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The cross section 0 for the elastic momentum transfer of electrons with helium atoms at ultralow

energies has been deduced from measurements of the microwave absorptivity of a transient cryogenic
afterglow plasma. The electrons were selectively heated by an adjustable-microwave electromagnetic field.
This cross section can be approximated as a function of the incident electron kinetic energy u, between

2)&10 ' and 10 ' eV by c~T{cm')=5.15)&10 ' Iu, (eV)/2 X10 "] '

I. INTRODUCTION

There has been considerable recent theoretical
interest in the energy dependence of the cross sec-
tion for elastic scattering between low-energy
electrons and helium atoms. ' However, owing
to many technical difficulties, most measurements
at very low energies are not completely satisfac-
tory. Following the pioneering works of Ramsauer
and Kollath, of Brode, and of Normand, e Golden
and Handel~ have made, in 1965, a very detailed
direct measurement of the total electron-helium
scattering cross section with electron-beam tech-
niques. But these methods are difficult to extend
to energies lower than 0. 3 eV. In this low-energy
range, elastic scattering cross sections are usually
deduced from electron transport-coefficient mea-

surements by dc or ac swarm methods; the corre-
sponding analysis techniques have been consider-
ably refined throughout the years. Measurements
have been made down to electron temperatures of
about 7V 'K, yielding useful experimental data
down to about 10" e7. '

Direct-current smarm techniques have been
used recently by a variety of workers, down to
gas temperatures near VV 'K. Extensive discussions
of these techniques have been given in papers by
Phelps and co-workerse' and by Crompton et
a~ "'a Recent measurements by various groups
are in good agreement with each other, and rep-
resent a consistent set of data down to 10 eV. '

Microwave methods —which are essentially ac
swarm techniques-have been also used by many
authors, following the pioneering morks of Gold-
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stein and co-workers"'4 and of Gould and Brown. '
Experimental problems associated with micro-
wave techniques are summarized in the review
article of Bederson and Kieffer; most have been
solved by now, particularly by Hoffmann and Skars-
gard, '6 who have made measurements down to
T, = 295'K, in good agreement with the results of
Golden and Handel, 7 and i~ fair agreement with
accepted dc swarm results.

We have extended microwave transport-coeffi-
cient measurements down to electron average
energies of 2&&10 ' eV, obtaining useful results for
the momentum-transfer cross section down to
2x10 eV. To this effect, we have made direct
measurements of the microwave absorptivity of
transient afterglow plasmas created at parent-
gas temperatures near 4. 2, 77, and 295 K; the
electrons were selectively heated by application
of a microwave electromagnetic field of adjust-
able level. ' '"'

Our experimental system has been described in
more detail elsewhere. "" The plasma was
formed by a high-voltage pulse of adjustable du-
ration in a 45-cm-long cylindrical Pyrex tube of
0.75-cm i.d. We use high-purity commercial
helium gas, further purified by cataphoresis.
The whole experimental system in contact with
ultrapure gases has typical ultrahigh-vacuum per-
formances after 24 h of baking at 400'C. Pres-
sures are measured with a dibutylphtalate U-
shaped manometer isolated from the high-vacuum
system by a differential bellows manometer having
a resolution of 5&& 10 ' Torr and a systematic error
lower than 0. 2%%uo up to 20 Torr. The characteristic
dimensions of the experimental system are such
that pressure corrections due to thermomolecular
effects are negligible. 3

The plasma tube is contained inside a standard
X-band waveguide used for diagnostics. This as-
sembly is itself contained inside a sealed cylinder
filled with gaseous helium to ensure thermal con-
tact with the walls. This cylinder fits inside a
metallic Dewar filled with liquid helium; for cryo-
genic work, the measured external temperature
of the plasma tube was always between 4. 2 and
4. 3'K, with or without plasma. The total power
dissipated inside the plasma tube was kept low
enough to ensure negligible heating of the helium
gas.

II. MICROWAVE METHOD

All the plasma diagnostics relevant to the work
reported here were made at X-band frequencies;
electron densities and collision frequencies are
deduced from the phase shift and the attenuation
of a low-power-sensing microwave signal (l pW
at 8. 77 GHz) measured by heterodyning at an in-
termediate frequency near 45 MHz. ' We changed

the electron temperature with a microwave "heat-
ing" field which only affects directly the free
electrons. ~ The frequency of the heating field was
f„=&v/2m= 9. 2 GHz.

In a helium afterglow, heavy particles are neu-
tral atoms and atomic and molecular ions. The
monoenergetic electron-neutral collision frequency
for binary collisions in a perfect gas p is related
to the electron-neutral collision cross section for
momentum transfer o~, to the neutral density
np, and to the electron velocity v, assuming that
the neutral atoms are at rest, by

v(v) = noo~(v) v .
An unambiguous determination of the electron-

neutral collision frequency through measurement
of the microwave complex dielectric constant is
possible only if p,p» p ~

where p„ is the eleetron-
ion collision frequency. ~"' This gives a first
experimental condition on np, n„and T, for the
applicability of the microwave method to the study
of electron-atom interactions; however, the neu-
tral density must remain low enough for relation
(l) to be valid, i. e. , for binary collisions to be
dominant and for helium to be a perfect gas. This
is easily met, even in our work at 4. 2 'K.

Although they have no direct effect on the trans-
fer of energy from the electron gas to the neutral
gas, electron-electron collisions play a very im-
portant role, since they describe the transfer of
energy within the electron gas. It can be shown~'
that they maintain a Maxwellian energy distribu-
tion for the electrons if the collision frequency for
energy transfer p„between electrons is substan-
tially larger than the collision frequency for ener-
gy transfer 2m p,o/M between electrons and neu-
trals of mass M. For an order-of-magnitude
estimate, this can be written p„»mp, o/M. Even
in helium, the mass ratio 2m/M is low enough so
that it is not difficult to choose a broad set of ex-
perimental situations where this condition is
largely met, along with the other two already men-
tioned. Strictly speaking, this last condition is
not necessary: If it were not met, it would still
remain possible to solve Boltzmann's equation to
obtain the electron distribution function; this is
what has been done in recent dc swarm experi-
ments. However, since it is not a very stringent
condition in microwave work, where electron den-
sities are usually fairly large, we prefer to im-
pose it, since it eliminates another level of in-
terpretation —and thus of uncertainty —in the anal-
ysis of experimental data.

When the electron energy distribution is Max-
wellian at temperature T„ the effective electron-
atom collision frequency for momentum transfer,
as measured by the microwave method, ~3 is re-
lated to the cross section for momentum transfer,
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FIG. 1. Experimental variations of the effective colli-

sion frequency v,«with time in an afterglow at Tp= 295'K
and np=3. 75X10 7 cm (squares) and at Tp=4. 2'K and
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where u= —,
' mv is the incident electron energy.

It is of course necessary to have a very precise
control of the average electron energy. For that,
it is first possible to vary the temperature of the
neutral gas, and to wait long enough in the after-
glow for the electron temperature as measured
with a microwave radiometer36 to have relaxed to
the neutral temperature. This is the technique we
have used for cooling the electron gas near 300'K.
However, we will show later that the electron tem-
perature relaxes very slowly to the neutral tem-

peraturee

at 70 = 4. 2 '
K; furthermore, a higher

degree of control on electron temperature is nec-
essary. For this reason, we also selectively
vary the electron temperature by the well-known
technique of microwave heating. '

When energy transfers by electron-electron in-
teractions are strong enough to keep the energy
distribution Maxwellian, a simple energy-balance
equation'7'~~ shows that in the absence of inelastic
collisions the electron-temperature increase is
proportional to the mean-square value of the micro-
wave heating field averaged over the plasma vol-
ume. A detailed discussion, taking into account
the necessary corrections, has been given else-
where

llyff 3SQVMr(St Te/7WE) (3)

If microwave heating is used to produce elec-
tron-temperature increments AT„experimental
plots of pgf f as a function of AT, should then fall
very near straight lines having slopes proportional
to the square of the neutral density no, and their

liquid-helium temperature $=0. 55 Torr, no=1.25
x 10'2 cm ') ~ These results were obtained without
microwave heating. It can be seen that the colli-
sion frequency relaxes rapidly toward a constant
value in a room-temperature afterglow; simul-
taneous radiometric measurements show this to
correspond to the relaxation of the electron-gas
temperature towards neutral-gas temperature.
Systematic measurements of the microwave ab-
sorptivity of room-temperature helium afterglows,
with or without continuous microwave heating,
give very consistent and reproducible results,
when the experimental conditions summarized in
Sec. II are met: The collision frequency is linearly
dependent on pressure at constant electron and
gas temperatures, as shown in Fig. 2, as it should
be in a perfect gas with only binary collisions.
Furthermore, p,« is seen to vary very nearly as
T," . This indicates that the collision cross sec-
tion is very nearly independent of energy.

The interpretation of experimental data such as
those presented on Fig. 1 for afterglows near
4. 2 'K is more difficult. The corresponding elec-
tron densities were much too low for the variation
of collision frequency with time to be due to elec-
tron-ion collisions; furthermore, this interpre-
tation would lead to a very inconsistent set of data.
However, it may be noted that if o~ has a weak
dependence on energy, as predicted by theory, ~

Eq. (2) reduces to

III. EXPERIMENTAL RESULTS

Figure 1 gives the collision frequencies deduced
from the measured microwave absorption in two
typical afterglows in helium, at room temperature
(near 295'K, pressure 11.5 Torr corresponding
to a neutral density no=3. V5x 10'' cm 2), and at

0 5 10
pressure (torr)

15

FIG. 2. Dependence of the measured effective
collision frequency with pressure at Te= Tp = 295 K.
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FIG. 3. Typical plot of ve&& vs electron-temperature
increments AT8 at Tp = 4. 2 'K with np = 2. 3 x10 cm
(dots), np= 1 ~ 6 x10 cm" (triangles), and n~ = l. 2 x 10
cm (squares). The times at which these measurements
were made in the afterglow were, respectively, 1.3, 2. 8,
and 3. 0 msec.

intercepts with the AT, axis should give the value
of the unperturbed electron temperature at the
corresponding time in the afterglow.

In fact, this proves to be experimentally very
well verified over the whole range of electron
densities e„of neutral densities no, and of elec-
tron temperatures were the experimental criteria
defined in Sec. II were met. As a sample, Fig.
3 gives three such experimental plots, randomly
chosen between many others. The electron tem-
peratures thus deduced are in good agreement with
the temperatures independently deduced by a sim-
ilar method from recombination measurements. '7

Radiometric confirmation of these measurements
has not yet been possible, owing partly to the fact
that a very low plasma absorptivity is associated
here with a very low radiation temperature.

Figure 4 gives a log-log plot of the experimental
values of the effective collision frequency p,«nor-
malized to a neutral density mo= 3. 53&& 10' cm
as a function of the electron temperature T, . For
each electron temperature at To= 4. O'K, each
experimental point was obtained by averaging data
provided by plots of v,«vs hT, (as described) at
several pressures and at several electron den-
sities. Above T, - 300 'K a comparison can be
made between our data obtained at To= 4. 2 and
295 'K; an experimental point summarizes also
several measurements made around To= 77 K.
It should be noted that no effort has been made to
fit together the points obtained for different gas
temperatures, since the electron-temperature
scale was purely deduced, as indicated in this
section and in Secs. I and II, from gas-tem-
perature measurements and from the microwave
electric field intensity, either directly (To= 295
and 77 'K) or indirectly, through plots of va«vs

~ Tp

+ Tp

x To

I I I
'

I I

100 1000
T,{'K)

FIG. 4. Summary of our collision-frequency measure-
ments reduced to a standard neutral density np = 3, 53 x10
cm, as a function of the electron temperature. Each
experimental point is the average of several plots such
as those of Fig. 2 (for Tp near 300 K) or Fig. 3 (for Tp
near 4. 2'K). We have also included for reference pur-
poses values deduced from the experimental results of
Crompton, Elford, and Robertson, Ref. 12 (curvelabeled
CEJ); of Frost and Phelps, Ref. 9 (curve labeled FP);
and of Hoffmann and Skarsgard, Ref. 16 (curve HS).

6
10

4T„' the fact that they all fall very near a straight
line of slope about 2 is thus a strong indication of
the internal consistency of these data and of their
interpretation.

The results of Fig. 4 were obtained on a broad
range of neutral densities (between s, = 7. 4x 10"
and no = 2. 3 x10" cm ~) and of electron densities
(between 10" and 10 cm ' near 300 'K and between
10"and 10' cm 3 near 4. 2 'K) reasonably scattered
over the whoe range where the experimental condi-
tions summarized in Sec. II are met. They show no

measurable dependence on electron density or on
neutral density.

Systematic errors on the measured collision
frequency come from determinations of the pres-
sure, of the absorptivity and the phase shift due to
the plasma, and of their computed relationship with
the collision frequency; they have been discussed
in more detail elsewhere. " We estimate their
total contribution to be less than +7%.

Systematic errors on the measured electron-
temperature dependence are more difficult to
assess, since they are a function of the gas tem-
perature: They are negligibly small around 300 'K,
and become more important at low temperatures.
The parent-gas temperature is known with good
accuracy; however, there may be systematic er-
rors in the relative microwave heating term hT,
owing to uncertainties in the exact power input to
the plasma guide or in the quantities used to com-
pute the actual electric field inside the plasma. ~9

We estimate that this error may be as high as
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10%%uq, although the agreement between points mea-
sured at 4. 2, 77, and 295'K gas temperatures
(crosses, triangles, and dots, respectively, in
Fig. 4) would indicate a somewhat lower system-
atic error.

In view of these systematic errors and of the
scatter of experimental data, we evaluate the total
uncertainties on the measured collision frequency
and on its temperature dependence to be + Fj~. Our
data yield finally for the effective collision fre-
quency normalized to 1 Torr, 273 'K,

8 cm
p„,(sec ') = (2, 86 + 0. 20) x 10'

0

T ('K)) 0.52 II. Q2

X e

295

from T, =20 K to T, =600'K. We have computed
the collision frequencies corresponding to the data
given by Frost and Phelps and by Crompton, El-
ford, and Robertson, '3 which appear to be the
most reliable low-energy experimental data avail-
able today. ' Our results are also compared to
those of Hoffmann and Skarsgard. ' Agreement
with our data over their common range of validity
is within the error bars quoted by ourselves and
by these authors (Fig. 4).

IV. UNFOLDING OF EXPERIMENTAL DATA

Electron-atom scattering theories usually yield
results in terms of cross sections. A satisfactory

0 I I I I I I I I I I I I I I I I I

10 10 10 10
u(eV )

FIG. 5. Electron-neutral-atom momentum-trans-
fer cross section deduced from our collision-frequency
measurements. Comparison is made with experimental
results of Frost and Phelps, Ref. 9 (curve labeled FP);
and of Crompton, Elford, and Robertson, Ref. 12 (curve
labeled CER); and with theoretical predictions of LaBahn
and Callaway, Ref. 5 (curve labeled LC).

comparison with theory necessitates the "unfold-
ing" of the dependence of p,«on the collision
cross section for momentum transfer gMx, as
given by Eq. (2). jt is easy to see that this prob-
lem does not have a unique solution, even if p,«
is known on a large energy range, in view of un-
avoidable experimental scatter on the data. This
problem has been studied by many authors'""'";
with the general availability of electronic comput-
ers, it seems to be generally accepted" that its
best solution obtains through a successive approxi-
mation technique„by using a set of "reasonable"
assumed cross sections as input to Eq. (2), by ir:-
tegrating it numerically, and by using the differ-
ences between the measured and the computed val-
ues of p,« to establish a new set of input cross
sections. This procedure is stopped when the
computed and the measured values of p.,«agree
within experimental error bars, and the resultant
set of cross sections is taken as the final experi-
mental cross sections.

The unfolding of our experimental data yields
the results given in Fig. 5. The cross section
o» for momentum transfer of electrons with ground
state 4He atoms can be approximated as a function
of the incident-electron kinetic energy u, between
2x 10 4 and 10 ' eV by

0.OR

o MT(cm~) = 5. 15x 10 '8
2x10-

.Valid results obtain down to 2x 10 4 eV, although
the lowest electron temperature at which measure-
ments were possible with a significant accuracy
was 2 x 10" . This is due to the fact that the value
of p,«at a given energy is substantially aftected by
the values of oMT at neighboring energies. ' Our
results are compared in Fig. 5 to those of Frost
and Phelpse and of Crompton, Elford, and Robert-
son. ' Agreement is within error bars over the
common range of validity. Agreement is also
good with the theoretical predictions of Laaahn
and Callaways using the extended-polarization-po-
tential model without distortion effects. The in-
clusion of distortion effects~ results in cross-sec-
tion values which are consistently below experi-
mental results.
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