Investigation of collisions of electrons with noble gas
atoms at thermal and subthermal energies by electron
cyclotron resonance spectroscopy

K. S. Golovanivskir and A. P. Kabilan

Patrice Lumumba Friendship of Nations University, Moscow
(Submitted 20 November 20 1980)
Zh. Eksp. Teor. Fiz. 80, 2210-2220 (June 1981)

Electron cyclotron resonance spectroscopy consists in numerical simulation of experimental resonance curves.
The simulation procedure involves three-parameter fitting of the O’Malley formulas for the expansion of the
scattering phases at low energies so that the corresponding energy dependences of the momentum transfer
cross sections and the electron distribution functions ensure the agreement between the experimental and
simulated electron cyclotron resonance spectra with the required precision. The values of the cross sections
and scattering phases are obtained in the form of continuous curves and not discrete points, in contrast to the
traditional “electron swarm” approaches. The dependences of the momentum transfer cross sections and the
first two scattering phases are obtained for five noble gases in the energy range from 0.01 to 1 eV. In this
energy range there are no irregularities in the energy dependence of the momentum transfer cross section,
apart from the Ramsauer effect in Ar, Kr, and Xe. The scattering lengths found by this method are 1.17,
0.204, — 1.55, — 3.50, and — 6.50 a.u. for helium, neon, argon, krypton, an xenon, respectively.

PACS numbers: 34.80.Dp

1. INTRODUCTION

Electron-atom collisions at energies less than the
electron excitation energy have been attracting inter-
est continuously for the last few decades. This inter-
est arises from the fact that low-energy collisions
occur without any strong distortion of the atomic struc-
ture and, therefore, information on the scattering
process can be used to obtain a better understanding
of the structure of the inner and outer induced and un-
perturbed atomic fields.

There are two experimental approaches to the prob-
lem of elastic electron-atom collisions: the beam
method and the electron swarm method. The former
was first proposed and used by Ramsauer and Kollath' 2
and it led to the discovery of a strong irregularity in
the energy dependences of the elastic scattering cross
sections o,(w) of heavy noble gases at energies amount-
ing to a few tenths of an electron-volt. The beam meth-
od has a number of advantages (high resolution, direct
determination of the cross sections, etc.), but it is not
very suitable for the study of collisions at energies
w<0.1 eV, since it is hardly possible to generate a
monokinetic electron beam of acceptable intensity with
this energy. Moreover, the pressures required in this
case (102-10"° Torr) cannot be determined by modern
instruments with satisfactory precision and this gives
rise to an error in the cross sections which is far too
high. The other experimental approach, i.e., the elec-
tron swarm method,? is based on reconstruction of the
dependence o,{(w) from the electron transport coeffi-
cients (mobility, diffusion coefficient, effective colli-
sion frequency) in a gas discharge or, more frequently,
in an afterglow plasma. The experiments involved
probing of a plasma by an electro-static field in order
to determine the mobility or the diffusion coefficient,
and the technique is usually called the dc electron
swarm method. The effective collision frequency is
usually determined by microwave probing of a plasma,
which gives the active part of the admittance related to
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the effective collision frequency, which is then used to
find the elastic scattering cross section o,(w). This
type of experiment is known as the ac electron swarm
method.®®

In all cases the function o,(w) used in the electron
swarm experiments is replaced by an average value
within the limits of the thermal scatter. This makes it
possible to probe a certain range of energies by varying
the electron temperature T, and taking the cross sec-
tions averaged in the limits of the thermal scatter as
exact at the energy equal to kT, (k is the Boltzmann
constant). A numerical analysis, involving selection of
numerical values of the cross sections giving the best
agreement between the results of kinetic calculations
of the transport coefficients and the measured values,
was developed by Frost and Phelps’ for the dc electron
swarm method and was later modified for the ac meth-
0d.%”® The method of Frost and Phelps has given the
best results obtained so far. However, it suffers from
a number of shortcomings. In particular, the minimum
energy at which measurements of ¢, can be made is
kT (where T is the gas temperature), so that the cryo-
genic technique is needed in the range w < 0.1 eV and
even then the lowest energy is 1xX107 eV. Moreover,
the results of measurements are the average values,
which makes it difficult to detect a possible fine struc-
ture in the dependence o ,(w). Finally, each cycle of
measurements subjected to a numerical analysis gives
one discrete point for ¢,, which reduces the accuracy
of the results since it is extremely difficult to main-
tain the experimental conditions absolutely the same
from one cycle to another. Moreover, plotting of the
o.{w) curve point by point makes the task of detecting
fine effects practically hopeless.

It is worth noting particularly the suggestions to use
electron cyclotron resonance (ECR) in a weakly ionized
plasma to study electron-atom collisions. The first
such suggestion was made by Kelly, Margenau, and
Brown,!” who showed that the half-width of the ECR
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line is equal to the effective collision frequency if o(v)
=const/v, so that in some cases one can find the value
of 0,,. Another suggestion to use ECR in studies of the
collision cross sections was made by Rokhlenko,!! who
showed that in the case of sufficiently strong irregu-
larities of the function ¢ ,(w) one may observe splitting
of an ECR line into doublets and triplets. This itself
can be used as a method of identifying strong irregular-
ities of the cross section!’ when (as stated by the auth-
or) a probing microwave field heats considerably the
plasma electrons.

We shall propose a method (ECR spectroscopy) which
is largely free of the shortcomings of the familiar elec-
tron swarm method and which imposes no special con-
ditions on the function o,(w) and does not require con-
tinuous perturbation of the electron distribution func-
tion. The method does not involve averaging over an
energy interval (although probing of a neutral gas is
performed using a swarm of electrons of temperature
T,) and it makes it possible to carry out just one cycle
of measurements lasting a few seconds and thus obtain
a continuous o,(w) curve covering several orders of
magnitude of w by a computer analysis of the results.
The lower limit on the energy scale is then much less
than kT.

2. ELECTRON CYCLOTRON RESONANCE
SPECTROSCOPY

Information on ¢ ,(w) is found by the ECR spectroscopy
method from all the points on an ECR absorption curve
(or on a finite part of this curve) recorded in an after-
glow plasma. The ECR spectrum obtained for a con-
stant amplitude of an electric field E in a probing mi-
crowave of angular frequency w applied to a weakly
ionized magnetoactive (v <« w?) plasma is described by
a dependence of the active conductance Z{*’ transverse
to a magnetic field on the detuning Q=w - w, from the
resonance, where w,=eB/mc and B is the magneto-
static field induction (E L B), as given in Ref. 12:

29 (Q)=x j’nw’(a/./ap) dv; (1)
R=(v}+Q%)-, (2)
v=NvGn. (3)

Here, » =-2ne’n/3m, n is the electron density, N is
the concentration of atoms, and v is the electron velo-
city. ’

The symmetric part of the distribution function
folv, Q) was found for this case by Kelly, Margenau,
and Brown!® in the form

(4)

fo(v, 2) = exp {—j T}

kT-+e'E*R/6my,

where x =2m/M (in the absence of inelastic collisions),
B is a normalization constant, and M is the mass of an
atom.

The express ions (1)—(4) allow us to obtain working
formulas used in the method of ECR spectroscopy of a
plasma in which all collisions are elastic:

K dw

fo(w, R)=p exp { —-[ ET+vr.e*E*/6m (vi+Q?) ’ (%)
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w*fo(w)dw

s@=r -‘; 6mkT (v+Q*/v) /e E* 41, (6)

Here, I is a normalization constant ensuring that S(0)
=1; S(f) is a normalized ECR absorption spectrum;
w=mv?/2 is the electron energy; 7,=(xv)™! is the char-
acteristic electron heating time when a high-frequency
field acts continuously on a plasma. If this field is in
the form of pulses of duration 7,, Eqs. (5) and (6) re-
main valid only in the case of sufficiently long pulses
when 7,> 7,. In the opposite case, i.e., when 7,>7,,
Eqgs. (5) and (6) should be modified by replacing 7, with
7, (Ref. 13).

Under given experimental conditions (E ,N,M ,'r,), the
distribution function (4) can be calculated using Eq. (3)
and this can be done for any value of the detuning § and
any specified model function o,(w). Substitution of the
calculated function fy(w, Q) into Eq. (6) makes it possible
to calculate for the same model dependence o ,(w) the
form of the spectrum S(R). The function S() found in
this way can be compared with the experimental curve.
Selecting the model functions o,(w) and comparing the
corresponding functions S(2) with the measured ECR
spectra, we can find a model function that ensures the
agreement between the simulated ECR spectrum and
that found experimentally within the specified limits of
precision. In this case the model curve describes with
appropriate precision the required dependence g ,(w).
This procedure allows us to determine, in principle,
the function o,(w) with any arbitrarily high precision,
limited only by the experimental error in the determin-
ation of the ECR curve.

The model functions can, in principle, be selected in
any form. However, we shall prefer to use the model
functions o, (w) in the form given by the modified theory
of atomic radius developed by O’Malley, Rosenberg,
and Spruch'® and based on the expansion of the elastic
scattering cross section in terms of partial waves.!®
For low energies, O’Malley!® proposed an expression
for the expansions of the cross section and scattering
phases used by us as the model functions with three
fitting parameters:

om=tn " (ne/g=nusii)* (LH1); (M

La=0

where

1o/g=—A—0.2839aw"—0,04904ow In w+Bw,
1:/g=0.05679w"*—0.07353Cw;
N./g=0.85175w"/[ (2L+3) (2L+1) (2L—1) ]
for L=2, 3, 4.

(8)

Here, 7, are the scattering phases in radians; g
=(2mw)''2/k is the de Broglie wave number of an elec-
tron in units of a;'; a, is the Bohr radius; a is the
polarizability in units of ag; A is a fitting parameter
(scattering length) in units of ay; B and C are fitting
parameters in units of ag; the electron energy (in elec-
tron-volts) is also expressed in terms of g, using

w [eV]=13.6(a,q)? (Ref. 17). The usual values were
assumed for the polarizabilities: 1.36 for helium, 2.65
for neon, 11.0 for argon, 16.6 for krypton, and 27.0
for xenon.!®
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3. EXPERIMENTS AND ANALYSIS OF RESULTS

The purpose of our experiments was to record the
ECR spectra of noble gases at T, =T =300 and to
determine as accurately as possible the values of E, £,
and N under conditions such that all the factors influ-
encing the ECR spectrum could be ignored compared
with the contribution of elastic electron-atom colli-
sions.

The experiments involved continuous recording of the
intensity of a microwave signal transmitted by a reso-
nator in which a small part was occupied by a magneto-
active weakly ionized plasma resulting from afterglow;
at the same time the magnetic field was varied slowly
in the vicinity of the value corresponding to the exact
resonance. The measurements were carried out during
the late stages of afterglow in He, Ne, Ar, Kr, and Xe
when the plasma could be regarded quite accurately as
in equilibrium with a temperature equal to the temper-
ature of the walls of the discharge tube (300K).

The main parameters of these experiments were as
follows: the wavelength of the probing microwave sig-
nal was A =3.04 cm (w =6.20%10'" rad/sec); the prob-
ing signal power was <1X1073W; the duration of the
probing pulses was 7,<0.3-3.0 usec; the magnetic
meter was 6 mm; the plasma length was 40 mm; the
part of the plasma used directly for the measurements
was 7 mm long; the neutral gas pressure was 1.0-10
Torr; the duration and repetition frequency of the ion-
izing pulses were 10 usec and 1 kHz; the delay of the
probing pulses was 0-800 usec.

We used the apparatus shown schematically in Fig. 1.
A rectangular resonator excited at the TE ;j; mode (21
X70x21 mm) was placed between the poles of a per-
manent magnet. A glass discharge tube passed through
the resonator in such a way that its axis coincided with
the direction of the magnetic field and it was connected
to a vacuum system. The gas inside the tube was ion-
ized by periodic high-frequency pulses from a 40 W
generator operating at a carrier frequency of 40 MHz.

19 18

FIG. 1. Block diagram of the apparatus: 1) poles of a per-
manent magnet; 2) resonator; 3) metal flanges; 4) magnetic
scanning coils; 5) discharge tubes; 6) ring electrodes for dis-
charge excitation; 7) high-frequency generator of discharge
excitation; 8) measuring line; 9) isolator valve; 10) measur-
ing microwave oscillator; 11) generator of delayed pulses;
12) synchronizing generator; 13) matched load; 14) detector;
15) integrating unit; 16) dc amplifier; 17) X-Y plotter; 18)

ac voltage regulator; 19) stabilized rectifier for scanning
coils.
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Special metal flanges were placed inside the resonator
and these limited the active volume of the plasma to a
few millimeters around the geometric center of the
resonator; this measure ensured a sufficient homo-
geneity of the fields E and B in the region subjected to
probing. A pair of thin coils, coaxial with the main
field and forming a Helmholtz system, provided mag-
netic scanning.

The apparatus was operated as follows. A synchro-
nizing generator triggered periodically the ionizing
pulse generator and, after a controlled delay time, a
generator of probing pulses. These pulses passed
through an isolator and a measuring line; they then
passed through a waveguide and entered the resonator
through an optimizing slit. The microwave pulses
transmitted by the resonator and a second measuring
line entered the final absorbing load. The microwave
signal transmitted by the resonator was measured with |
a square-law crystal detector. The crystal in this detector
produced periodic pulses whose amplitude was proportion-
altothe microwave power absorbed by the plasma for a
given detuningand a given delay of the probing pulse. Conti-
nuous recording of the detector pulse amplitude as a func-
tion of the current in the magnetic scanning coils gave the
ECR spectrum.

The procedure of numerical simulation of the ECR
spectrum was as follows.

An experimental ECR absorption curve (one half the
curve) was introduced in the form of twenty points cor-
responding to twenty values of the detuning. In prin-
ciple, the number of such points could be increased to
any value. The fitting parameters were first assumed
to be AV = B? =C'’ =1 and the function ¢')’(w) was cal-
culated; then, the distribution function and the corre-
sponding point on the curve simulating the ECR spec-
trum were computed for each of the twenty detunings.
Next, for each detuning the deviation of the simulating
ECR curve from the experimental results was found.
When the sum of the squares of these deviations exceed-
ed a specified value, the fitting parameters were cor-
rected by one step and the cycle was repeated. When
the simulating and experimental curves were sufficient-
ly close, the final results were plotted as the values of
the cross sections, the experimental and simulating
ECR spectra, and the energy distribution functions for
each of the twenty detunings. The values of the fitting
parameters and of the total rms error were printed
in a numerical form.

4. RESULTS

Figure 2 shows the experimental and simulating ECR
spectra obtained for five noble gases. The selection
of the values of E, N, and 7, for each gas was govern-
ed by the need to satisfy the conditions of validity of
the working formulas (5) and (6). The simulating spec-
tra were obtained after 150-200 fitting cycles in which
all three parameters were varied. The corresponding
o.{w) functions are plotted in Fig. 3. It is interesting
to note that although the ECR spectra of all five gases
do not have any clear irregularities, the functions
o.{w) are very different. First of all, we can see from
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FIG. 2. Experimental (continuous) and simulating (dashed)
ECR absorption spectra obtained for various parameters (i is
the number of numerical simulation cycles). He: N=3.30
x10% cm™3, E=1.2V/cm, T,=3usec, T,=300°K, p=116. Ne:
N=1.65x10"cm™, E=1.2 V/cm, 7,=0.6 psec, T =300 °K,
p=130. Ar: N=3. 30 %107 em™®, E=1.2 V/em, -.—,-0 3 psec,
T,=300 °K, p=148, Kr: N=0. 98x10'7 cm=%, E=0.9 V/cm,
,,-0 4 psec, T,=300 °K, p=153. Xe: N=3. '30x10% e, E
=1.2V/cm, -r,—O 4 psec, T,=300 °K, p= 161.

Fig. 3 that the heavy gases exhibit the Ramsauer effect,
but this is not true of He and Ne. Another feature of
the curves in Fig. 3 is the fact that the scattering cross
section for helium is almost independent of the energy
in the range 1073~1 eV. Finally, the third remarkable
property is the exceptionally small scattering cross
section of neon at subthermal energies.

Figure 4 shows the dependences of the zero scatter-
ing phase 7, (representing the head-on collisions) for
all five rare gases. It is worth noting the presence of
extrema in the Ramsauer gases and their absence in
the case of He and Ne.

Finally, Fig. 5 shows the energy dependences of the
first scattering phase 7, obtained for the investigated
gases. Like the zeroth phases, the heavy gases again
exhibit rapid changes near the energies corresponding
to the Ramsauer minimum, whereas the curves obtain-
ed for the light gases are completely smooth.

5. PRECISION AND RELIABILITY

If all the factors (apart from elastic collisions) af-
fecting the ECR spectrum are eliminated and the gas

0’ L

™ 1972 w7 w, ev

FIG. 3. Elastic scattering cross sections plotted as a function
of the energy for five noble gases, corresponding to the simu-
lating spectra in Fig. 2.
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FIG. 4. Zeroth scattering phases plotted as a function of the

energy for five noble gases, corresponding to the simulating
spectra in Fig. 2.

density is sufficiently low for the collisions to be essen-
tially binary, the absolutely correct ECR curve re-
corded for 0 < Q- and simulated with absolute preci-
sion gives the function o ,(w) which is perfectly accu-
rate right down to w =0. However, in practice there is
no need to record the resonance curve for 0 < Q- be-
cause, strictly speaking, any finite part of the ECR
curve contains integral information on the cross sec-
tions at any energy (apart from those, naturally, which
correspond to inelastic scattering). Therefore, in our
experiments the ECR absorption curve was recorded
only in the range of Q where the resonance was strong,
i.e., in the range of detunings corresponding to two or
three half-widths of the resonance curve.

Nevertheless , in spite of the fact that particles of
any (including infinitesimally low) energy can partici-
pate in the ECR absorption process, the results ob-
tained can be regarded as acceptably accurate only down
to energies such that the total number of particles is
sufficiently large compared with the number which have
the average energy.

In fact, each point on the resonance curve corre-
sponds to integral absorption and the contribution of

7, rad

0.0y -

002 —

S
!
«

-0.02

=004

w w* W' wev

FIG. 5. First scattering phases plotted as a function of the
energy for five noble gases, corresponding to the simulating
spectra in Fig. 2.
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particles of given energy to this absorption increases
on increase in the density of particles of this energy in
the phase space. Therefore, the results can be regard-
ed as reliable with a given accuracy only up to the
energies which correspond to the values of the energy
distribution function representing a significant propor-
tion of the maximum of this function. For example, in
the case of a Maxwellian distribution and a negligible
error in the experimental ECR curve, we find that if
the simulation is accurate to within 5% at any point
when T =300K, sufficient sensitivity of the ECR spec-
troscopy method can be ensured at low energies down
to 1x10° eV. Cryogenic technique and very weak prob-
ing fields should make it possible to go down to 5x107¢
ev.

On the basis of the above discussion and bearing in
mindthe errors in the experimental parameters andin the
simulation procedure, we estimated the error in the
dependences o ,(w) obtained for all the investigated gas-
es and this was within 10% in the energy range 0.001-1
ev.

The uniqueness of the numerical values of ¢ ,(w)
could not be gu:iranteed, as in any other case when
integral relations are used. However, in the case of
the ECR spectroscopy method there is another factor
which—in our opinion—limits greatly the number of
possible solutions and may give a unique solution. This
factor is that the fitting in the ECR spectroscopy meth-
od is made not to a single experimental point (as, for
example, in the case of discrete measurements of
the transport coefficients) but simultaneously for a set
of points representing a continuous curve. The re-
quired solution is then automatically subject to the con-
dition that the fitting parameters should remain con-
stant for all the points of this curve and for any part of
the curve.

This naturally cannot be regarded as proof of the
uniqueness of our results, but since the same values
are obtained for different starting values of the fitting
parameters (as found by us), we may assume that the
functions o,{(w) obtained above are satisfactory.

6. DISCUSSION

One of the main results of the present study is that
the experimental ECR spectra of five noble gases can
be simulated with satisfactory precision on the basis
of the modified theory of the effective radius. This
means that the concepts of this theory are supported
by the experimental results and that the fitting param-
eters can be used to obtain quantitative information
on the scattering of electrons by atoms. Let us con-
sider the parameter A which determines the zeroth
scattering phase at subthermal energies.

The absolute value of the parameter A (scattering
length) is the equivalent radius of the scattering poten-
tial of an atom (including the polarization, internal
electrostatic, and exchange potentials) when the initial
energy of an electron is infinitesimally small. The
sign of the scattering length represents the effective
(integral) sign of the scattering potential. The positive
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TABLE I. Scattering lengths for noble gas atoms (in units
of ay).

Method Ref He Ne Ar Kr Xe
ECR spectroscoj Our - -

spec Py s 1147 0,204 1,55 3.50 ~8.50
Extrapolation of results of beam | 1161 1,19 0.24 -1.70 -3.70 —6,50

experiments _ ) g
DC electron swarm! 19, 20] 115 - -1.69 -3.20 -6,00
) [21] 1.19 - -1.31 -2.80 -5.35
AC electron swarm (22] 114 0.39 - -3.20 -5.60

[23] - - -1.50 - -

Theory [24] 1.46 - - - -

[25] - 03471 -1.60 - -

scattering lengths correspond to the effective repulsive
potential, whereas the negative lengths correspond to
the attractive potential. Table I gives the numerical
values of the scattering lengths in atomic units found
in the present study, and also in other experiments
and theoretical treatments.?’

It is clear from Table I that the effective scattering
potential at very low energies changes qualitatively
from the repulsive for the light noble gases to the at-
tractive for the heavy gases. The scattering potential
of the neon atoms corresponds to the region where the
scattering length passes through zero. The small posi-
tive value of the scattering length of neon means that
the neon atoms are “seen” by low-energy electrons as
representing overall weakly repulsive scattering cen-
ters, which should make the neon gas highly trans-
parent to electrons of near-zero energies, compared
with other rare gases, including helium. On this basis
we can expect an exceptionally high mobility of excess
electrons in liquid neon. The physical reasons for this
special behavior of neon are as follows.

The integrated effect of the scattering of an electron
by an atom is governed by the deflecting action of all
types of the interaction potential, namely the long-
range polarization potential and short-range potentials,
specifically the screened electrostatic potential of the
nucleus and the exchange potential. Since the polariza-
tion potential of an atom is induced by the incident elec-
tron itself and is related to changes in the electron
shells of the atom, the scattering effect of this poten-
tial depends on the flight time of the electron pass the
atom (i.e., on the electron energy) and it decreases
when the energy is increased. The exchange potential
of rare gas atoms is repulsive (because of the Pauli
principle) and, in the first approximation, it is inde-
pendent of the electron energy. Thus, around a certain
specific energy, depending on the static polarizability
of a given atom, the attractive effect of the polariza-
tion potential (and of the internal electrostatic potential)
may be compensated by the repulsive effect of the ex-
change potential, so that the net scattering effect is
small. In the heavy gases with a high polarizability
this compensation should obviously occur at higher
energies than in the light gases and this is manifested
by the Ramsauer effect. In the case of the light atoms,
such as those of helium which has a very low polariza-
bility, such compensation cannot occur even at zero
energy. Neon occupies an intermediate position when,
the polarization effect is almost compensated by the
exchange effect near zero energy. In this sense, we
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can conclude nominally that neon exhibits also the Ram-
sauer effect but at an energy close to zero. The posi-
tive value of the scattering length of neon indicates that
the hypothetical Ramsauer minimum of neon is not at-
tained even at zero energy, but the scattering cross
section is close to the Ramsauer value.

7. CONCLUSIONS

The ECR spectroscopy method is an effective means
for investigating electron-atom collisions and it is
largely free of the known shortcomings of the tradition-
al approaches. In principle, the varous energy inter-
vals can be investigated with a very high precision if
the electron temperature is selected so that the maxi-
mum of the distribution function coincides with the mid-
dle of the investigated energy interval. This makes it
possible to carry out measurements not only over a
wide range of energies but also to obtain detailed in-
formation in narrow energy intervals.

The results obtained for all five noble gases can be
made even more accurate, but a comparison with those
obtained by other methods shows that they are satis-
factory. In principle, the ECR spectroscopy method
can be extended to the case of inelastic collisions in
both atomic and molecular gases. However, one would
then have to modify Eq. (4), which should allow for the
inelastic processes.

The authors are grateful to B. M. Smirnov for dis-
cussing this investigation. '

DWe shall show later that irregularities such as the Ramsauer
effect are not sufficiently strong to cause splitting of the type
predicted by Rokhlenko.

DAfter the present paper was completed, the authors became
aware of the recent work of O’Malley and Crompton® where
the drift velocities were used to find the scattering length in
neon amounting to 0.214.
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