
PH YSICAL RE VIE% A VOLUME 24, NUMBER 2

Measurements of total scattering cross sections for intermediate-energy yositrons and electrons
colHding with heHum, neon, and argon

W. E. Kauppila, T. S. Stein, J. H. Smart, *M. S. Dababneh, Y. K. Ho, J. P. Downing, and V. Pol
Department ofPhysics, 8'boyne State University, Detroit, Michigan 48202
(Received 28 August 1979; revised manuscript received 17 April 1981j

Total scattering cross sections have been measured in the same apparatus for positrons and electrons colliding with
helium, neon, and argon atoms in the energy range from 15 to 800 eV using a beam-transmission technique. These
measurements reveal a merging of the positron and electron cross-section curves for helium at energies above 200 eV
while the available theories predict this merging to occur at considerably higher energies. For neon and argon the
positron and electron total-cross-section curves are slowly approaching each other at the highest energies. The
present experimental approach is analyzed with regard to the discrimination against small-angle forward elastic
scattering, and estimates are made of other potential errors in the measured total cross sections. The present results
are used to test the zero-energy sum rule, obtained from forward dispersion relations, and it is found that these data
are consistent with prior measurements in that the sum rule is found to fail for electron scattering and to be valid for
positron scattering.

I. INTRODUCTION

During recent years, there has been considera-
ble interest in measuring total cross sections
for the scattering of positrons and electrons by
the simpler inert gas atoms to provide tests of
various theoretical approximations. Positron-
beam experiments, which have only begun in the
present decade and have recently been the sub-
ject of a review article by Griffith and Heyland, '
are of particular interest because they can pro-
vide a very sensitive test of the theories that have
been developed for electron-atom scattering. '
Since the positron is distinguishable from the
electrons in the target atoms, there is no ex-
change interaction for positrons. Meanwhile,
the static interaction is repulsive for positrons,
while it is attractive for electrons. The polariza-
tion interaction is attractive for both particles.
These differences and similarities manifest
themselves in some interesting ways when com-
parisons are made between the scattering of
positrons and electrons by atoms. At lom ener-
gies the static and polarization interactions mill
tend to cancel each other for positron scattering,
while these interactions add for electron impact.
At sufficiently high energies, only the static
interaction will remain, with the result being
that the total scattering cross sections mill be the
same for positrons and electrons, and will be
given by the first Born approximation, Tmo
phenomena that can only occur for positron col-
lisions are annihilation (appreciable only for
energies much less than 1 eV) and positronium
formation, both real and "virtual".

In the low-energy region, below the lowest in-
elastic threshold, there has been much experi-

mental and theoretical work for electrons and
positrons colliding with helium. For e -He scat-
tering at energies belom the first excitation
threshold (19.8 eV) several recent experiments, ' '
using different approaches, are found to be in
excellent agreement (better than +5/p) with each
other and with the theories of Sinfailam and
Nesbet, ' Callaway et al. ,' O' Malley et al. ,

' and
Nesbet. 9 Meanwhile, the situation for low-energy
e'-He scattering is not as clear since there is
some disagreement between the total-cross-sec-
tion measurements of Canter gt gl. ,' Zaduszlimer
and Paul, "Stein et al. , '2 Burciaga eI; al. ,"and
%ilson. " A theoretical calculation by Campeanu
and Humberston, "considered to be the best for
e'-He scattering, appears to be in agreement
with the work of Canter et al. ' The experiments
of Stein et cl."and Burciaga et al."agree with
each other and with the theory" above 6 eV, but
are lomer than theory's below 6 eV It has been
suggested by Humberston'6 that this discrepancy
may be due to the inability of the experiments
of Stein et al. ' and Burciaga et gl. 's to effectively
discriminate against all of the positrons under-
going small-angle forward scattering. The
normalized measurements of Wilson'4 are some-
what higher than the Campeanu and Humberston
calculations" and the results of Jaduszlimer and
Paul" are considerably higher than the same cal-
culations. The work of Stein et gl."clearly
demonstrates the existence of a Ramsauer-
Townsend effect (a minimum in the total scatter-
ing cross section) for e -He collisions in the
vicinity of 2 eV.

In the case of low-energy positron and electron
scattering by neon and argon, the overall picture
is less clear than for helium due to the increased
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complexity of the scattering systems. The pres-
ent situation for positrons is adequately discussed
by Griffith and Heyland' with there being some
significant discrepancies between the various
exper imental measurements. Hamsauer-
Townsend effects have been observed for positrons
incident on neon'I and argon~~ in the vicinity of
0.6 and 2.0 eV, respectively. For e -Ne, Ar
collisions, the various experiments are in better
agreement than for positron scattering, as can
be seen in the papers by Kauppila et ul. 4 and
Stein et al. '2

There is currently considerable interest in
determining cross sections for positrons and
electrons colliding with atoms at intermediate
energies, which extend from the thresholds of
inelastic collision processes up to the energy
region where the first Born approximation should
describe the scattering. In recent review arti-
cles Bransden and Mcoowell" and Byron and
Joachain'9 discuss various theoretical approaches
that are being used to calculate these inter-
mediate-energy cross sections. Griffith and
Heyland, ' in discussing the intermediate-energy
positron-He, Ne, and Ar total-cross-section
measurements, which are not in particularly
good agreement (except for a rather limited
energy range in helium), point out that these
measurements have been and may still be af-
fected by an inability to discriminate against all
of the inelastically scattered positrons and the
positrons elastically scattered through small
angles in the forward direction. The 200-1000
eV positron-helium total-cross-section measure-
ments of Brenton et alP~ are in good agreement
with the "distorted-wave second Born approxi-
mation" (DWSBA) calculation of Dewangen and
Walters, "while the total e -He cross-section
measurements of Blaauw e~ uE.~ are in agreement
with the Born approximation given by de Beer
et cE.~' for energies above 200 eV. For positrons
and electrons colliding with neon and argon, there
are no similar indications of agreement between
theory and experiment for total scattering cross
sections.

Another aspect of total scattering of positrons
and electrons by atoms that has received con-
siderable attention in recent years is the question
concerning the validity of the sum rule, ~~ which
is based on the forwaxd dispersion relations of
Gerjuoy and Krall. ~ For scattering by the inert
gases, in which the projectile and the target
atoms do not form bound states, the sum rule has
the form

where s is the scattering length, fs and f ss are
the first Born amplitudes for elastic direct and
exchange scattering, respectively, and Q, (k) is
the total scattering cross section expressed as a
function of the momentum k. Both the scattering
length and the zero-energy scattering amplitudes
are expressed in units of ao, the Bohr radius,
and the total cross section Q, (k) is in units of
&am~. By using available total-cross-section mea-
surements for positrons and electrons scattering
from helium (for energies up to where the Born
approximation is considered to be valid) to evalu-
ate the integral in Eg. (l) and theoretical results
for the other terms in Eg. (l), it is now ap-
parent~ '~'2 ' that the sum rule is valid when
applied to e'-He scattering and not valid for
e -He scattering. The differing results for posi-
trons and electrons are understood~3' ~ to arise
from the nature of singularities in the exchange
amplitude, which causes the-sum rule to fail for
electron scattering. No such difficulties arise in
positron collisions since there are no exchange
effects involved between the incoming positron
and target electrons.

Tests of the sum rule for positrons and elec-
trons scattering from neon and argon are not as
straightforward as for helium due to the greater
uncertainty in evaluating a, fg, and f ss from
the theory, and the fact that the measured total
cross sections at the highest energies do not yet
merge with the Born approximation results. The
available evidence~~'~"" indicates a similar
situation as is found for helium, in that the sum
rule appears to be valid for positron scattering
and not valid for electron scattering.

In this paper, we report total-cross-section
measurements for intermediate-energy positrons
and electrons colliding with helium, neon, and
argon atoms. The comparisons that are made
between the electron and positron results should
be particularly meaningful because they represent
the first measurements made with the same ex-
perimental appaxatus and technique at these ener-
gies. An effect that could alter these comparisons
is an inability to discriminate against all small-
angle forward elastic scattering, which is dif-
ferent for positron and electxon impact for ener-
gies below those at which the Born approximation
is valid. The angular discrimination of the pres-
ent experiment is analyzed in Sec. III and esti-
mates are made of the corresponding potential
errors in the measured total cross sections,
which are presented in Sec. IV. Other potential
experimental errors in the absolute total-cross-
section measurements and in the positron and
electron comparison measurements are discussed
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in Sec. V. The use of the present results to test
the sum rule is discussed in Sec. VI.

II. EXPERIMENTAL APPARATUS AND PROCEDURE
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FIG. 1. Schematic diagram of the apparatus.

Detailed discussions of the apparatus and pro-
cedure used in the present measurements have
appeared elsewhere4""'" and only a brief
overview will be presented here. A schematic
diagram of the experimental apparatus is shown
in Fig. 1. A Van de Graaff accelerator is used
to generate an "C positron source by the reaction
"B(P,tt)"C. A variable-energy positron beam
having an energy width of less than 0.1 eV is pro-
duced and guided by a weak, axial magnetic field
through a curved, differentially pumped gas
scattering region to the detector, a channeltron
electron multiplier (CEM). For the electron
measurements, the positron source is replaced
by a thermionic electron source (type B Philips
cathode).

Total cross sections for positrons and electrons
colliding with gases are determined by measuring
the attenuation of the projectile beam as it passes
through the gas scattering region. The trans-
mitted beam current, under "ideal" conditions,
is given by

where n is the target-gas number density in the
scattering region, L is the path length of the
beam through the scattering region, Q~ is the
total scattering cross section, and I0 is the de-
tected beam current with no gas in the scattering
region. The target-gas number density n is de-
termined from the measured pressure and tem-
perature of the gas in the scattering region, while
the path length L is taken as the axial distance
(109 cm) between the gas-confining apertures
of the scattering region. Both I and I, are cor-
rected for "spurious" CEM counts and the small
number of detected positrons having energies
higher than the desired narrow-energy-width
positron beam. Signal-to-noise ratios for the
positron beams used in this work were generally
larger than 100:1 and sometimes were as large
as 1000:1, while the ratios were even better for
the detected electron beams (typically greater
than 500:1). The "noise" count rates were deter-
mined by stopping the primary beam with a re-
tarding potential that was generally 1 V higher
than the voltage applied to the source for electrons
at all energies, while the "stopping" potentials
used for positrons were generally 1 V higher
for E &100 eV and 2 V higher for E &100 eV. The
energies of the positron and electron beams were
established by the voltage applied to the source
and retarding potential measurements were used
to assign the absolute energy.

A routine step in the procedure is to measure
the total cross section at each energy for varying
gas number densities in the scattering region,
to insure that I vs I, has the proper exponential
dependence, as given by Eq. (2). Another im-
portant aspect of the procedure is the use of a
retarding potential element, located after the
scattering region, to discriminate against (1) all
of the positrons and electrons which have par-
ticipated in inelastic collision processes and (2)
some of the positrons and electrons which were
elastically scattered. Discrimination against the
elastically scattered projectiles becomes increas-
ingly more difficult as the angle of scattering in
the forward direction decreases. As a result,
the discrimination against elastically scattered
projectiles is incomplete and will depend on
several experimental parameters and various ef-
fects discussed in Secs. III and IV.

III. DISCRIMINATION AGAINST PROJECTILES
ELASTICALLY SCATTERED AT SMALL

FORWARD ANGLES

Elastic scattering of positrons and electrons
by atoms is characterized by the scattered pro-
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jectile particle having very nearly the same en-
ergy as its incident energy. For elastic scatter-
ing at small angles in the forward direction, the
degree of discrimination depends on the angle of
scattering and on the nature of the experimental
apparatus and approach. In the present experi-
ment, this discrimination is provided by a com-
bination of (l) the retarding potential that is ap-
plied to an element following the scattering region
and preceding the detector and (2) the size of the
beam exit aperture from the gas scattering reg-
ion

A. Effect of the retarding potential procedure

In order to provide discrimination against beam
particles elastically scattered in the forward di-
rection, we have made use of a retarding potential
element located between the gas-confining exit
aperture and the CEM detector (see Fig. l). For
each projectile ener gy studied, the potential ap-
plied to this retarding element is set (with the
scattering region evacuated) so as to decrease
the beam intensity to 80% of the beam intensity
with no applied retarding potential. As described
elsewhere, 4 the steepest portion of the retarding
potential curve is at the voltages immediately
above the retarding potential value that gives an
80% beam transmission. When a particle under-
goes elastic scattering, some energy associated
with axial motion is transferred to enex gy as-
sociated with transverse motion. Since the re-
tarding potential element retards only the axial
component of velocity, a particle of incident en-
ergy E, which scatters at an angle 6~ in the
forward direction, may lose sufficient energy
associated with axial motion, E —E cos'6~
=E sin'8~ that it will no longer be able to sur-
mount the retak ding potential barrier.

An estimate of the angular discrimination (the
smallest angle of scattering in the forward di-
rection that can be discriminated against) ob-
tained with the retarding potential ayproaeh can
now be made. For a "median" energy detected
projectile beam particle, one that will be on the
verge of being stopped when the retarding poten-
tial element transmits only 40% of the beam,
the angular discrimination is determined from
the expression

E4D ESD E sin'8~,

whe re EqD and ESD eor res pond to th e ene rgies
of incident projectile beam particles that are on
the verge of being stopped when the retarding
potential element passes 40@ and 80% of the beam.

The expression for the angular discrimination,
Eg. (3), applies only when both the scattering and
retarding occur in either a region free of any

magnetic fields or a region having a uniform
axial magnetic field. In the present experiment
a nonuniform axial magnetic field is used, with
the field in approximately 90% of the scattering
region being determined by the curved solenoid
and the field at the retarding element being de-
termined by the current-carrying coil surrounding
the exit aperture from the scattering region. As
a result, the angle between the direction of mo-
tion of the scattered projectile and the axial direc-
tion will change depending on the magnitude of
the axial magnetic field. It is well known~ that
for a charged particle moving at some angle 8
to a slowly varying axial magnetic field &,

p'/B =const,

where P~ is the component of momentum of the
particle perpendicular to the axial direction of
the magnetic field. By expressing P& in terms of
the total momentum, P& =P sin8, one obtains the
following expression relating the angle 8 with the
field B at different points:

(sin28, )/B, =( is'n8)/ ~B.

From Eqs. (3) and (5), one gets the expression
for the angular discrimination for a beam particle
with median energy Z (=B«) as

8g(R) =arcsin(Bq~/BsB)'+,

where B~ and &~ are the magnetic-field strengths
in the scattering region (assumed uniform
throughout) and at the retarding element, and» =&~-~ID.

8. Effect of the beam exit aperture

The beam exit aperture from the scattering
region provides discrimination against elastically
scattered projectiles in that after the projectile
is scattered at some angle to the axial beam-
confining magnetic field (assuming it was initially
moving parallel to the field) the scattered pro-
jectile will acquire spiralling motion which will
decrease its probability of passing through the
exit aperture leading to the detector. This dis-
crimination will depend on the nature of the un-
scattered projectile beam (energy, and spatial
and velocity distributions), the aperture, and the
distribution of angles at which the elastic scat-
tering occurs.

A reasonable estimate of the discrimination
provided by this effect can be made with some
simplifying assumptions. It is assumed that the
unseattered primary beam is moving parallel to
the axial magnetic field at the aperture and that
the entire beam passes through the aperture and
has a uniform spatial distribution throughout the
cross-sectional area of the aperture. (These are
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&~r' =const. (6)

As a result, the orbit radius varies as the pro-
jectile travels from the scattering region (denoted
by subscript S) to the exit aperture (denoted by
subscript A} and is given by

Bs&5 =Bg&g. (9)

From Eqs. (7) and (9), one obtains the relation-
ship

8~(A) =arcsin[qr„(B„B~/2mE}'+], (10}

which relates the orbit radius at the exit aperture
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FIG. 2. Calculated fraction of scattered projectiles
transmitted by the exit aperture versus the ratio of the
orbit radius ~ of the scattered projectiles to the aperture
radius R.

reasonable assumptions because of the manner by
which the primary beam is initially tuned to pro-
vide the highest detected beam intensity consis-
tent with the narrowest attainable beam energy
distribution, and the use of the smallest magnetic
fields in the scattering region and at the detector
aperture. ) When gas is introduced into the scat-
tering region, projectiles scattered at an angle
Os to their original direction of motion will begin
spiralling with an orbit radius of

r =me( si n8~) /qB,

where m, q, and v are the mass, charge, and
speed of the projectile, and & is the magnetic-
field strength. As the size of the orbit radius
increases relative to the size of the aperture,
the scattered projectile is less likely to pass
through the aperture and be detected. The re-
sults of a calculation that has been performed to
determine the transmiseion fraction of the scat-
tered projectile particles versus their orbital
radii at the exit aperture are shown in Fig. 2.
The final consideration that is necessary to
enable an estimate of the discrimination is the
variation of the magnetic-field strength from the
scattering region to the exit aperture. If the
magnetic field varies at a sufficiently slow rate
the magnetic flux through the projectile's orbit,

to the angle of scattering of the projectile in the
scattering region. From Fig. 2 we find that if all
the projectiles are scattered such that their orbi-
tal radii are 65% of the aperture radius
(R„=2.38 mm; r„=1.55 mm) then 50+ of the scat-
tered projectiles would not pass through the aper-
ture. This value for the orbit radius will be used
in the following discussion to estimate the angular
discrimination resulting from the exit aperture
size.

C. Evaluation and discussion

During the course of the present experiment it
was necessary prior to the start of each cross-
section measurement, to maximize the beam
transmission through the scattering region with
no target gas present, which involved tuning the
many variable parameters that are used to con-
trol the projectile beam. In general, the values
of B& and B„are adjusted to the lowest values
consistent with maximum beam transmission to
the detector. The effective magnetic field 8&
near the center of the retarding element was de-
termined to be 0.5'7B„. It is often the case that
two different runs at the same energy with the
same projectile will have different combinations
of the various parameters.

In order to summarize the angular discrimina-
tions, due to the retarding potential procedure
and the effect of the exit aperture size, for the
various projectiles and the various gases over the
spectrum of projectile energies, the values for
8z (R}and 8& (A} from Eqs. (6}and (10}(with
~„=1.55 mm} have been calculated for each mea-
surement. The results of these determinations
are given in Table I. In most cases more than
one measurement was made for a given projectile,
target gas, and energy, in which case the angular
discrimination values in Table I represent the
averages of the various individual values. In a
few measurements, a parameter value was not
recorded and, as a result, no angular discrimina-
tion value is given.

In considering the information presented in
Table I it should be realized that the two different
effects providing discrimination against small-
angle scattering are independent from each other
in that each effect would provide discrimination
without the existence of the other effect. As a
result, one should expect that whichever effect
gives the best angular discrimination (smallest
angle) for a given measurement, this value should
represent an upper limit for the angular dis-
crimination since the other effect, even though
it gives a larger angle, will still provide some
additional discrimination and improve the overall
discrimination. In the cases where the associated
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TABLE I. Angular discriminations (in degrees) de-
duced for the retarding potential procedure g values)
and for the effect due to the exit aperture size g val-
ues). The columns are also labeled according to the
target gases and projectile particles.

Helium
e'

Energy (eV) R,A R,A

Neon
e' e

R,A R,A

Argon
e' e

R,A R,A

20
30
50
75

100
150
200
300
400
500
600
700
800

16,18
16,16
13,8
12, 7
14, 7

6, 6
7, 6
8, 6
8, 6

22, 11
13,7
13,4
10,6
9, 5

12, 8
8, 6

10,6
5, 5
8, 6

25, 24
17,25
19,19
19,11
21,12
14,10
11,7
12, 7
10, 6
9, 6

11,7
10, 6

24, 9
11,7
11,8
9, 14
8, 6
7, 5
9, 6
9, 6
7, 6
7, 6
8, 6

64, 10
17,9
23, 12

20, 8
17, 8
13,7

8, 6
9, 7
9, 6

18, 7
13,7

6

24, 10
17, 10
14, 6
9, 7

10, 5

9, 6
7, 6
6, 5
7, 6
7, 6
8, 6
7, 6
6, 5

Energy (eV)

2 50 2 10 50 l00 200
I I I I

400 600
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5I
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I.5-
O
O
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0
0
O
0

0.5-

0

I
I
I
I
I
I
I
I
I
I

I
I
I
I
I

r
I

elium

I I

4
k (i/oJ

FIG. 3. Total electron- and positron-helium scattering
cross sections. The present results for electrons( ) and
positrons(g) are shown with a solid line drawn through
the respective points. The dashed line at low energies
for positrons represents the data of Stein et al,. (Ref. 12).
The dashed portion of the curve for electrons (shown in
the inset) is from Kauppila et al. (Ref. 4) and the dotted
portion at the lowest energies is from Milloy and Cromp-
ton (Ref. 3). The lowest-energy inelastic thresholds for
each projectile are indicated by arrows and correspond
to positronium formation at 17.8 eV for positrons and
atomic excitation at 19.8 eV for electrons.

8 and A values in Table I are the same we would
expect the overall angular discrimination, due
to a combination of these two effects, to be some-
what better than either value separately. In
summary, the smaller angle of each pair of R
and A values should be a reasonable estimate of
an upper limit on the angular discrimination which
can be used along with elastic differential cross
sections, if available from experiments or theory,
to make estimates of the associated errors that
may be expected in the present total-cross-
section measurements (see Sec. IV).

IV. TOTAL-CROSS-SECTION RESULTS
AND DISCUSSION

A. Positron- and electron-helium measurements

The present measurements of total cross sec-
tions for positrons and electrons colliding with
helium atoms are shown in Fig. 3, and are com-
pared with various recent theoretical calcula-
tionsm'~ ~ and with several prior experimental
results" ' '~ in Table II. Only the more recent
electron measurements are included in Table II
(and Tables III and IV) in order to simplify the
overall comparisons between the electron and
positron experimental and theoretical results.
The most striking feature of the present results
is the merging (to within 2%) of the positron and
electron total scattering cross sections at 200
eV. This observed merging is of particular
significance because the positron and electron
measurements (of which preliminary results
were presented elsewhere4') represent the first
set of results at these intermediate energies
where both projectiles have been used in the
same experimental system with the same experi-
mental approach. This approach is advantageous
in that most systematic errors in the determina-
tion of target-gas number densities and projectile
beam path lengths through the gas scattering
region tend to equally affect the positron and
electron measurements. As a result, the com-
parisons of the relative positron and electron
measurements are more meaningful than the
separate absolute cross-section values.

One known source of error that could have in-
fluenced the observed merging of the electron and
positron total scattering cross sections is the
inability of this experiment to fully discriminate
against small-angle forward elastic scattering.
It is evident from some of the current theories
(for example, see Fig. 1 in Ref. 21 and compare
Tables I and VI in Ref. 35) that the elastic scat-
tering of electrons by helium at intermediate
energies is more pronounced at the smallest
scattering angles than it is for positrons, while
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TABLE III. Total cross sections for positron- (electron-)neon scattering (in units of mz0). Other explanatory inform-
ation is the same as for Table II. Experimental value for e -Ne of Salop and Nakano (Ref. 51) is (4.13) for 20 eV.

Energy
(eV)

This
experiment DWSBA~

Theoretical values
OM" BBc BG+ DW Be

Experimental values
C W D" w'

20
30
50
75

100
150
200
300
400
500
600
700

1000
2000
3000

1.62 (4.19)
2.01(4.23)
2.25 (4.05)
2.26 (3.72)
2.17(3.37)
2.02 (2.87)
1.90(2.54)
1.60(2.03)
1.39(1.74)
1.23 (1.52)
1.10(1.36)
1.04(1.24i)

2.20(3.11)
1.86(2.43)
1.61(2.02)
1.42 (1.74)

1.17(1.39)
0.93(1.08)
0.58 (0.64)
0.42 (0.46)

2.68(4.52)

2.15(3.07)
1.81(2.40)
1.58(2.00)
1.40(1.73)

(1.40)

-7.07-
-5.52-
-3.92-
-3.05-
-2.49-
-2.12-
-1.85-
-1.34-

2.15(2.88)
1.80 (2.28)
1.55(1.91)
1.37(1.65) .

1.12(1.32)
0.90(1.03)
0.55(0.61)
0.40(0.44)

1.52
1.76i
2.20

2.05

1.84

1.42

1.15
1.02$
0.75

1.42i
1.86i

2.5
2.25
1.95
1.70
1.16
1.05
0.68
0.63
0.55

1.85
2.02
2.05i
2.08
1.86
1.79

(1.24)
(0.94)
(0.57}
(0.41)

(3.92)
(3.84) (4.28)
(4.03) (4.08)
(3.95i) (3.78)
(3.71) (3.44)
(2.94) (2.96)
(2.54) (2.64)
(2.11) (2.12)
(1.75) (1.80}
(1.52) (1.57)

(1.38)
(1.26)

~ DWSBA (distorted-wave second Born approximation); Dewangen and Walters, Ref. 21.
~0M (optical model); Byron and Joachain, Ref. 35.

BB (Bethe-Born}; Inokuti and McDowell, Ref. 38; Saxon, Ref. 46.
~ BG+ DW (Bethe theory with gamma term for inelastic cross section; DWSBA for elastic cross section); Inokuti et

al. , Ref. 39 and Saxon, Ref. 46; Dewangen and Walters, Ref. 21.' B: Brenton et al. , Ref. 47.
~ C: Coleman et al. , Ref. 48.
~ T: Tsai et a/. , Ref. 31.
"D: de Heer et al. (semiempirical), Ref. 49.

W: Wagenaar and de Heer, Ref. 50.

at the larger angles the scattering becomes quite
similar. The more pronounced differences at
small angles for these two projectiles is at-
tributed" to the effect of the polarization potential
and how it adds to (for electron impact) and sub-
tracts from (for positron impact} the effect of the
static potential for the respective projectile parti-
cles. In order to estimate the possible errors
in the present total-cross-section measurements
due to this possible lack of discrimination against
small-angle forward elastic scattering it is neces-
sary to consider the angular discrimination of the
experiment (see Sec. III), the elastic differential
scattering cross sections, and the fraction of the
total cross section that is attributable to elastic
scattering. In the case of the elastic differential
cross sections at these intermediate energies,
experimental results are available only for elec-
tron scattering and are in very good agreement
above 200 eV with the calculations of Byron and

Joachain, "who use an eikonal-Born-series
method within the framework of the optical-
model formalism [hereafter referred to as the
"optical model" (OM)], and the distorted-wave
second Born approximation (DWSBA) calculation
of Dewangen and Walters. ~' The optical-model
results" (which are generally in very good agree-
ment with the DWSBA results~') are used for the

elastic differential cross sections and for the
ratios of the elastic scattering cross sections
to the total cross sections, while the smaller
discrimination angle of each pair of the R and A
values in Table I are used in making estimates
of the errors that may arise in the present mea-
surements due to a lack of complete discrimination
against small-angle forward elastic scattering.
In the range of energies from 100 to 500 eV (where
this experiment and the theory~ overlap} these
estimated errors average 2% for electrons and

1% for positrons, implying that the actual total
cross sections may be larger by these amounts.
As a result, this lack of discrimination could
have made the measured electron and positron
total scattering cross sections 1% closer to-
gether than the actual cross-section values for
energies at and above 100 eV.

Since the incomplete small-angle discrimination
in the present experiment should have little over-
all effect on the observed merging of the positron
and electron cross sections, it is of interest to
compare these results with the DWSBA calcula-
tion of Dewangen and Walters" which extend up
to 3000 eV and indicate a merging of the positron
and electron cross sections to within 2% at 2000
eV and 1% at 3000 eV. At 200 eV the DWSBA
electron total cross section is 20% larger than
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TABLE IV. Total cross sections for positron- (electron-)argon scattering (in units of 7IQ 0). Other explanatory in-
formation is the same as for Table II. Experimental values for e -Ar of Golden and Bandel (Ref. 54) are (21 .7i) for
15 eV and (17.1i) for 20 eV.

Energy
(eV)

Thi s
experiment OM II,

Theoretic al values

OM II~ BG+ OM Ic
Experimental values

G' T~ 0 wb

15
20
30
50
75

100
150
200
300
400
500
600
700
800

1000

6.65(24.5)
7.27 (19.7)
8.19(14.7)
8.34 (11 .3)
7 ~ 69(9.52)
7.14(8.72)
6.10(7.21)
5.55 (6.38)
4.53(5.23)
3;92(4.37)
3.38(3.74)
2.96(3.33)
2.64 (3.03)
2.46(2.86)

7.10 (10.0)

5.73(7.19)
4.87 (5.83)
4.27 (4.96)
3.82 (4.36)

3.16(3.50)
2.91(3.21)
2.52 {2.75)

7.2 6 (10.6)

5.63(7.32)
4.74 (5.79)
4.14(4.90)
3.69(4.27)

2.85 (3 .18)
(2 .75)

(6.07)

(6.00)
{5.12)

4.05 (4.46)
(3.96)

(3.27)
(3.01)

(2 .62)

5.69

4.52
3.56
2.99
2.48
2.40
2.34

7.9
8.3
8.95

7.5
6.2
4.85
4.1
2.9
2.8
1.9

8.32
7.46
6.96
6.13
5.33
4.41

(24.9)
(18.6)
(12.7)
(10.6i)
(9.41)
(7.88)
(6.80)
(5.35)
(4.54)
(3.98)

(2.53)

(25.8)
(23.0)
(15.8)
(11.6)
(10.1)
(9.24)
(7.84)
(6.66)
(5.45)
(4.65)
(4.08)
(3.65)
(3 31)

OM I (optical-model method I); Joachain et al ., Ref. 52.
OM II (optical-model method II); Joachain et al . , Ref. 52.

'BG+ OMI (Bethe theory with gamma term for inelastic cross section; OMI for elastic cross section); Inokuti et al .;
Ref. 39, and Joachain et al ., Ref. 52.

~ B: Brenton et al ., Ref. 47.
G: Griffith et al ., Ref. 53.
T: Tsai et al ., Ref. 31.
D: de Heer et al ., Ref. 49 (semiempirical) .

"W: Wagenaar and de Heer, Ref. 50.

the positron cross section. The results of the
optical-model calculation by Byron and Joachain, "
extending up to 500 eV for pos itrons and '700 eV
for electrons, are in very good agreement with

the DWSBA, while the "eikonal-Born-series" (EBS)
calculation of ByronM gives cross sections which

appear to be merging at a somewhat lower energy
than the DWSBA, with the electron values being
only 3%%up larger than the positron values at '700 eV.
In any case, the present experimental results are
observed to merge at a lower energy than pre-
dicted by any of these current theories.

A comparison of the absolute values of the ex-
perimentally determined total cross sections in

Table II shows that the present electron scattering
measurements are in very good agreement (with-
in 5'%%up) at all energies of overlap with the recent
measurements of Kennerly and Bonham, ' and
Blaauw et al. ,"and the semiempirical total cross
sections deduced by de Heer and Jansen. 44 It
should be noted that the angular discrimination
of the experiment of Blaauw et al.4' is less than 1'
which would result in less than a 0.1% error in
their cross-section values due to this effect in
the energy range from 100 to '700 eV. Since the
present results average 2g higher than Blaauw
et al. 4~ in this same energy range, the actual dis-
crepancy may be 4% (with the present values being

higher) if allowance is made for the estimated
angular discrimination corrections. The present
positron total scattering cross-section measure-
ments are in fair to good agreement (within 15%%uo)

with the measurements of Brenton et al. ,~o

Griffith et al. ,"and Jaduszliwer et al." In com-
paring the present total-cross-section values
with the theoretical results, one finds that the
DWSBA" and optical-model" results are higher
for both positron and electron scattering, with the
theoretical results approaching experiment at the
highest energies. In general, the positron values
are in closer agreement (differing by 3% at 500
eV) than the electron values (differing by 12% at
500 eV}. The EBS"results bracket the experimen-
tal results in that the theoretical electron values
are generally higher (by 3% at 500 eV) than the experi-
mental values while the theoretical positron val-
ues are lower (by 3% at 500 eV}. A "Bethe-Born"
total-cross-section calculation (in which no dis-
tinction is made between positron or electron
projectiles} by Inokuti et al. ,~'" where the Bethe
theory was used to determine the inelastic cross
sections~ and the first Born approximation to
determine the elastic cross sections, "gives re-
sults that are somewhat higher than both the posi-
tron and electron experimental result+, but lie
between the positron and electron results from
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the DWSBA and optical-model calculations. In
surveying the various theoretical results it has
been found that by adding the inelastic cross sec-
tions that can be calculated by using the Bethe
theory with an additional "gamma" term'9 (which
relates to the number of electrons in the target
atom) and the elastic scattering cross sections
resulting from the DWSBA theory, "one obtains
total cross sections (designated by BG+DW in
Table 11) that agree to within 2% with the present
positron results at and above 200 eV and differ
by less than 10$ for electron scattering. It is
also interesting that the BG+DW positron and
electron values appear to be merging at a some-
what lower energy than the other calculations
presented here. A recent "modified Glauber"
calculation by Gien40 for positron total scattering
gives results which agree quite well with the
present results for energies above 200 eV.

B. Positron- and electron-neon measurements
I

The present total-cross-section measurements
for positrons and electrons colliding with neon
atoms are shown in Fig. 4, and are compared
with several theoretical calculations"'"'"'"'"

Energy (ev)
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FIG. 4. Total electron- and positron-neon scattering
cross sections. The present results are indicated by (.)
for electrons and (~) for positrons with solid lines drawn
through the respective points. The dashed lines at low
energies for positrons and electrons represent the re-
sults of Stein ef al. (Ref. 12), while the dotted line at the
lowest energies for electrons is from Salop and Nakano
(Ref. 51). The arrows refer to the lowest-energy in-
elastic thresholds for positrons (14.8 eV for positronium
formation) and electrons (16.6 eV for atomic excitation).

and prior experimental results"'~ " in Table III.
The measured total-cross-section curves dis-
played in Fig. 4 are seen to be slowly approaching
each other as the energy increases with the elec-
tron results being about 20% higher than the posi-
tron results at '700 eV. Estimates of the possible
errors due to incomplete discrimination against
small-angle forward scattering have been made
using the same procedure that was used for scat-
tering from helium, with the optical-model re-
sults of Byron and Joachain" being used for the
differential elastic scattering cross sections and
for obtaining the fraction of the total cross sec-
tion that is attributable to elastic scattering.
These estimates indicate that the present mea-
surements may be an average of 4% too low for
positrons and 5Q too low for electrons in the en-
ergy range from 100 to 500 eV. As a result, the
comparison of the present positron and electron
relative total-cross-section results should be
little affected by this consideration. In comparing
the gradual approach of the measured cross sec-
tions with the DWSBA calculation of Dewangen
and Walters~' (which agrees well with the optical-
model calculation of Byron and Joachain" in the
region of overlap) one finds a quite similar be-
havior where the theoretical results for electron
scattering are about 20% higher than the positron
values at 700 eV and this difference decreases
to about 10% at 3000 eV.

The present absolute e -Ne total-cross-section
values are slightly lower (an average of 3% in the
range from 100 to 500 eV) than Wagenaar and
de Heer, '0 in very good agreement at 20 eV with
Salop and Nakano, "and in good agreement with
the semiempirical results obtained by de Heer
et a/. 4" The angular discrimination of the experi-
ment of Wagenaar and de Heer" (less than 1')
would result in less than a 0.2% error in their
cross-section values from 100 to 500 eV, which
would indicate that the discrepancy between the
present results and Wagenaar and de Beer would
be 2% (with the present results being higher) if
allowance is made for the estimated angular dis-
crimination corrections. For positron scattering
the present measurements are in good agreement
with Brenton et a/. ,4' where the present results
are an average of a few percent higher. The
measurements of Coleman et a/. ' are in fair
agreement with the present results up to 200 eV,
but decrease rapidly at higher energies, which
is most likely due to their inability to discriminate
against all of the inelastically scattered positrons
and positrons elastically scattered at small angles
in the forward direction. The total-cross-section
values measured by Tsai et a/. "are consistently
about 8% lower than the present measurements.
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FIG. 5. Total electron- and positron-argon scattering
cross sections. The present results are indicated by (-)
for electrons and (g) for positrons. The dashed lines for
electrons and positrons represent the measurements of
Kauppila et al. (Ref. 17), while the dotted line at the low-
est energies for electrons is taken from Golden and Ban-
del (Ref. 54). The arrows indicate the lowest-energy in-
elastic thresholds for positrons-(9. 0 eV for positronium
formation) and electrons (11.5 eV for atomic excitation).

The theoretical results from the DWSBA2' and
optical-model ' calculations are higher than the
present measurements by nearly the same amount
for positron and electron scattering, ranging
from 20 to 25%1 higher at 100 eV to about 1(g&

higher at 700 eV. -For e' scattering by neon, the
Bethe-Born calculations, "'~' where the Bethe
theory is used to determine the inelastic scatter-
ing cross section and the first Born approximation
for the elastic cross section, do not seem to give
very good results. Meanwhile, it is interesting
that when inelastic cross sections are calculated
by using the Bethe theory with the additional
gamma term, ' ' ' and these inelastic cross sec-
tions are added to the elastic cross sections ob-
tained from the DWSBA" theory, one gets total-
cross-section values that are in better agreement
with the experimental results than either the
DWSBA or optical-model calculations.

C. Positron- and electron-argon 'measurements

The present results with argon atoms as the
target particles are shown in Fig. 5 and compared
with theory~'2 and other experimental re-
sults"'"'"' '"'~ in Table IV. From Fig. 5 it is

seen that the electron and positron total-cross-
section curves are only slowly approaching each
other at the highest measured energies. The
optical-model calculations of Joachain et al. 52

indicate a rather similar gradual approach of the
electron and positron cross sections. Using the
results of "method II" of these calculations'~
along with the deduced angular discriminations
given in Table I, it is estimated that the present
total-cross-section measurements for electron
scattering may be an average of 9% too low in
the energy range from 100 to 800 eV and 10%
too low for positrons at 400 eV (the only energy
for which theoretical results were readily availa-
ble).

A comparison of the present e -Ar results for
energies above 100 eV with Wagenaar and
de Heer'~ (whose angular discrimination of less
than 1' would cause an error in their cross-sec-
tion measurements of less than 0.4%) finds the
present results to average 7% lower. If an al-
lowance is made for the estimated corrections
due to incomplete angular discrimination in these
experiments, the present results would average
about 2' higher. Below 100 eV Wagenaar and
de Heer also average 7% higher. The semi-
empirical electron results of de Heer et al.'
average 6% (and 16@)higher than the present
results above 100 eV (and below 100 eV). The
electron measurements of Golden and Bandel~
are 10-15')o lower than the present results at 15
and 20 eV. The present positron measurements
are an average of 2% lower than the results of
Brenton et al."arid 2% higher than the measure-
ments of Tsai et al. ,"while the measurements of
Griffith et al. 53 range from about 5% higher at the
lower energies to considerably lower (&20%) at
the highest energies of comparison.

Comparing the present total-cross-section
measurements with the optical-model calculations
[methods I (OM I) and II (OM II)] of Joachain et al."
it is found, if an allowance is made for the esti-
mated potential small-angle forward elastic scat-
tering errors, that there is agreement to within
10% at all energies. It should be pointed out, how-
ever, that for each projectile, the present results
are diverging slightly from these theoretical re-
sults at the highest energies of overlap. The
theoretical results, labeled BG+OMI in Table IV,
have been obtained by using the Bethe theory with
the additional gamma term" for the inelastic
cross section and the optical-model (method I) '
results for the elastic scattering cross section.
This hybrid theory gives results for electrons
which are quite low for energies up to 200 eV
but seem to be closely approaching the present
results, if corrected, at the highest energies.
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D. General discussion

The most obvious features that are apparent
from Figs. 2, 3, and 4 are that the electron total
scattering cross sections are always larger than
the positron curves, except when the Ramsauer-
Tomnsend effect results in an abnormally lorn

electron cross section, as for argon scattering.
It is interesting to observe that the electron
curves for these three gases reach their maximum
values either below or near the lowest inelastic
threshold energies (corresponding to atomic ex-
citation) which indicates that elastic scattering
is the predominant scattering process in the
vicinity of these peaks. Meanwhile, the positron
curves reach their peaks at higher energies,
which are above the onset of inelastic scattering
processes (where positronium formation gives
the lowest-energy inelastic thresholds and these
peaks appear to be associated with inelastic pro-
cesses. It mould be very interesting to study the
respective roles of elastic and inelastic scatter-
ing of positrons in the energy range extending
upward from the inelastic thresholds. Prior
work' '" indicates that for neon and argon an
appreciable contribution to inelastic scattering
may be due to positronium formation. The
DVVSHA calculations of Dewangen and %'alters"
predict that the ratio of Q(elastic)/Q(tot) for
positrons (electrons) scattered by helium varies
from 0.15 for e' (0.44 for e ) at 100 eV to 0.14
(0.15) at 3000 eV, which implies that at inter-
mediate energies, inelastic processes play a more
important role in the total scattering of positrons
by helium than for electrons. Using results from
the D%SBA theorya' for neon one gets ratios for
Q(elastic)/Q(tot) ranging from 0.35 for e' (0.56
for e ) at 200 eV io 0.49 (0.53) at 3000 eV.

Comparisons of the present measurements with
other experiments reveals a remarkable consis-
tency with the electron total-cross-section mea-
surements made at the FQM Institute. 4"0 The
present values, if corrected for the estimated
angular disc riminations against small-angle for-
ward elastic scattering, average 4, 2, and 2%
higher than the FQM results for helium, neon,
and argon, respectively, for energies above 100
eV. If the projected "corrections" to the present
values are reliable (they depend on the estimated
angular diseriminations and also the theories
used to obtain the differential e1astic scattering
information), it would appear that there is a
systematic discrepancy of a few percent between
these two experiments, which would be well with-
in the estimated systematic errors of each ex-
periment. For positron scattering from helium,
neon, and argon the present results are in

generally good agreement with the results from
the experimental groups at Swansea, '0'4~

London, ~'48*ss and Toronto, s'4a except at the
higher energies where the London results fall off
more rapidly due to deterioration of their dis-
crimination against inelastically scattered parti-
cles and elastically scattered particles at small
angles in the forward direction.

In comparing the present measurements with
several of the applicable theories it is interesting
to note that the Bethe theory with the additional
gamma term, "'"which relates to the number of
electrons in the target, seems to give better re-
sults for the inelastic cross sections for He, Ne,
and Ar than the other theories. This observation
requires that the elastic cross sections deter-
mined from the DWSBA theory" (for helium and
neon) and the optical-model (method I) theory"
(for argon) are reasonably accurate, which seems
to be the case when they are compared with ex-
perimental measurements of electron differential
elastic scattering cross sections (refer to the re-
spective theoretical papers). In order to provide
more stringent tests of various theories it mill
be of considerable interest to study differential
elastic scattering of positrons by atoms and mole-
cules.

U. ERROR ANALYSIS

In addition to the problem of discrimination
against projectiles that experience small-angle
forward elastic scattering (which always results
in measured cross sections that are too low),
measurements of total scattering cross sections
are also subject to a variety of other potential
systematic errors, as well as statistical counting
errors. From Eq. (2) we find that the measure-
ments of Q~ are dependent on the reliability of
the measurements of the target-gas number
density n, the beam path length I through the
scattering region, and measurements of the
transmitted projectile beam currents with and
without gas in the scattering region I and Io. In
this experiment the statistical errors associated
with counting the projectile beam particles are
typically 2% for positrons and 190 for electrons.

A. Target-gas number densi~

The target-gas number density is determined
from the expressions'

(12)

where I', is the pressure in the scattering region,
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I' is the pressure at the capacitance manometer,
T, and 7' are the measured temperatures of the
scattering region and manometer, and k~ is the
Boltzmann's constant. It has been observed that
the pressure at the detector end (the gas-inlet
end) of the scattering region is 10% higher than
at the beam-source end. The pressure used in
Eq. (11) is the average of the pressures at the
two ends and has an estimated uncertainty of 2@
due to this effect. During the total-cross-section
measurements the target gas is repeatedly cycled
in and out of the scattering region with a full
cycle typically taking 2 min. During the gas-in
portion of the cycle the pressure is continuously
monitored to account for small variations and it
is estimated that the uncertainty in the average
pressure during each cycle due to this effect is
l%%uo. The capacitance manometer, "which has not
been independently calibrated, has a manu-
facturer's quoted system error of less than 1P
for measured pressures greater than 10~ Torr
(as used in this experiment). The reliability of
a similar capacitance manometer has been
examined by Loriot and Moran" for measured
pressures less than 2 X10 ' Torr, and an esti-
mated accuracy of 2%% plus 4 x10~ Torr, in ad-
dition to readout limitations, was assigned to
their device. Van Zyl et al.~ have calibrated
a different model capacitance manometer from
the same manufacturer at pressures above
5 &10 ' Torr and have found it to be accurate to
within 2.5%%uo. In the present experiment it is as-
sumed that the readings made with the capacitance
manometer are accurate to within S%%uo. The use
of Eq. (12) to correct for thermal transpiration
effects between the thermally controlled capaci-
tance manometer head and the scattering region
has previously been discussed4 and its use is
consistent with the findings of Loriot and Moran. "
An uncertainty of 1/o is assigned to account for
the use of Eq. (12) and the uncertainties in the
measurements of T, and T (where T, is con-
tinuously recorded and typically between 295 and
300 K, while T is maintained at 322 K with the
accuracy of each measurement being +1 K).
Another potential source of error is that of gas
impurities. In the present experiment research
grade gases (99.999%%u&& purity) are used with no
independent tests being made of the gas purity in
the scattering region. An important part of every
separate cross-section-measurement run at a
given energy was to measure the total cross sec-
tions for a widely varying range of target-gas
number densities to check that the measured
cross sections for every run are independent of
the target-gas number density. Examples of the
pressure independence of the measured cross
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sections for typical runs are shown in Fig. 6. It
is seen from Fig. 6 that in several cases the
ratios of I/Io range from less than 0.2 to more
than 0.8, which would correspond to a pressure
(number density) variation of more than a factor
of 7. For the measurements resulting in the
smallest cross-section values (namely, for helium
at energies above 200 eV) values of I/I, below 0.5
could not be obtained out of considerations for the
highest pressures at which the channeltron detec-
tor can be safely opera, ted." The independence
of the measured cross sections on the target-gas
pressure is an indication that several potential
systematic errors should be negligible, unless
some rema, rkable coincidences occur where two
errors cancel in such a way as to give this pres-
sure independence. It seems unlikely that target
gas entering the source and detector regions4
could be affecting the emission or detection of the
projectile beam particles. It also seems unlikely
that multiple scattering of the projectile beam
particles could be affecting these measurements.
The pressure independence of the measured cross
sections is also an indication that residual back-
ground gases should not be affecting the target-
gas purity to any noticeable extent.

B. Beam path length

The beam path length through the gas scattering
region is dependent on the measured length of the

I/I,
FIG. 6. Measured total cross sections versus attenua-

tion ratio I/Io for various projectile-target combinations.
The projectiles are labeled (+) for positrons and (-) for
electrons. The numbers following the target-gas symbols
are the projectile energies in eV. Statistical uncertain-
ties of one standard deviation in the measured cross sec-
tions are represented by the error bars except where
they are encompassed by the sizes of the dots or circles.
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scattering region, the effect of the pressure drops
. at the differentially pumped entrance and exit
apertures, and the effect of spiraQing in the axial
magnetic field. The measured length of the scat-
tering region is 109 cm w'ith an uncertainty of
+0.5%. The pressure drops at the entrance
(diameter, 3.2 mm) and the exit (diameter, 4.8
mm) apertures shouM have less than a 0.5$ ef-
fect on the path length. No evidence of a beam
path length increase due to spiralling has ever
been observed with this transmission experiment
despite several attempts to create such an effect
by varying (1} the magnetic field in the scattering
region and (2) using various beam-optics focusing
conditions. An earlier estimate' of 1% is assigned
as a reasonable upper limit for the error in path
length due to spiralling.

C. Projectile beam currents

The positron- and electron-beam currents were
both detected with a channeltron electron multi-
plier (in a counting mode). The maximum count
rates used were 5000/sec for positrons and
20000/sec for electrons, which means that space-
charge effects were negligible. During the course
of the measurements the positron currents dif-
fered by more than a factor of 10 between dif-
ferent runs at the same energy, while electron
currents differed by more than a factor of 3. In
both cases, there was no evidence of any non-
linearities in the counting electronics. For the
transmitted positron and electron beams, when
target gas was present, the independence of the
measured cross sections versus I/I, in Fig. 8,
where the transmitted beam varied from less
than 20% to more than 80+ of I, is a further in-
dication of the linearity of the beam-detection
system. One difference between the electron
and positron beams is that the primary electron-
beam current was constant during the measure-
ments, while the primary positron-beam current
was always decreasing due to the 20-min half-
life of the "C positron source. The length of
time for cycling the gas in and. out of the scatter-
ing region was chosen to be only 2 min {fora
complete cycle from the start of one gas-out
reading, through a gas-in reading, to the start
of another gas-out reading) in order that the ex-
ponential decay of the beam would have less than
a 0.5% effect on the cross-section measurements.
Corrections to the cross sections due to noise
counts have been treated in a manner as discussed
by Stein et cl.'2 The noise arises principally
from beam particles having energies in the "high-
energy tails" of the beam energy distributions
(see Stein et al."'se for examples of these dis-
tributions made at low energies when no entrance

and exit apertures to the solenoid are present}.
For the electron measurements, the uncertainties
in the measured. cross sections due to this noise
component are negligible, while for positrons this
uncertainty is estimated to be largest (a maximum
of 1%}for the lowest signal-to-noise ratios that
were used. The uncertainties in assigning ener-
gies to the projectile beams are estimated to be
about +1.0-eV above 100 eV and less than +0.5
eV below 100 eV. These energy uncertainties
would result in total-cross-section uncertainties
of less than 0.5%, except possibly, for e -Ar
scattering below. 30 eV where it could be a bit
larger due to the rapidly changing cross-section
values versus energy.

A potential source of error is related to the-
usual operating procedure4'a of applying a voltage
to the retarding element preceding the channel-
tron so that it passes only 80% of the total pri-
mary beam I, when no target gas is present. I et
us define I,=0.8I,. This means that 2(@ of the
beam current is stopped at the retarding ele-
ment, which we define as I, (=0.2I,). If most of
I, represents projectiles merely having more
transverse motion (as opposed to having in-
herently lower energy which some of these pro-
jectiles will have} they could be scattered by gas
atoms into a "more-axial" direction and then pass
through the retarding potential "hill" and be de-
tected only after they are scattered. This would
have the effect of decreasing the measured cross
sections. It is determined that the maximum
errors due to this effect are 0.5%, 1%, and 2$
for e' scattering from helium, neon, and argon,
respectively.

Another potential systematic error that could
affect transmission experiments using an axial
magnetic field to confine the projectile beam has
been discussed by Golden. ", A loss of sensitivity
to scattering can result if projectile beam parti-
cles scattered at angles near 90 do not hit any
walls and keep spiraQing in the axial field until
they again scatter from another atom. There is
then a chance that this "doubly scattered" pro-
jectile particle may again join the unscattered
beam and be detected. In the present experiment
this potential source of error is negligible.

D. Summary of experimental errors

The estimated experimental errors in the pres-
ent measurements (obtained by taking the square
root of the sum of the squares of each individual
error component, except for the potential small-
angle scattering errors) are summarized in
Table V for the various projectile-target com-
binations. The maximum errors (obtained by
addition of each individual error component,
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Projectile-target
system

Absolute e~ Comparison
measurements measurements

e '-He
e '-Ne
g '-Ar
e -He
e -Ne
e -Ar

5(14)
5(14)
5(15)
5(11)
5(12)
5(13)

3(6)
3(6)
3(7)
2(3)
2(4)
3(5)

TABLE V. Estimated experimental and maximum per-
centage errors for absolute total-cross-section meas-
urements and the e~ comparison measurements. The
maximum error values are enclosed in parentheses.
These estimates do not include the potential errors due
to incomplete discrimination against small-angle forward
elastic scattering, which has been discussed separately.

System kj Contribution

e -He

e '-He

0
0.47
0.9
1.3
5.0

0
1.1
2.0
3.5
7.0

0.47
0.9
1.3
5.0

1.1
2.0
3.5
7.0

0.4879
0.3951
0.2485
0.7423
0.6812

Total 2.5550

0.0290
0.1214
0.2694
0.3128
0.5204

Total 1.2530

TABLE VI. Contributions to (1/2v) f Q& (k)dk from
different ranges of k (k~ &k &k2) for e+-He, e+-Ne, and

0

e'-Ar scattering.

except for the potential small-angle scattering
errors) are also given in Table V. It is to be
noted that separate error values are listed for
the absolute total-cross-section measurements,
and the positron and electron comparison mea-
surements. The errors for the comparison mea-
surements are appreciably smaller because only
the error components associated with the dif-
ferent projectile beam characteristics (statistical,
exponential decay, noise, energy, retarding ef-
fects, and spiralling effects) will contribute to
these "comparison" errors. The other error
components will affect the positron and electron
measurements in the same way and have no effect
on the comparison measurements. The small-
angle scattering errors, discussed elsewhere,
can affect both the absolute and comparison mea-
surements.

e -Ne

e '-Ne

e -Ar

0
0.6
1.22
2.71
4.7
7.0

0
1.0
2.0
3.5
9.0

0
0.4
0.7
1.4
4.0
7.0

0.6
1.22
2.71
4.7
7.0

1.0
2.0
3.5
9.0

0.4
0.7
1.4
4.0
7 ' 0

0.1712
0.3848
0.9327
0.8350
0.5874
2.1844

Total 5.0955

0.1049
0.3030
0.5153
1.1586
1.8004

Total 3.8822

0.3635
0.4423
2.3094
3.7885
2.1032
5.0524

Total 14.0593

VI. TESTS OF THE SUM RULE

Next: we consider the sum rule for positrons
and electrons colliding with helium, neon, and
argon. We use the sum rule in the form of Eq.
(1) in that we assume the projectiles and the
target atoms do not form bound states. For elec-
tron cases, it is well known that electrons do
not bind to ground-state helium, neon, and argon
atoms. The absence of a bound state between
positrons and some noble gases has been dis-
cussed by Golden and Epsteine and by Schrader. '
To evaluate the integral on the right-hand side
of Eq. (1) we have fitted our measured (uncor-
rected) cross sections for low energies4't't' and
intermediate energies (present paper) to various
analytic functions by dividing the energy region
from 0 to into different segments in order to
get better fits. The contribution to the integral
from different momentum ranges are summarized
in Table VI. Except for the lowest- and highest-

e '-Ar 0
0.81
2.0
3.5
9.0

0.81
2.0
3.5
9.0

0.9292
1.3809
1.6772
3.0388
6.3402

Total 13.3663

which is based on a modified effective-range
theory~ taking into account the asymptotic &~
polarization potential. For the numerical fits
involving positrons we let all parameters a, to a,
be free. For the electron cases, however, a,
is kept fixed since electron cross sections are
not available (from our group) around thermal

energy regions the total cross sections are fitted,
in a straightforward manner, to various poly-
nomials. For the lowest-energy region we em-
ployed a five-parameter function,

a~+a k+a~k lnk+a~k +a k
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energies. By keeping a, fixed at a value of 4a',
where a is the scattering length, we force our
measured electron cross sections to join the
"theoretical" cross sections at zero energy. The
values of a are taken as +1.1'l8 (from O' Malley~'),
+0.22 (from Naccache and McDowell~), and
—1.'l (from O' Malley~) for e -He, e -Ne, and

e -Ar, respectively. These values are deduced
from momentum-transfer cross-section measure-
ments by using the modified effective-range
theory. The functional form used in the highest-
energy region is

b +b ink'+~+~1 b b
k2 1 2 k' k4

When we fit our measured cross sections to the
above formula, b, and b~ are variable parameters
but b, and b, are taken to be the leading coefficients
of theoretical Born cross sections, which is
equivalent to joining smoothly the measured cross
sections to the Born approximation results. The
fixed values of b, and b, are 6.18 and 3.011 for
e'-He scattering", 63.29 and 7.7 for Ne scatter-
ing", and 87.7 and 49.6 for Ar scattering, ~' re-
spectively.

Once the cross sections are fitted to analytic
functions, the integral on the right-hand side of
Eq. (1) can be readily evaluated. The results to-
gether with the various parameters used to test
the sum rule are shown in Table VII. For e -He
scattering we adopt a scattering length of 1.178
(from O' Malley~) which was deduced from a
diffusion cross-section measurement of Crompton
et al.~ The direct and exchange amplitudes are
taken as 0.796 and 3.943, respectively, from a
many parameter Hylleraas wave-function calcula-
tion by Ho. These lead to a value of 1.969 for
the left-hand side(LHS) of Eq. (1), while the right-

hand side(RHS) gives a value of 2. 555. It is seen
that the sum rule in the form of Eq. (1) does not
hold for e -He scattering. The e'-He scattering
results, on the other hand, are consistent with the
sum rule since the experimental cross sections
lead to a value of 1.253 for the RHS and the value
of the LHS is 1.276 when the scattering length of
-0.48 computed by Campeanu and Humberston"
is used. The present results tend to support
previous findings that the sum rule holds for posi-
trons but not for electrons. The inadequacy of
the sum rule for electrons has been attributed
to singularities in the exchange amplitude (as has
been discussed in Sec. I).

The adoption of Campeanu and Humberston's
scattering length of -0.48 is not without reserva-
tion. It is noted that another elaborate calculation

. by Page~ leads to a higher value, -0.44, which
differs from -0.48 by about 10%, These calcula-
tions were both based on the Kohn variational
method. To overcome the difficulty due to in-
exact target He-wave functions, Campeanu and
Humberston used the method of models, ' while

Page used a modified version of Kohn's method.
Both calculations relied heavily on the target
wave functions, which are inexact. The 10-
parameter Hylleraas-type wave function used by
Page appears to have a better representation
of correlation effects than the 14-parameter wave
function used by Campeanu and Humberston since
the former included odd powers of r» (the inter-
particle coordinate between the two target elec-
trons), terms which were omitted in Campeanu
and Humberston's wave function. The better
representation of correlation effects in Page's
wave function also led to a better binding energy,
-5.807 Ry, compared with -5.800 Ry obtained
by Campeanu and Humberston (the exact energy

TABLE VII. Sum rule tests for e~-He, e~-Ne, and e~-Ar scattering.

System

e -He
e '-He
e -Ne
e'-Ne
e -Ar
e+-Ar

+ 1.178'
0 48c

+ 0.224
-0.6141
-1 7~

-3.0 to -4.0

yD

+ 0.796"
-0.796"
+3.21'
-3.21'
+9 7"

9 7h

+3 943
0

+5.321'
0

unknown
0

-a -fg+fg

1.969
1.276
1~ 891
3.824

12 ~ 7 to 13.7

(1/2w) f Q)(k)dk

2 ~ 555
1.253
5.096
3.882

14 ~ 059
13 ~ 366

~ O' Malley, Ref. 63.
Ho, Ref. 66.
Campeanu and Humberston, Ref. 15.

~ Naccache and McDowell, Ref. 64.
Huttet al. , Ref. 29.

~ McEachran et al, Ref. 71.
~ O' Malley, Ref. 62.
"Tsai et al. , Ref. 31.
' Hara and Fraser, Ref. 72.
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is" -8.807 44 Ry). Campeanu and Humberston's
wave function, however, does give the exact
polarizability, 1.38, a parameter which is also
important in low-energy scattering calculations.
The polarizability of Page's wave function has not
been determined. If the polarizability of Page's
wave function turns out to be exact, it would be
more appropriate that the scattering length of
-0.44 be adopted. In any case, the 10% dif-
ference between these two elaborate calculations
indicates a definitive calculation might be obtained
only when'both correlation and polarization ef-
fects are treated correctly.

For e -Ne scattering we adopt a scattering
length of 0.22, a value deduced by Naccache and
McDowell~ by performing a phase-shift analysis
on the momentum-transfer cross-section mea-
surements of Robertson. '0 The values of 3.21
for the direct amplitude and 5.321 for the exchange
amplitude (as used by Hutt et al.") lead to a value
of 1.891 for the LHS of the sum rule. The integral
on the right-hand side, obtained from the present
measurements, gives a value of 5.096. It is con-
cluded that the sum rule fails in e -Ne scatter-
ing. The sum rule for e'-Ne scattering, on the
other hand, seems to hold. If we adopt the scat-
tering length -0.614, obtained from a polarized
orbital calculation by McEachran et al. ," the
value of the LHS becomes 3.824 and agrees favor-
ably with the experimentally determined RHS
value of 3.882.

The situation for the sum rule tests on e'-Ar
scattering is less conclusive. To our knowledge,
there is no calculation of the exchange amplitude
for e -Ar scattering published in the literature.
As a result, no test can be made here. Never-
theless, we show the result of the integral in
Table VII for future reference. In addition, by
using a scattering length of -1.7 (O' Malley~) and
a direct amplitude of 9.7 (Tsai et al."), we sug-

gest that the sum rule would hold if the exchange
amplitude is approximately 22.06. Of course, the
condition on the exchange amplitude is dependent
on the value of the integral, which may be subject
to error due to incomplete discrimination against
small-angle forward elastic scattering, and on
both the scattering length and the direct ampli-
tude, which may be improved when more elaborate
calculations are available. The sum rule for
e'-Ar scattering appears to hold when the scat-
tering length is in the range of -3.0 to -4.0, as
deduced by Hara and Fraser'2 from recent an-
nihilation measurements. The LHS of the sum-
rule equation probably lies in the range of 12.7
to 13.7. These compare quite well with the RHS
value of 13.366 determined from the present
measurements. However, a strong conclusion
cannot be made at this stage since a polarized
orbital calculation by McEachran et al.~~ indi-
cates that the scattering length may lie at a lower
value of -5.3, and the accuracy for the direct
amplitude of -9.7 is not clear.
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