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The cross section oyr for the elastic momentum transfer of electrons with neon atoms in the
electron energy range 3x 1073 = x(eV) = 5x 107! has been deduced from measurements of the
microwave absorptivity of a transient cryogenic afterglow plasma. A least-squares fit of our
experimental data by the modified effective range formula gives a zero-energy scattering
length of (0.24+0.015) @, where @, is the Bohr radius.

I. INTRODUCTION

Measurements of the energy dependence of the
elastic cross section for momentum transfer oy
of electrons in neon at very low electron energies
(u<0.1 eV) present many technical difficulties
and results are scarce. The most recent and most
comprehensive results down to electron energies
of 3X107% eV are those of Robertson! using the
electron dc swarm technique. Microwave meth-
ods, or ac swarm techniques, have been used by
Gilardini and Brown,? Chen,® and Hoffmann and
Skarsgard.* At electron energies lower than
3x10-% eV, no experimental results are presently
available. Among recent theoretical works on
this problem are those of Thompson® and Garbaty
and Labahn,® who included in their calculations
both charge exchange and polarization effects.

This paper reports the first measurements of
the effective collision frequency in neon plasmas
down to average electron energies of 3xX10-% eV,
thus obtaining useful results for the momenitum
transfer cross section down to 10~ eV. A pulsed
microwave interaction technique has been em-
ployed in cryogenic afterglow plasmas created in
pure neon and helium-neon mixtures to detect the
change in the microwave absorptivity as a func-
tion of electron temperature. We have used es-
sentially the method and the apparatus which were
described in a previous paper by Sol, Boulmer,
and Delpech” (SBD). The unfolding of our experi-
mental data was obtained from a fit to the expres-
sion of the modified effective-range theory (MERT)
given by O’Malley.® The zero-energy scattering
length was then deduced and compared to the avail-
able experimental and theoretical data.

II. MICROWAVE METHOD

Our experimental system has been described in
more detail in Ref. 9 and in the work by SBD. We
used high-purity commercial neon and helium-
neon mixture (1:9). The temperature of the dis-
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charge tube was controlled by a flow of low-tem-
perature helium gas in the inner chamber of the
metallic Dewar.'® The temperature of the plasma
tube and waveguide assembly was monitored by
calibrated carbon resistors.’* The cryogenic gas
flow was adjusted by applying the amplified and
detected output voltage of a balanced ac Wheat-
stone bridge, having the calibrated resistor in one
arm, to a small heater immersed in an external
liquid-helium container connected to the head of
the Dewar. The plasma-tube temperature was ad-
justable between 25 and 77 °K; the overall tempera-
ture difference along the 45-cm-long wave guide
was typically 1 °K. Measurements were also pos-
sible at room temperature.

Flectron densities n, and electron-heavy par-
ticles collision frequencies v, were deduced from
the phase shift and the attenuation of a low-power
sensing microwave at 8.8 GHz. The electron tem-
perature was changed at a selected time in the
afterglow by a medium-power (<300 mW) pulsed
microwave heating field at 9.2 GHz. In this work,
as was done in the work of SBD, the experimental
conditions were chosen so as to insure a Max-
wellian velocity distribution function for the elec-
trons and a negligible influence of electron-ion
collisions!? on the measurement of the effective
collision frequency.

For each neutral temperature T, and density #,,
measurements of v, were made at different elec-
tron temperatures T,. The afterglow plasma was
created at four different values of T;: 295 °K
(room temperature), 77 °K (liquid-nitrogen boil-
ing point), 35 and 28 °K. The pertinent after-
glow parameters were in the following ranges:

(i) for the atomic density, 5X10'"=n,=4x10'®
cm™; (ii) for the electron temperature, 35=T,
=5000 °K; (iii) for the electron density, 5X10°
=n,=5x10° cm-3, At a given electron tempera-
ture, the effective collision frequency was always
proportional within error bars to the neutral den-
sity, as it should be in a perfect gas with only
binary collisions.
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In previous papers,®!? we have calculated the co-
efficient relating the electron-temperature incre-
ment AT, to the power of the incident heating mi-
crowave, taking into account the distortion of the
field lines due to the plasma and its container. It
was found that AT, was related to the time-aver-
aged value of the electric field inside the plasma
by

M,/ e V=,
AT, = 6k (m—wh> Epl’ ®
where the bar denotes suitable averaging over
plasma volume, M, is the neutral atom mass, and
w, is the radian frequency of the heating field.
The relation between the square of the electric
field and the incident available power P; results
in the following practical formula:

AT,=KP,;, @)
with
M,[ e \?*120mr
-C=—2 bl
K=C& (mw,,> abx, ’ ®)

where A, and A, are the wavelengths correspond-
ing to the angular frequency w,, respectively, in
the perturbed waveguide and in vacuo, and where
a and b are the inside dimensions of the guide.
The explicit form of the correction factor C which
relates the perturbed and unperturbed values of
the electric field has been given elsewhere [Eq.
(43) of Ref. 12]. As in helium, we have verified
the validity of Eqgs. (2) and (3) by radiometric
electron-temperature measurements in room-
temperature neon afterglows.

IIIl. THEORY OF THE EXPERIMENT

The definition of the electron energy scale is of
primary importance in cross-section measure-
ments, as mentioned previously (SBD). It is thus
necessary to have a very precise control of the
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FIG. 1. Experimental variations of the effective colli-
sion frequency V. with time in a neon afterglow at T
=295°K and7 (=108 cm™3.

average electron energy (or electron temperature)
during the afterglow period.

Figure 1 gives the collision frequencies deduced
from the measured microwave absorption in a
typical afterglow created in neon at room tempera-
ture. The neutral density is equal to 10'® cm™ in
this case, corresponding to a gas pressure of
30.8 Torr. These measurements were obtained
without microwave heating. It can be seen that the
collision frequency relaxes rapidly towards a con-
stant value during the afterglow period; simul-
taneous radiometric measurements, using the
technique described in Ref. 13, show this to cor-
respond to the relaxation of the electron tempera-
ture to the neutral temperature. At such high
neutral density, the random scatter of the points
is negligible and the residual slow variations after
1 msec in the collision-frequency measurements
shown on Fig. 1 may be attributed to the fact that
the reflected power was taken into account to first
order only. Such effects have been included in the
systematic error bars that we have discussed in
the previous work.”

Figure 2 shows a log-log plot of the experimen-
tal values of the effective collision frequency as a
function of the electron temperature T, for a neu-
tral-gas temperature of 295 °K. The collision
frequency being linearly dependent on pressure
at constant electron and gas temperatures, we
have plotted its reduced value at n,=3.53x10'®
cm™, For each electron temperature as mea-
sured by the radiometer,'® one experimental point
was obtained by averaging data at several pres-
sures and at several electron densities. v, is
seen to vary very nearly with T, in this particular
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FIG. 2. Collision-frequency measurements reduced to
a standard neutral densityn,=3.53x 10! cm™ as a func-
tion of the electron temperature. The neutral-gas tem~
perature is 295 °K. Each experimental point is the aver-
age of several measurements obtained at the same elec-
tron temperature and at different electron and neutral
densities (5x 109<n,<5x 1010 cm™3; 4x 10!7<n (< 108
em™), The solid line with slope unity is a linear fit to
the points.
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electron-temperature range; this indicates that
the collision cross section oy is very nearly pro-
portional to the square root of the electron energy.

The interpretation of experimental data such as
those presented in Fig. 3 for a neon afterglow at
77 °K is more difficult. The collision frequency
does not reach a constant value during the after-
glow period accessible to experiment.'* The mea-
sured electron densities are much too low for the
variation of the collision frequency with time in
the late afterglow to be due to electron-ion colli-
sions.

The experimental situation suggested by these
data is in fact very similar to that of helium after-
glows at cryogenic temperatures.”® The slow de-
crease of the collision frequency may also be ex-
plained by a corresponding slow decrease of the
electron temperature. Unfortunately, as in the
case of helium cryogenic afterglow plasmas, di-
rect radiometric measurement of the electron
temperature was not possible, except in the early
period of the afterglow. However, if microwave
heating is used to produce electron-temperature
increments AT, such that the normalized perturbed
collision frequency falls in the range covered in
Fig. 2, the unperturbed electron temperature may
be deduced from the measured data using a limited
number of assumptions.

Figure 4 shows the electron density and the col-
lision-frequency evolution when a pulse of micro-
wave heating is applied at 500 usec in a neon
afterglow at 77 °K (1,=4x10'® cm™) for two power
levels. The evolution of electron density [see
Fig. 4(a)] is qualitatively very similar to the ob-
servations we made in a helium afterglow at
liquid-helium temperature. These results are
equally consistent with the presence of a slowly
varying electron-source term in the afterglow.
The major difference is that both the electron
density and energy-source mechanisms [see Figs.
4(a) and 4(b), after the removal of the heating
pulse] are apparently dependent on the time history
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FIG. 3. Experimental variations of the effective colli-
sion frequency Ve with time in the afterglow at 7,=77°K
andn,=2.6x 10'% cm™3.
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FIG. 4. Variations of the electron density (a) and the
effective collision frequency (b) with microwave heating
in a neon afterglow at 77 °K (2j=4x 108 ecm™3). The low-
power (27 and 70 mW) microwave pulse begins at 0.5
msec; its duration is 1 msec.

of the microwave heating and thus, presumably,

of electron density and temperature. Since both
the effective collision frequency and the electron
density following the heating pulse have not re-
turned to the same value which each attained in the
absence of heating, we may conclude that a per-
manent change in the source has occurred. This
source mechanism is probably due to the presence
of a large population of atomic and/or molecular
metastables, slowly decaying with time through
neutral collisions or superelastic collisions with
an electron. Direct measurements of the 1s;
metastable population in a neon afterglow at room
temperature have been made by Wisniewski.'®
When a pulse of microwave heating was applied
during the afterglow, the metastable density de-
creased during heating and did not return to its
unperturbed value after heating. Our observa-
tions (see Fig. 4) are consistent with these results.
This fact enables us to assume that the experimen-
tal criteria leading to Eq. (1) are particularly well
met at the end of the heating pulse. Indeed, Fig. 4
shows that the electron-density and energy-source
terms are substantially decreased from their un-
perturbed values at the end of the heating interval
and that they are slowly varying functions of time
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during the electron-temperature transient. De-
noting, respectively, ¢, and {,, the time just be-
fore and just after the cessation of heating, the
electron temperature T,(¢,) following the micro-
wave-heating pulse may be deduced from the
curves shown on Figs. 2 and 4, provided the elec-
tron temperature T,(¢,) is greater than 300 °K, by
the following formula:

T, (t,)=T,(t, - AT,, 4)

where AT, is the computed electron-temperature
increment. '

The leading assumption in Eq. (4) is that the
computed AT, is effectively the electron-tempera-
ture increment produced by the microwave-heat-
ing pulse. As mentioned at the end of Sec. II, this
proves to be experimentally very well verified
over a broad range of electron and neutral den-
sities when the neutral-gas temperature is close
to room temperature. Figure 2 shows also that
the effective collision frequency is nearly propor-
tional to the electron temperature when its value
is greater than 300 °K. In the same electron-
temperature range, this should also be the case
at lower neutral temperature if the coefficient X
is not a function of T,. Experimental plots of Av,,,
as a function of microwave power (or AT,) should
then fall very near straight lines having slopes in
good agreement with the computed K coefficient.
As a sample, Fig. 5 gives two such experimental
plots at neutral temperatures of 77 and 35 °K in
neon. For comparison, we have also plotted the
straight line which corresponds to the computed
value of K [see Eq. (3)]. The good agreement be-
tween the calculations and our measurements
supports the aforementioned assumption.

This procedure gives a very consistent set of
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FIG. 5. Typical plot of Av; as a function of the micro-
wave power at T=177 °K withn ;=4x 10'® cm™3 (dots);
T,=35 °K with ny=2.5x10'® cm™? (triangles). The straight
line is deduced from Eq. 1.

experimental results when applied to cryogenic
temperature afterglows, as we shall see in Sec.
Iv.

IV. EXPERIMENTAL RESULTS

Figure 6 sums up our experimental results of
the effective collision frequency normalized to a
neutral density n,=3.53x10'® cm™ as a function of
the average electron energy. The experimental
values were obtained for different gas tempera-
tures ranging from 28 to 300 °K. The scatter of
the points is of the order of 5% while systematic
errors, as discussed in the work by SBD, are of
the order of 7%. The results of Fig. 6 were ob-
tained on a broad range of neutral and electron
densities, as discussed in Sec. II; they show no
measurable dependence on electron density or on
neutral density when the experimental conditions
summarized in Sec. II were met.
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FIG. 6. Summary of our
collision-frequency mea-
- surements reduced to a
standard neutral density
74=3.53x 10 cm™3 as a
function of the average
electron energy. The con-
tinuous curve is the result
of a least-squares fit using
the MERT theory.
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In pure neon, it was not possible to reach elec-
tron energies lower than 8.5X107 eV even when
the gas was cooled down to 28 °’K. The mean-
electron-energy evolution in the afterglow period
is governed by competing processes involving loss
terms related to elastic electron-heavy particle
collisions and ionization-source terms presumably
related to the metastable activity in the afterglow.
Loss terms are particularly weak in pure-neon
afterglow, owing both to the small value of the
elastic electron-neutral collision cross section
and to the large neutral to electron-mass ratio.
We used a mixture of one part of helium in nine
parts of neon to favor energy transfer between
electrons and helium atoms so as to increase the
influence of loss terms in the energy-balance
equation. In the mixture, electron temperatures
of 35 °K were attained!® when the gas was cooled
down to 28 °K. The helium contribution of the
collision frequency was inferred from the work of
SBD and subtracted from the total collision fre-
quency.

The collision frequency is related to the elastic
cross section for momentum transfer by Eq. (2)
of SBD, our experimental conditions being chosen
so as to insure a Maxwellian electron velocity dis-
tribution function. The experimental domain of
electron energies extends between 3x107% eV to 1
eV, and it is possible, by inverting the integral
equation [Eq. (2)], to get values of the momentum-
transfer cross section oy On a comparable energy
scale. It is easy to see that this problem does not
have a unique solution, even if v, is known over
a large energy range, as in this experiment.

Rather, we have compared directly our experi-
mental results with the available theories and
particularly with the MERT theory,® which is
particularly well suited for low-electron ener-
gies. The momentum-transfer cross section oy,
may be inferred from a limited number of param-
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eters using the following expansion:

an aAU°"5+—B— aAzUan°'5>, (5)

- 2,
Oy = 47 <A + 5 34

where U is the electron energy in Rydbergs

(1 Ry=13.6 eV), a, is the Bohr radius
(a,=0.5629x10"'° m), and a is the atom polari-
zability (for neon we took the currently accepted
value a=2.65a3); A is the diffusion length.

The parameter A may be computed from the
equation relating the reduced effective collision
frequency to the momentum-transfer cross sec-
tion [Eq. (2) of SBD],

4 2 1/2 1
Veff:m<%> ®T)7?
e
x f Oyr () u® exp(-u/RT,) du . (6)
0

Combining Egs. (5) and (6), we get a polynomial
expression for vy, whose coefficients may be de-
duced from a least-squares fit to the experimental
data. We thus obtain A =0.24a,. Systematic errors
in this quantity are estimated at low electron en-
ergies to be less than +6%. In Table I, we com-
pare our result with those of other researchers.

The best fit to our measured collision frequen-
cies is

V,1¢(10*® sec™) = 0.66¢u)"/? + 8.8u)
+0.52(u)¥?(In{uy -1.36) , (7)

where (u) is the average electron energy mea-
sured in eV. When the numerical value of A is
entered in Eq. (5), we obtain

Oyr(107% cm?) = 0.203 + 1.684Y2
+0.055u Inu —0.144u . (8)

Our results are compared in Fig. 7 to those of
Robertson,! Chen,® and Hoffmann and Skarsgard.*

TABLE I. Summary of theoretical and experimental values of the diffusion length in neon.

Diffusion length

References Nature (in units of a;)

Thompson (Ref. 5) 1966 Theory 0.35
Thompson (Ref. 5) 1971 Theory 0.17
MacDowell (Ref. 17) 1971 Theory 0.22
O’Malley (Ref. 8) 1963 Expt.+MERT 0.24
Hoffmann and Skarsgard (Ref. 4) 1969 Expt.+ MERT 0.20

Salop and Nakano (Ref. 18) 1970 Expt.+ MERT 0.30+0.03
Robertson (Ref. 1) 1971 Expt.+ MERT 0.24

This work 1974 Expt. + MERT 0.24+0.015
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FIG. 7. Electron—neutral-atom momentum-transfer
cross section deduced from our collision-frequency mea-
surements. Comparison is made with experimental re~
sults of Robertson, Ref. 5 (curve labeled RO); of Chen,
Ref. 3 (curve labeled CH); and of Hoffmann and Skars-
gard, Ref. 4 (curve labeled HS).
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Agreement is quite satisfactory, particularly with
the results of Robertson, which we substantially
extend in the low-energy limit.

It should be noted that the diffusion lenath being
unambiguously positive, no Ramsauer cross-sec-
tion minimum should be expected in neon even at
very low electron energies.®
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