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Excitation cross sections for positrons of energies up to 10 eV above threshold scat-
tered in the forward direction by helium atoms have been measured directly by use of
time-of-Qight spectrometry. The results indicate that the scattering is dominated by
excitation of the 2'S state and that there exists a strorg small-angle lobe in the angular
distribution of the scattered positrons.

PACS numbers: 34.80.Dp, 34.90.+q

The partition of the total scattering cross sec-
tion for positron collisions with atoms and mole-
cules is of fundamental importance. In addition
to the unique positronium-formation process, the
cross sections for positron-atom excitation and
ionization are of interest because of the differ-
ence between them and the equivalent electron
cross sections. For example, the excitation of
triplet levels through exchange will be absent in
the case of positrons. The energy-dependent in-
elastic cross sections govern the slowing-down
process for positrons in gases and knowledge of
them is prerequisite to the full interpretation of
the features of measured positron-lifetime spec-
tra in gases, such as the positronium-formation
fraction. The same knowledge is essential when

considering the fate of galactic positrons which

may form positronium or excite or ionize gas
molecules prior to annihilation and the emission
of the characteristic radiation which has been de-
tected on Earth. '

Recently Griffith et al. determined that at in-
termediate energies (up to 500 eV) the dominant
positron-helium inelastic collision process is
ionization, but no direct measurement of a posi-
tron inelastic cross section ha, s been reported to
date.

In this Letter measurements of cross sections
are presented for the excitation of helium by pos-

itrons of energies up to 10 eV above threshold
(20.6 eV) accompanied by deflection of the posi-
trons through forward angles of up to 70'. In
these energy and angular ranges positrons scat-
tered following excitation collisions are readily
distinguished from those scattered through elas-
tic, ionization, and positronium-formation chan-
nels.

The time-of-flight (TOF) apparatus used for the
present measurements has been described else-
where. ' Slow positrons, accelerated to the de-
sired mean energy and having an energy spread
of about 1 eV, are timed sequentially along a
25.3-cm-long flight path from source to Channel-
tron detector under the influence of a strong, uni-
form, axial magnetic field (150 G) in a chamber
evacuated in 10 ' Torr by two 6-in. -diam diffu-
sion pumps. The initial direction of the acceler-
ated positrons is essentially axial'4; for the cur-
rent measurements most of the positron's ener-
gy is derived from the axial electrostatic field.
The timed beam is 3 mm in diameter and of in-
tensity 0.4/sec, found by use of an MgO-coated
grid moderator. The intensity was increased to
1.2/sec by replacing the MgO with a 5' trans-
mission annealed tungsten mesh. '

The accumulation of a time spectrum for posi-
trons in vacuo, with use of a standard fast-tim-
ing electronics (time-to-amplitude converter-
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multichannel analyzer) system, ' was followed by
the collection of a second spectrum with helium
gas at a pressure of 0.2 Torr in a 10-mm-long
gas cell situated at the beginning of the flight
path. A pressure differential of at least 10':1
was maintained and over 99@ of the scattering
occurred within the cell. A typical TOF spec-
trum collected with helium in the cell is shown
in Fig. 1. The peak on the right-hand side of the
spectrum contains those positrons not scattered
in the cell. The secondary peak is due to posi-
trons which have lost a discrete amount of ener-
gy through excitation of helium atoms and have
proceeded in the forward direction to the detec-
tor.

The intensities I„of the secondary peaks were
straightforwardly measured from the TOF spec-
tra, which were first subjected to signal-restora-
tion and background-subtr action procedures. "
Three examples of peaks for incident positron en-
ergies 24, 25, and 28 eV are presented in Fig. 2.
The signal level on both sides of the secondary
peaks in these and other like spectra is essential-
ly zero and it is reasonable to assume that the
number of elastically scattered positrons under
the peaks is negligible and that the secondary
peaks contain only positrons which have excited
helium atoms, predominantly to the 2'S state. In
Fig. 2 the TOF's corresponding to energy losses
of 20.6 eV and zero angular deflection are indicat-
ed and in all cases the positrons of the secondary
peaks are consistent with this energy loss. Note
that 2'S excitation, with a threshold at 19.8 eV,
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is not important here because of the absence of
exchange. Although there may be contributions
to the secondary peaks from n'I' channels, these
do not appear as peaks at the appropriate TOF's,
and most probably they are too small to be dis-
tinguished above the statistical fluctuations of the
current data. Also indicated in Fig. 2 are the
calculated TOF's of positrons which ionize heli-
um atoms. It is clear that below 30 eV, posi-
trons scattered through excitation and ionization
channels are readily distinguished.

In all the spectra accumulated, most of the
width of the excitation peak is accounted for by
adding the natural time width of a spectrum
peaked at E,.„,-20.6 eV to the timing spread in-
troduced because the excitation collisions occur
at any point in the gas cell (e.g. , 30+ 12 nsec for
the example of Fig. 1). The difference between
these contributions and the measured widths is
attributed to scattering through angles typically
less than 20 . In all cases TOF's corresponding
to excitation followed by scattering through for-
ward angles of at least 60' were monitored, but
the absence of significant long-time "tails" on
the measured excitation peaks indicates that the
angular distribution of the scattered positrons is
strongly peaked in the forward direction.
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FIG. 1. TOF spectrum showing primary (unscattered)
and secondary (excitation) peaks, for positrons of mean
incident energy 25.8 eV. Background component sub-
tracted, channels combined in groups of four. Note
the logarithmic scale. Helium cell pressure is 0.25
Torr; run time is 10 sec. Note that the TOF for
KE = 24.6 eV is 381 nsec (off scale).
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FIG. 2. TOF (gas) spectra showing excitation peaks
for incident positron energies of 24.0, 25.0, and 27.8
eV. The positions of the primary peaks are indicated
by arrows, as are the TOF's corresponding to ~E
= 20.6 eV and, when on scale, AE = 24.6 eV. The
data are combined in four-channel groups, have back-
ground components subtracted, and are normalized
to the same run time and I; values.
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FIG. 3. TOF (gas) spectra illustrating three stages
leading to the eventual domination of the excitation
peak by the ionization peak, at positron energies of
30.7, 35.5, and 50.6 eV. Presentation of the data fol-
lows the format of Fig. 2. The solid lines represent
the most likely shapes of the two component peaks
which add to give the observed spectra.

At incident energies above 30 eV, scattered
positrons having lost 24.6 eV or more in ionizing
helium atoms appear on the time spectra in a
peak which overlaps the excitation peak, as illus-
trated in Fig. 3. The sketched shapes of the ex-
citation peaks in Fig. 3 are based on the assump-
tions that the cross section is approximately in-
dependent of energy between 30 and 50 eV, that
the angular distribution of the positrons after ex-
citation does not become less sharply forward
peaked with increasing energy, and that the con-
tribution from elastically scattered positrons is
again negligible. The intensity of the ionization
peak and the extent of the overlap increase as the
incident energy increases, and at 50 eV the exci-
tation peak is swamped by the ionization peak.
Note that the ionization peak has a relatively long
"tail" corresponding to energy losses of more
than 24.6 eV and/or larger-angle scattering. Low-
er bounds on the ionization cross section, de-
duced from spectra such as those in Fig. 3, range
from 0.05pa, ' at 30 eV to 0.48za, ' at 50 eV.

The excitation cross sections Q,„shown in Fig.
4 are only for incident positron energies at which
the ionization and excitation peaks are straight-
forwardly separable, and are deduced by use of
the thin-target formula

'0 ex Q 2' Iex /Is &

where Qr is the appropriate total cross sec-
tion,"'I„is the intensity of the secondary peak
in positrons per second, and I, is the total rate
at which positrons are scattered through all chan-
nels. I, is calculated from the formula

(2)

where I, is the intensity of the incident beam,
measured from the vacuum spectrum, and nl is
the helium-atom number density times the cell
path length. I, was .measured before and after
the accumulation of the gas spectrum and a mean
value used. The product nl was determined by
measuring the attenuation of beams with mean
energies in the range 11-15 eV with use of the
same gas pressure, but with the lowest-possible
axial-magnetic-field strength; in this energy re-
gion, the elastic scattering is predominantly
large angle, "and use of the difference in vacuum
and gas signal rates for I, in (2) yields the prod-
uct nl. It was found, however, that between 20
and 30 eV the numbers of elastically scattered
positrons whose TOF's remain within the limits
of the primary peak were insignificant, indicating
predominantly large-angle elastic scattering.

The differential cross section for 2'S excitation
of helium by electron impact is large at small
angles in the incident-energy range 22-30 eV,""
decreasing to almost zero at 60', but there is al-
so a significant large-angle lobe to the angular
distribution similar in size to the small-angle
lobe. The cross sections reported herein are for
excitation followed by deflection into the forward
lobe and represent lower bounds on the total ex-
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FIG. 4. Cross sections for the excitation of helium
by positron impact followed by scatterirg into the
forward direction (see text). Error bars represent
statistical and systematic uncertainties. The results
were obtained using both Mgo and tungsten moderators.
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citation cross section.
If one partitions the detailed total cross sec-

tions of Stein et a/. ' in the manner of Coleman et
al. ,

"then the total-excitation-cross-section val-
ues at 23 and 24.6 eV are about 0.03pa, ' and

0.05ma, ', respectively, which are close to the
values shown in Fig. 4 and which suggest that the
angular distribution for positrons at these ener-
gies may be more forward peaked than for elec-
trons. From an analysis of positron-lifetime da-
ta Coleman et al."estimated that the total excita-
tion cross section at 24.6 eV is about 0.14na, ',
substantially higher than the present result. Res-
olution of the discrepancy may be achieved in the
future by a direct measurement of the positroni-
um-formation cross section.

The cross section for 2'S helium excitation by
electrons below 30 eV is about 0.025ma, ',"but
the total singlet excitation cross section is about
0. ling,

' and the total (singlet+triplet) cross sec-
tion about 0.2pa, '. It is probable that the smaller
positron cross sections reflect the smaller num-
ber of available excitation channels open to the
positron.

Although the incident beam is typically attenuat-
ed by 25%, double or multiple scattering leads to
possible errors on Q,„of only a few percent. For
a positron to be timed within the limits of the
secondary peak its first collision must have been
atomic excitation; elastic scattering (predomi-
nantly at large angle), ionization, or positronium
formation would either increase the positron's
TOF to beyond the limit of the excitation peak or
remove the particle from the beam entirely. Be-
cause the scattered positron is left with low ki-
netic energy (2.4 to 9 eV) following excitation,
the only channel then open for a second interac-
tion is elastic scattering, with a lower cross sec-
tion. Corrections to the measured peak intensi-
ties to allow for losses due to elastic scattering
amount to less than 8%%uc but have been applied in
the calculation of the cross sections shown in Fig.
4. In an experimental check on multiple-scatter-
ing effects, cross sections at 25 eV, deduced
from experimental runs using helium pressures
of 0.1, 0.2, and 0.3 Torr (attenuating the incident

beam by 20%%uo, 40%, and 55%%uo, respectively) were
found to agree within statistical errors.

Contributions to the error bars on the cross
sections of Fig. 4 arise as follows: 1'%%up and 5%
statistical uncertainties in I; and I„, respective-
ly; 5'%%uo assessed systematic uncertainties in the
subtraction of background components from be-
neath the secondary peaks; 5%%u& in the values used
for Qr; and 5% in the adopted nl value. Adapta-
tion of the system to enable the observation of
backscattered positrons is currently being pur-
sued.
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