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Total-cross-section measurements for positrons and electrons
colliding with H2, N2, and CO2

K. R. Hoffman, ' M. S. Dababneh, ~ Y. -F. Hsieh, W. E. Kauppila, V. Pol, ~

J. H. Smart, ~ and T. S. Stein
Department of Physics and Astronomy, Wayne State Uniuersity, Detroit, Michigan 48202

(Received 23 October 1981)

Total scattering cross sections have been measured in the same apparatus for positrons
and electrons colliding with H&, N2, and CO2 using a beam transmission technique. The
projectile impact energies range from 1 —500 eV for e+-H2, 2 —500 eV for e -H2,
0.5 —750 eV for e+-N2, 2.2—700 eV for e -N2, 0.5 —60 eV for e+-CO2, and 2 —50 eV
for e -CO2. The onset of positronium formation is clearly seen by an abrupt rise in the
total cross sections for positrons colliding with each of the molecules at the respective
positronium-formation thresholds. The positron measurements are compared with the
electron measurements at intermediate energies for H2 and N2. This comparison reveals a
merging of the cross sections for Hq at energies above 200 eV, while for N2 the electron
results remain higher than the positron results at all energies. Estimates are made of po-
tential experimental errors, as well as the experimental resolution for discrimination
against projectiles scattered at small forward angles.

I. INTRODUCTION

It is well known that electron-molecule collision
processes play an important role in numerous
areas, such as gaseous lasers and planetary atmo-
spheres. Positrons, on the other hand, are very
short lived when produced in our world of ordi-
nary matter because of their natural tendency to
annihilate with electrons. During the past decade
0.511-MeV positron annihilation gamma rays have
been discovered coming from solar flares' and the
direction toward the center of our galaxy. The as-
trophysical interpretation ' of the annihilation
gamma rays, which can provide information on the
type of environment that exists where they ori-
ginate, requires information about the nature of
positron interactions with atoms and molecules of
astrophysical importance, primarily hydrogen. Ex-
perimental investigations of positron and electron
scattering by molecules not only provide some
direct information leading to a better understand-
ing of the above-mentioned processes, but can also
lead to a better understanding of approximations
used in various scattering theories. Positrons differ
from electrons only by the sign of their electric
charge. As a result, electron and positron interac-
tions with gases have interesting similarities and
differences. One significant difference is that the
projectile electron is indistinguishable from the
atomic electrons, which gives rise to an exchange

interaction that is not present in positron-molecule
scattering. Since the positron and electron are op-
positely charged, the static Coulomb interactipn be-
tween the projectile and the undistorted molecule is
repulsive for positrons and attractive for electrons.
The polarization interaction is attractive for both
particles. Since the static and polarization interac-
tions add for electron scattering, and tend to cancel
each other for positron scattering, the electron
scattering cross sections will generally be larger
than for positrons. At sufficiently high energies,
the polarization and exchange interactions will be-
come unimportant leaving only the static interac-
tion with the result that the positron and electron
scattering cross sections will merge with their
values being given by the first Born approximation.
Two phenomena that can occur only for positron
scattering are free annihilation [appreciable only
for energies much less than 1 eV (Ref. 5)] and po-
sitronium formation.

Direct experimental investigations of low-energy
electron-molecule scattering processes have been
made since the 1920's and were the subject of a re-
latively recent review article by Golden et al.
Lane has more recently reviewed the theory of
electron-molecule collisions. Some of the more in-
teresting features observed in many electron-
molecule scattering experiments are resonances,
temporary negative-ion states, which have been ex-
tensively discussed in a review by Schulz. ' In the
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case of positron-molecule scattering experiments,
Griffith and Heyland have reviewed the total-
cross-section measurements.

The main impetus of the present work is to
measure total cross sections for positrons scattered
by some common molecules and to compare these
measurements with the corresponding electron
total-cross-section measurements made in the same
apparatus using the same procedure. It is of in-

terest to search for the possible existence of broad
shape resonances in positron scattering because
they are readily observed in total electron scatter-
ing experiments. The electron measurements are
also meaningful in that they can be compared
directly with prior electron measurements and
theoretical calculations, and these comparisons can
provide information on the reliability of the
present experiment. A preliminary report of the
present measurements for low-energy positrons
scattering from H2, N2, and CO2 was made by
Kauppila et al. '

II. EXPERIMENTAL APPROACH
AND ERROR ANALYSIS

The experimental apparatus and procedure is the
same as that used in previous total-cross-section
measurements reported from this laboratory, "
except for the recent addition of a quadrupole
mass spectrometer. Only a brief discussion of the
experimental approach will be presented here. A
Van de Graaff accelerator is used to generate an
"C positron source from which a well-defined en-

ergy ( &0.1-eV energy width) positron beam is pro-
duced. ' The positron beam is then transmitted
through a gas scattering region and detected by a
channeltron electron multiplier. For the electron
measurements a thermionic cathode (Philips type
B) is substituted for the positron source. Total
scattering cross sections QT are deduced from the
attenuation of the projectile beam by means of the
expression

I=I e

sections. Using the same procedure to estimate ex-
perimental errors as used by Kauppila et al. ' we
obtain the error estimates listed in Table I. The re-

ported "experimental error" estimates are obtained

by taking the square root of the sum of the squares
of each individual error component contributing to
the potential errors in I, Io, n, and L, as well as
the statistical error. The "maximum errors" result
from the direct addition of each individual com-
ponent. Separate total errors are given for the ab-

solute total-cross-section measurements and the po-
sitron and electron comparison cross section meas-

urements by the same target gas because several of
the individual error components would affect both
the positron and electron measurements equally.
As a result, the estimated errors for the comparis-
on measurements are smaller. In the present
total-cross-section measurements the total estimat-
ed errors are somewhat larger than those reported

by Kauppila et al. ' due to an added potential
source of error that relates to a minor vacuum
pumping-speed problem that developed during the
course of the present intermediate-energy measure-
ments. A standard check made in every data run

is to measure cross sections for several different
target gas densities to ensure that the results are
independent of n. The measured cross sections for
nine typical data runs for different projectile-gas
combinations are shown in Fig. 1. In the present
measurements the purity of each target gas was
verified by the use of a quadrupole mass spectro-
meter.

TABLE I. Estimated percentage errors in the present
absolute and e—+ comparison total-cross-section measure-
ments. The "experimental errors" are shown outside the
parentheses while the "maximum errors" are enclosed

by the parentheses. The statistical errors in this table
are typical values with the actual values for each data
point listed in the Appendix. The estimated errors in
this table do not include the potential errors associated
with discrimination against small-angle scattering which
are discussed separately.

Projectile

where Io is the detected beam current without gas
present in the scattering region, I is the detected
beam current with gas of number density n present
in the scattering region, and L is the beam path
length in the scattering region.

In using Eq. (1) it must be realized that any er-
rors in the determination of the measurable quanti-
ties will result in errors in measured total cross

statistical
I,IO

n

L

Total (absolute)
Total (e—+ comparison)

2(2)
3(6)
4(8)
1(1.5)

6(17.5)
4(9)

1(1)
3(4.5)
4(8)
1(1)

5(14.5)
3(6)
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Another source of error, not included in Table I,
relates to the inability of most transmission experi-
ments to discriminate against all the projectile par-
ticles that are scattered at small angles in the for-
ward direction. This lack of discrimination will

result in the measurement of total cross sections
that are too low. A detailed analysis of the present
experimental system for this potential error has

I
I I I I

0 0.2 0.4 0.6 0.8 I.O
I/r.

FIG. 1. Measured total cross sections versus attenua-
tion ratio I/Io for various projectile-target combina-
tions. The projectiles are labeled (+) for positrons and

( —) for electrons. The numbers following the target gas
symbols are the projectile energies in eV. Statistical un-

certainties of one standard deviation are represented by
the bars except where they are encompassed by the dots
or triangles.

been made by Kauppila et al. , ' who determined
that two independent aspects of the experiment
contribute to provide discrimination against small-

angle scattering. These two aspects are (a) the use
of a retarding potential field after the scattering re-
gion to serve as a potential "hill" that must be sur-

mounted by the transmitted beam, and (b) the use
of a small beam exit aperture from the scattering
region. Using Eqs. (6) and (10) from Ref. 15 we

obtain the estimated discrimination angles for the
present measurements listed in Table II. Since the
estimated discrimination angles for the retarding
potential procedure and the exit aperture size are
independent of each other it would be expected
that the smaller angle for each particular projectile,
energy, and target combination should represent an

upper limit estimate of the actual angular discrimi-
nation. In general, the estimated angular discrimi-
nations listed in Table II for the electron measure-
ments are smaller than for the positron measure-
ments because it is much easier to optimize the
beam-controlling parameters (lens elements and

magnetic fields) for the more intense (typically 10
times larger) electron beam currents that are used.
In order to determine the amount by which the
measured total cross sections are too low, detailed
information is required on the differential elastic
scattering cross sections and, depending on the pro-
jectile energies, inelastic scattering cross sections.
It should be mentioned that the present experiment
discriminates almost completely against any inelas-

TABLE II. Estimated discrimination angles (in degrees) deduced for the retarding poten-

tial procedure (R values) and for the effect due to the exit aperture size (A values). The
columns are also labeled according to the target gases and projectile particles.

E (eV)

e+
R,A

H2
e

R,A

e+
R,A

N2

e
R,A

e+
R,A

CO2
e

R,A

5
10
20
30
50
75

100
200
300
400
500
600
700

25,38
20,22
17,23

19,21
24, 17
20, 18
30,11
28,9
16,14
11,15

14,6
18,11

7,5
7,5
75
6,5
75
5,5
75
8,5
7,5

19,32
15,29
16,28
22,22
17,21
19,13
18,13
16,8
21,8
25,8
12,8
16,8
22,9

19,6
10,6
8,5

7,5
6,5

1 1,5
5,5
8,5
8,5
8,5
7,5
7,5
6,5

22,36
19,33
18,23
14,22

11,5

7,5
5,5
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tic scattering if the energy lost by the scattered
projectile particles is more than a few tenths of an
eV at low energies and a few eV at the higher ener-
gies due to the effect of the retarding element fol-
lowing the scattering region. In scattering from
molecules, rotational and vibrational processes may
contribute to this potential problem while electron-
ic excitation, ionization, and positronium forma-
tion would not be problems. In the course of these
total cross section measurements, we have noticed
that small-angle scattering does affect our results
because if we tune up the projectile beam with
higher axial magnetic fields in our scattering re-
gion we obtain lower cross section values, which is
consistent with an estimated poorer angular
discrimination for these higher magnetic fields. It
is for this reason that we attempt to tune up our
projectile beams for the lowest feasible magnetic
fields in the scattering region in order to obtain the
best possible angular discriminations.

III. RESULTS
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FIG. 2. Total positron-hydrogen molecule scattering
cross-section results at low energies. The present results
are shown with the experimental data of Coleman et al.
(Ref. 17) and Charlton et al. (Ref. 18), and the theoreti-
cal calculations of Bailie et al. (Ref. 19) and Hara (Ref.
20). Statistical uncertainties of the present results are
represented by error bars when they are not encom-
passed by the size of the dot. The inelastic thresholds
for positronium formation, electronic excitation, and
ionization are indicated by arrows.

In the following discussions concerning the
present total-cross-section measurements it is
necessary to realize that the estimated angular
discriminations, given in Table I, could affect both
the reported absolute total-cross-section values and
the comparisons between the positron and electron

easurernents on the same target gas. The present
total-cross-section measurements and associated
statistical uncertainties are listed in the Appendix.

present measurements and those of Coleman
et al. ' show a sharp increase in the cross sections
near the threshold for positronium formation and a
gradual increase at the lowest energies. The large
increase near the positronium-formation threshold
may also be partly due to excitation of the repul-
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The present results for low- and intermediate-
energy positrons scattered by hydrogen molecules
are presented in Figs. 2 and 3, respectively, along
with some prior experimental results' ' and
theoretical calculations. ' ' Our measurements are
in reasonable agreement with Coleman et al. ' at
energies less than 9 eV and are higher for energies
above 9 eV. The present results average about
10%%uo lower than the data of Charlton et al. ' below
100 eV but are in good agreement with them at en-
ergies above 100 eV. Some earlier low- to inter-
mediate-energy measurements (not shown in Figs.
2 and 3) by Coleman et al. , ' which have been su-
perseded by the more recent Coleman et al. ' rneas-
urements, were recognized as being abnormally low
at the higher energies due to the lack of discrimi-
nation against small-angle scattering. Both the
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FIG. 3. Total positron-hydrogen molecule scattering
cross-section results extending to intermediate energies.
The present results are shown with the experimental
data of Coleman et al. (Ref. 17) and Charlton et al.
(Ref. 18). Other pertinent information is the same as
for Fig. 2.
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sive X„+ state, which becomes energetically possi-
ble in the vicinity of 9 eV. Relative measurements
have recently been made by Charlton et al. of the
energy dependence of the orthopositronium-
formation cross sections for molecular hydrogen
which indicate a peak near the ionization threshold
at 15.6 eV. This information may well indicate
that other inelastic processes make appreciable con-
tributions to the total cross section for energies
above the ionization threshold since the total cross
section continues to increase in this energy region.
The calculation of the elastic scattering cross sec-
tion by Hara, using a fixed nuclei approximation,
is in rather good agreement with the experiments
mentioned above, as can be seen in Fig. 2, while
the adiabatic-nuclei-approximation calculation of
the elastic scattering cross section by Bailie et al. '

is somewhat lower in absolute values but similar in

shape. By using the differential-cross-section re-

sults of Hara and the angular discriminations given
in Table II it is estimated that the present measure-
ments are less than 1% low at 10 eV and about
5% low at 5 eV.

The present measurements for electrons of low

and intermediate energies colliding with hydrogen
molecules are shown in Figs. 4 and 5, respectively,
where they are compared with prior experimental
results and some theoretical calculations.
All of these results are in very good agreement in

regard to the general shapes of the total-cross-
section curves, reaching a maximum between 2 and
4 eV. Our results are in very good agreement (gen-

erally within 5'l/o} with the recent measurements of
van Wingerden et al. and Dalba et al. but are
consistently higher (more than 10%}than the
measurements of Golden et al. and Bruche.
The measurements of Ramsauer and Kollath and
Ferch et al. were taken at energies lower than the
range of this experiment, but are included in Fig. 4
because they indicate an energy dependence similar
to the other results shown. The theoretical results

displayed in Fig. 4 are the elastic scattering cross
sections of Wilkins and Taylor (a Hartree-Fock ap-
proach), and of Hara (a two-center calculation in-

cluding polarization), and the total cross sections
of Henry and Lane (a close-coupling calculation in-

cluding polarization). ' All of these theories ac-
count for exchange in some manner. The Henry
and Lane results (which include rotational excita-
tion as well as elastic scattering) for H2 initially in
the j =0 and j =1 rotational levels bracket our
measurements with their j =1 curve being in
agreement at the cross section maximum but lower

ls-

8

IO
I

C ——Henry (l969) l= I—- —Henry 096$ j*0—- —Hara 0969—--—Wilkins 0967)

~ This Experiment

X Dalba 0986
Ferch 098@
Gaiden 0966)
Ramsauer 093Q

————8ruche 0927)

2

0 I I I I I I t I I I I I I I I I ~ I

5 10 15

Electron Energy (eV)

20

everywhere else, and the j =0 curve being in agree-
ment in the vicinity of 12 eV and being higher at
lower energies. An estimate of the potential error
in the present total-cross-section measurements at
4.4 eV due to lack of discrimination against small-

angle scattering has been made using the j =0
differential-cross-section results of Henry and
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FIG. 5. Total electron-hydrogen molecule scattering
cross-section results extending to intermediate energies.
The present results are shown with the experimental
data of van Wingerden et al. (Ref. 27) and Dalba et al.
(Ref. 28). Other pertinent information is the same as
for Fig. 2.

FIG. 4. Total electron-hydrogen molecule scattering
cross-section results at low energies. The present results

are shown with the experimental data of Bruche (Ref.
23), Ramsauer and Kollath (Ref. 24), Golden et al. (Ref.
25), Ferch et al. (Ref. 26), and Dalba et al. (Ref. 28),
and the theoretical calculations of Wilkins and Taylor
(Ref. 29), Hara (Ref. 30), and Henry and Lane (Ref. 31).
Curves were used to represent the data points of Refs.
23 —26 to enhance clarity. Other pertinent information
is the same as for Fig. 2.
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Lane, and it is found that this error would be less

than 1%. At lower energies the theory of Henry
and Lane indicates less forward scattering so this

can be taken as a reasonable indication that our
low energy e -H2 results are not appreciably af-

fected by the neglect of small-angle scattering.
A comparison of our positron and electron

measurements in Fig. 6 illustrates how the electron
total cross sections are much larger (more than 20
times) than the positron cross sections at low ener-

gies. This undoubtedly results from the tendency

toward cancellation of the static and polarization
potentials for positrons, while they add for elec-

trons. The peak in the cross section curve for elec-

trons (at about 3 eV) is associated primarily with

elastic scattering, while the peak for positrons (in

the vicinity of 25 eV} is most likely associated with

inelastic processes. In the energy range from
30—200 eV the electron results are lower than the

positron results, a somewhat anomalous behavior,
most likely associated with the positron curve hav-

ing a larger contribution from inelastic processes
than for electrons. For energies above 200 eV the
measured positron and electron total cross sections

merge (to within 2%) and remain merged up to the

highest energies (500 eV) investigated. It is not

known what effect the experimental lack of com-

plete angular discrimination against small-angle

scattering has on the present measurements because
the pertinent differential cross section information
is not available at these intermediate energies.
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FIG. 6. A comparison of the total positron- and
electron-hydrogen molecule scattering cross sections as
measured by this experiment. The electron results are
indicated by (0) and the positron results by (6 ).

B. e +—-N2

Our measurements for positrons colliding with

molecular nitrogen are compared with prior experi-

ments' ' ' and some theoretical calculations

in Figs. 7 and 8. The present results are in fair
agreement with Charlton et al., ' although the

shapes of the respective curves are somewhat dif-

ferent. Except for the energy region in the vicinity

of 8 eV, the measurements of Coleman et al. ' are

appreciably lower than our results, particularly at
the higher energies where their measurements are
low due to neglect of small-angle scattering. The
theoretical total (elastic plus rotational excitation}
cross section curve of Gillespie and Thompson is

lower than the present results, while the elastic
scattering cross section curve calculated by
Darewych and Bailie (in the adiabatic approxima-
tion) crosses our results at 4 eV. The only dif-

ferential elastic scattering data available, that are
of interest to this experiment, are at 6.8 eV from

Gillespie and Thompson which enables us to esti-

mate that our measurements may be 20% too low.

If the assumptions leading to this estimate are
valid it would indicate an even larger discrepancy
between our measurements and the prior experi-

mental and theoretical results.
The present e -N2 measurements are compared

with prior experimental ' and theoretical re-

sults in Figs. 9 and 10. All of the displayed exper-
imental data are in good agreement (generally

within 10%). The Hg shape resonance in the vi-

cinity of 2.4 eV was not investigated in our meas-

urements due to the rather broad energy width of
our electron beam [about 0.14 eV (Ref. 16)]. The
"hybrid theory" calculation of Chandra and Tem-

kin gives total-cross-section results that exhibit
the vibrational structure of the temporary N2 ion

state observed by Golden and Kennerly. Their
theory is, however, about 15% higher than the ex-

periments above and below the resonance region.
Using the differential vibrationally elastic cross
sections of Chandra and Temkin, we estimate
that our total-cross-section measurements would be
less than 1% low at 5 eV and about 1% low at 10
eV.

A comparison of the present positron and elec-

tron total-cross-section measurements is made in

Fig. 11 where it is seen that the electron total cross
sections are larger than the positron values for all

energies of comparison. At the highest energies of
comparison (700 eV) there is no indication of a
tendency toward merging of these cross section
curves.
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FIG. 8. Total positron-nitrogen molecule scattering
cross-section results extending to intermediate energies.
The present results are shown with the experimental
data of Coleman et al. (Ref. 21) and Charlton et al.
(Ref. 18). Other pertinent information is the same as
for Fig. 2.

The present low-energy total-cross-section meas-

urements for positron-CO2 scattering are shown in

Fig. 12, along with the measurements of Coleman
et aI. and Charlton et al. ' Our results differ

markedly from those of Coleman et al. in that we

are typically 50% higher, and our energy depen-

dence reveals a distinct bump in the total-cross-
section curve after the positronium-formation
threshold at 7.0 eV and a rapidly increasing total
cross section at the lowest energies. Our results
are in better agreement (averaging less than 10%
lower) with the recent measurements of Charlton
et al.

For low-energy electron-CO2 scattering our re-

sults are compared with prior experimental '

and theoretical work in Fig. 13. The most strik-

ing feature of this total-cross-section curve is the
broad shape resonance in the vicinity of 4 eV. It is

interesting that our measurements agree very well

(within 10%) with the measurements of Bruche, '

Szmytkowski and Zubek, and Ferch et al. on

both sides of the shape resonance, but are more
than 15% higher at the peak. This observed

behavior could be explained by the present experi-
ment having a narrower beam energy width [about
0.14 eV (Ref. 16)], better discrimination against
small-angle scattering (see Table II), or a combina-
tion of these two effects. Ferch et aI. reported an

energy resolution of 0.25 eV in the peak vicinity
which could explain their results being lower than
ours, while Szmytkowski and Zubek had an indi-
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cated energy resolution of better than 0.05 eV
which by itself should have resulted in a higher
peak value for them. The "fixed nuclei" total-
(elastic plus rotational excitation) cross-section cal-
culation of Morrison et al. , which agrees very
well with the experiments for energies below the

shape resonance, indicates appreciable forward (and

backward) scattering at 4 eV. Using the results of
this theory and our estimated angular discrimina-

tions given in Table II we estimate that our meas-
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38). Other pertinent information is the same as for Fig.
2.

0
0 I 2 3 4 5 6 7 8

k(l/ao)

FIG. 11. A comparison of the total positron- and
electron-nitrogen molecule scattering cross sections as
measured by this experiment. The electron results are
indicated by (0) and the positron results (6 ).
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that in the vicinity of (and possibly below) 2 eV

the positron total cross sections are larger than the
electron total cross sections. It is also found that,
except for the electron shape resonance, the elec-

tron cross sections up to 40 eV are at most a factor
of 2 larger than the corresponding positron values

and the shapes of the respective curves are quite
similar.

ACKNOWLEDGMENTS
0 I I I I I I I I I I

0 4 8 I 2 I 6 20 24 28 32 36 40
Positron Energy (eV)

FIG. 12. Total positron —carbon-dioxide molecule
scattering cross-section results at low energies. The
present results are shown with the experimental data of
Coleman et al. (Ref. 32) and Charlton et al. (Ref. 18).
Other pertinent information is the same as for Fig. 2.

We gratefully acknowledge the helpful assistance
of F. Laperriere, S. Smith, A. Sternad, W. Kaiser,
and M. Scheuermann in various aspects of this

project. This work was supported by the National
Science Foundation under Grants Nos. PHY77-
18760 and PHY80-07984.

APPENDIX

urements may be 1% too low at 4 eV and less than

1% too low at 10 eV. At higher energies the
present results gradually become more than 10%
larger than the measurements of Bruche.

It is of particular interest to compare the present
e+-CO2 results (shown in Fig. 12) with the e

CO2 results (shown in Fig. 13) because it is found E(eV) Q(10 ' cm )

e+-H,

E(eV) Q(10 ' cm )

Present total cross section results for various
projectile-target combinations with statistical un-

certainties:
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FIG. 13. Total electron —carbon-dioxide molecule
scattering cross-section results at low energies. The
present results are shown with the experimental data of
Bruche (Ref. 41), Ramsauer (Ref. 42), Szmytkowski and
Zubek (Ref. 43), and Ferch et al. (Ref. 44), and the
theoretical calculation of Morrison et al. (Ref. 45).
Only a representative sampling of the data points of
Bruche are shown. Other pertinent information is the
same as for Fig. 2.
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