of Ramsauer and Kollath, and (3) is the
momentum transfer collision probability recently determined by
Gould and Brown. (See text for further discussion. )

9 H. S. W. Massey and E. H. S. Burhop, Electronic aid Ionic
Impact Phenomena (Oxford University Press, New pork, 1952),
p. 9g,

tween the dotted curve and experiment is appreciable,
which does not lend strong support to the hypothesis of
strong electron temperature equalization in the plasma.

If the discrepancy between the solid curve and the
experiment is interpreted as a variation of the effective
electron collision frequency with temperature of the
electrons in the manner described earlier, the result
obtained is recorded in Fig. 2. The solid curve presumes
that g is dependent upon T,', or, in other words, that
I', is a constant and equal to 24.0 cm'/crn'. The
experimental points are seen to fall above the solid
curve for T,&700'K, and at the highest temperature
there is a tendency to return or cross over the solid
curve. This "hump" in v predicts, therefore, a "hump"
in the curve of P versus electron energy. To obtain the
course of I', proceeding as shown in Eqs. (4) and (5),
v was expressed in terms of T„and the coefficients
ao through a4 solved from five simultaneous linear
equations. Finally

I' =54.8—4.975X10 's+2.77X10 "s'
—6 OOX10 "&'+4.53X10 "s' (cgs units). (9)

In the above, four significant figures were carried only
to help remove arithmetic errors. The values of P
given by Eq. (9) are plotted as the curve labeled (1) of
Fig. 3. The transcribed results of Ramsauer and
Kollath' for the total probability of collision, P., ob-
tained from monoenergetic beam type experiments are
given as the crosses and circles, (2). It is doubtful that
P, differs by more than a few percent from P under
the conditions of our experiment, since for lower
energies, electrons generally tend toward isotropic
scattering in helium. ' The lower solid curve (3) is that
recently found by Gould and Brown. '
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The results of calculation of the excess electron
energy loss factor, G, according to Eq. (8), are given
on Fig. 4, along with the expected value of G=2rtt/M
=2.7X10 ' for helium (dashed curve). The spread of
the data is a reflection of the diKculty of accurate
determination of the rate of change in amplitude of
the wanted wave at precisely t =0. However, agreement
within the expected precision with the theoretical value
of 6 is noted.

The experimental results reported here seem to lend

support to a slight variation of P with electron energy
in the range of energies investigated, which is in some
agreement with the original work of Ramsauer and
Kollath. In view of the difIiculties involved in these
determinations, the above results in the unfortunately
narrow energy range should not be considered Anal.

APPENDIX I. CALCULATION OF TOTAL MICRO-
WAVE POWER LOSS IN THE PLASMA

At any point in the cross section of the wave guide
where free electron density exists, the temperature of
the electron gas in the previously discussed "quasi"
steady state is determined by the prevailing microwave
held strength and constants of the experiment ac-
cording to

(10)

Assume initially that the probability of collision of
electrons with molecules for momentum transfer, P,
around 300'K, is a constant= 24.0. The effective
electron collision frequency cs then ~T,&, and under
our conditions of experiment, T =300'K and pressure
p=10.15 mm of Hg, the effective electron collision
frequency becomes

v =1.83&108T,&.

The microwave power dissipated, Pl., in a volume of the
discharge tube contained by the two transverse dimen-
sions of the guide (a= 2,07 cm) and Qs in the propagat-

0 ~ ~ ~ I I I ~ ~ ~

.02 .04 .06 .06 .IO .l2 .l4 J6 A8 ~ .22 .24 .26
Mean Electron Energy (ev)

Fio. 4. Experimentally determined fractional excess electron en-
ergy loss, G, in a decaying plasma established in helium.
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where the electron density distribution, determined
primarily be ambipolar diGusion, is approximated by

'I = sp cos(pl x/a') cos(pry/a'),

where u' is the internal diameter of the discharge tube
and x and y are the transverse axes with origin of co-
ordinates at the central axis of the guide. Treating n as
a slowly varying function of s and of E', Eq. (12) may
further be written

1 i
"" (prx)

I'& [E'['——(1 —e '—D~'—) ' cos[ —[dy
nn ~p «')

ape' t "" (prx) f~x~ -»
X3.17X10' cos'[ —

[
1+b' cos'[ —

[ dx,
nuoD'&p 0 a) ( a j

where
e'[E'['

3mcoD'6~~m

or, finally, replacing e' by a in the x integration for
ease of handling (a small error enters in this procedure),

IE'Ip
t
a') (a) e,ep

(1—e ' ~~')
[

—[[ —[3.17X10'
aD i pr ) Kpr) mMD

3 1 3b 2 1) b

X —+—+[ + [ are sin . (13)
8 8b' & 8 8b 8b' j (1+b')'*

ing s-axis is

q
"~' ~"I' [' [E'[' (~xq (~x)

Pl, ——4 cos'[ —
[ cos[ —

[

Jp &p 4p 2 Ea j (a'J

(~yy &pe'

Xcos[ —, I
v e 'D*dxdyds, (12)Ea') nu D'

Equating Eqs. (13) and (14), the attenuation constant,
n~, is found to be

t'lip) (4'l (a p (a) Npep

(3 17X10')
(2 ) I a') &pr j Epr) pug '

3 1 (3b 2 1 i b
X —+—+ + arc sin

.8 8b' E8 8b 8bP) (1+bP)»
(15)

The bracketed portion of Eq. (15) is diflicult to handle
in further intergrations and is, therefore, approximated
by the simpler function,

2
5 90b+.

3.96b+3

Evaluating nD for this experiment at ep=2.5)&10"
elec/cc, one obtains (in mks rational units)

nD ——0.1580

6.62X10 '[E'['+2.98X10 '[E'[+2
6.67X 10-P [E'[+3

(16)

= —Q~l&. (17)

The desired result is, however, the total attenuation
in the plasma filled portion of wave guide, which follows
immediately from the known magnitude of the incident
electric field, [E,' [, and a calculation of the microwave
electric field emerging from the plasma, [E,[, after
propagation of the wave a distance s, appropriate to
the experiment. By definition of the attenuation con-
stant, nD, we have

From wave-guide considerations and the definition of
insertion loss, the loss is also

p2~l (a'q 1

E Xp] E 4 ) ppDpp

Integrating Eq. (17) and evaluating the constant of
integration at s= 0 where [E'[ becomes the incident
field strength, [E,' [, and for s= 1.52 meters, the length
of the discharge tube, one obtains

0.4423Larc tan(1.99X10 '[E~'[+0.4475) —arc tan(1.99X10 '[E,'[+0.4475)j
[R'['(6.62X10 '[E ['+2.98X10 '[E [+2q

+0.250 ln
[

= —0.0800. (18)
[E [' ~6.62X10 P[E~'['+2.98X10 '[E~'[+2)

For known values of [E,'[, the attenuated magnitude
of the disturbing wave field strength emerging from the
discharge is calculated by graphical methods and finally

the desired attenuation in decibels is obtained. In the (19)

experiment as performed, the attenuation constant, o.~,
of the "wanted" wave is measured, but 0.~ and 0,~ are
related for these experimental conditions by

Q~ = 1.30@~.


