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Penning electron-energy distributions are calculated for collisions of He(2'S) and He(2S) with
sodium and potassium atoms. The formulation is in terms of quantum-mechanical wave functions,
which are determined using previously published complex potentials for the initial states and avail-
able experimental or presently calculated Hartree-Fock potential curves for the final state. Sensi-
tivities to these potentials are tested. The mechanisms for the observed energy structure are ana-
lyzed, and the effects of experimental finite energy resolution and collisional velocity spread on the

structure are shown.

I. INTRODUCTION

The collision of an excited atom A * with a target atom
B can result in the Penning ionization (PI) process,' ™3

A*+B-—>A+Bt+e (1

if the excitation energy of A * is greater than the ioniza-
tion potential of B. The atom A is usually chosen as one
of the long-lived metastable species, He(2'!S) or
He(2 *S), whose excitation energies, 20.6 and 19.8 eV, re-
spectively, exceed the first ionization energy of every neu-
tral atom other than He and Ne. The related process of
associative ionization results in the molecular ion 4B ™.

Measurement and subsequent analysis of the Penning
electron-energy distribution (PEED) give considerable in-
formation about the ionization collision dynamics as well
as about the pertinent interaction potentials.! "® Howev-
er, PEED spectra have rarely been calculated from ab in-
itio potential curves and collision theory.”® Nevertheless,
calculation of the PEED presents an exacting additional
test of the theory. The goal of the present study is to pro-
vide better understanding of the aspects of the collision
dynamics that are most important in predicting the
PEED, in particular for collisions of He* with alkali-
metal atoms.

The optical model,® applied to the computation of ei-
ther the total ionization cross sections or the PEED re-
quires the initial-channel potential curve V*(R) and the
transition rate I'(R )/#A. Accurate calculations of ¥*(R)
require large configuration-interaction (CI) electronic
structure computations. Models and simplified ab initio
prescriptions have been proposed that yield total PI cross
sections in reasonable agreement with the experiments.!?
However, accurate ab initio calculations demand large
basis sets including a large number of diffuse functions to
represent the electronic continuum. Various L? approxi-
mations have been devised for calculating the widths
T'(R).'*!!" The only supplemental information necessary
for the PEED calculation is the final-state potential curve
V*(R), which can be obtained through standard elec-
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tronic structure techniques, e.g., Hartree-Fock or CI cal-
culations.

Penning ionization of alkali-metal atoms by metastable
He has received significant attention in recent years. Be-
sides Penning-ionization electron spectroscopy,®'? other
experimental methods used include the crossed-beam
technique,'®'* stationary-afterglow measurement,'®> and
spin polarization of Penning electrons.!® In addition, the
experimental analysis of the energy spectra of electrons
released from alkali-metal atoms incident on metal sur-
faces'”’ " !% is of current interest. The theoretical counter-
part comprises a classical treatment?® of the total ioniza-
tion cross sections of Na for collisions with metastable
He and the more elaborate calculations using ab initio op-
tical potentials and widths for the ionization of sodium?!
and potassium?? atoms.

In a recent paper,?®> we reported that the potential
curves correlating with the lowest atomic autoionizing
state and initial Penning state do not cross; therefore, in-
elastic transitions involving the atomic autoionizing
states are expected to be unimportant. In the present
work, we take into account the effect of finite resolution
in the measurements of the electron energies as well as
the effect of averaging over the distribution of the col-
lision energies. For collisions of metastable He with the
alkali-metal atoms, the final-state potential curves (e.g.,
for HeNat and HeK ") are shallow, and hence the associ-
ative ionization cross sections are expected to be very
small, so we need not consider this process.

In Sec. II, we briefly describe the theoretical formula-
tion and the approximations used. In Sec. III, we discuss
the potential curves adopted in this paper. We present
the results in Sec. IV and the conclusions in Sec. V.

II. THEORY

Hickman and Morgner’ presented a comprehensive
description of the theory of Penning ionization within the
Born-Oppenheimer approximation as derived by several
authors.”?* We shall use their working formula for the
PEED (atomic units are used throughout, except when
specifically indicated otherwise),
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where &), is the partial-wave solution to a single-channel i (a) E
Schrodinger equation with complex potential V*(R) o C
—1iT(R), §; is the complex phase shift, &l is the partial- _ 21 3
wave solution to a single-channel Schrddinger equation - E
with potential ¥ *(R), u is the reduced mass of the sys- Tl B
tem, E =k2/2,u is the initial relative collision energy, and g "3 E
€ is the Penning electron energy. The nuclear rotation is §_ ] He (23S) + Na -
included in the initial and final channels through a rota- '93 L
tional centrifugal energy term.l(l +1)/2uR™ ' 1 He(2's) + Na \ ;
The expression in Eq. (2) is quantum mechanical but - A « F
still incorporates a few approximations. First, we assume = T T T T S
that the initial and final partial-wave functions have the °
same I, i.e., the small amount of angular momentum car- o L : 4 =
ried away by the Penning electron is neglected. This ap- V 3 (b)
. . . . . ! —_—— He (27S) + Na
proximation is necessary since the partial (/-dependent) \
widths have not been calculated. Because the sum in Eq. o | ‘
(2) includes a large number of partial waves (e.g., ¥ \ — —— He(2'S)+ Na i
l ax =200 at thermal energies), this approximation is
reasonable. Second, we assume that the electronic cou-
pling of the initial state to the final state can be represent- o
ed by a real R-dependent quantity I'(R), i.e., any R- S
dependent phase is neglected. To the best of our i
knowledge, this phase has never been calculated for any =0
Penning ionization reaction, so it is difficult to say how = ~
much effect it might have. It is easiest to understand the 1)
possible effect of such a phase in terms of a stationary- &
phase argument. If there is more than one point of sta- o |
tionary phase associated with a given electron energy € .
(often there are two), some error will be caused by this
approximation to the extent that the phase varies. A
third, related approximation, well justified by the station- il
ary phase, entails the use in the calculation of I'(R) of a
continuum state at exactly the energy V*(R)—V ' (R).
In the present treatment, both the initial- and final- o
state wave functions £, and &’ are obtained by solving the v T T T '
Schrodinger equation using the Numerov algorithm.
Conservation of energy requires that 2 i ' ‘
k2 5 He + Na™* ()
f_k
7 = 2— + Ey—E, (3) —
H H 3 Experimental
where kfz /2u is the asymptotic kinetic energy in the final —w
state, and .’E S1 i\, Hartree-Fock "
[
go=V*(0)— V(). (4) 5
a
As a test of our computer code, we repeated the calcu-
lations of Waibel er al.® on He* +H. First, we calculated -
the associative ionization cross sections at the collisional o T T T T
energies of 0.01, 0.05, 0.08, 0.10, and 0.15 eV. The 2.0 4.0 8.0 8.0 10.0 12.0

difference between our results and their results is less
than 0.5% in every case except at 0.08 eV, where it is
1.0%. Waibel et al. separated the calculation of the Pen-
ning ionization into two parts: Penning and quasiassocia-
tive, in which the final quasi-bound-states are treated as
bound states. We use the same process to calculate the
electron-energy distribution in both regimes. To obtain

Internuclear Distance (bohr)

FIG. 1. (a) Stieltjes widths for He(2 *S)+ Na (solid) and for
He(2'S)+Na (long and short dash); (b) potential curves for
He(23S)+Na (solid) and for He(2'S)+Na (long and short
dash); (c) potential curve for He+Na* —experimental results of
Ref. 26 (solid) and the Hartree-Fock calculation (dash).
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the total cross section, we integrated the electron-energy
distribution. This integration requires a large number of
Penning electron energies due to the resonances of the
quasiassociative regime. In the position of each quasi-
bound-state, we have very narrow resonances. We did
the calculation at 0.5 eV for 2550 Penning electron ener-
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FIG. 2. Same as Fig. 1 but for He+ K.

gies. The value obtained integrating the electron-energy
distribution was 98.10a}. This value compares well with
the published value of 98.35a2 [(91.20+7.15)a})].

III. POTENTIAL

For He* +Na we adopt the V*(R) curves and widths
of Cohen et al.?' In that work, ab initio potential curves
were first calculated using a moderate-sized CI calcula-
tion and then adjusted to yield the experimental well
depth'? and the correct asymptotic van der Waals form.
The curves are shown in Fig. 1(b). The widths, which
were obtained from a Stieltjes analysis'"?’ of a discrete
representation of the e " +HeNa™" continuum, are shown
in Fig. 1(a). Using the same basis as Cohen er al.,’' we
obtained the Hartree-Fock curve for HeNa™ that is com-
pared with the experimental results of Mason and
Schamp?® in Fig. 1(c). Since both atoms are closed shell
in this case, the Hartree-Fock approximation is reason-
ably good.

For He* +K, we used the adjusted CI potential curves
and the widths of Scheibner et al.,?? who took the same
approach as Cohen et al.?! Scheibner et al.?? obtained a
curve  crossing  between the Penning state
He(23S)+K(3p®s) and the atomic autoionizing state
He(1s2)+K(3p>4s?) that had the effect of increasing the
total ionization cross section slightly. However, we have
reported?® a more accurate calculation that shows that
such a crossing is unlikely. We have also calculated a
Hartree-Fock potential curve for HeK*, using the same
basis as Scheibner et al.?> The initial-state interatomic
potentials, the widths, and the final-state ionic potential
are plotted in Fig. 2.

IV. RESULTS

A. He* +Na—>He+Na*+e~

We have calculated the PEED’s for He(2 '$,2 38 )+ Na
at the average experimental collision energy of 0.071 eV,
employing the potential curves and autoionization widths
of Cohen et al.*' and the experimental ion curve of
Mason and Schamp?® for Nat+He. The individual
partial-wave terms in Eq. (2) exhibit rapid oscillations
corresponding to the nodes in the initial- and final-state
wave functions. Most of this structure is washed out in
the sum over a larger number of partial waves, but that
which remains is physically interesting and will be dis-
cussed in detail. The results of Eq. (2) are plotted in Figs.
3 and 4. We have also calculated the Hartree-Fock ion
curve for the final state. The differences between the en-
ergy distributions obtained using the experimental and
Hartree-Fock ion curves are too small to be observed in
the graphs, being less than 1% in the singlet case. For
the triplet case, the distribution is very slightly shifted to
the left, i.e., to lower electron energies. In both cases, a
more accurate calculation for the final state seems un-
necessary. In fact, as a test of sensitivity, we used
¥V *(R)=0, and found that the distribution resulting from
this extreme choice of ion curve looks very much like the
other two, but is shifted to the left by about 0.03 eV. The
reason for this insensitivity is that the classical turning
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FIG. 3. Penning electron-energy distribution as a function of
relative electron energy (e —g,) using the theoretical ¥* and the
experimental ¥ * for He(2'S)+ Na.

point of the initial-channel (upper) potential curve lies to
the right of the region in which the experimental and
Hartree-Fock ion (lower) curves differ considerably. In
addition, both curves are very close to zero outside this
small internuclear separation region. The total ionization
cross section depends strongly on the magnitude of the
width function, but the electron-energy distribution is
also very sensitive to the shape of the width function.

The theoretical PEED’s exhibit rich structure that has
not been observed in the experimental results,® presum-
ably because the latter are smoothed by the finite energy
resolution in the detection of the Penning electrons. Ruf
et al.® estimated their effective resolution to be between
55 and 105 meV full width at half-maximum (FWHM).
Using a Gaussian distribution with these respective
values for the FWHM, centered at each point of our
PEED, we obtain the results of Fig. 5. As we shall show
for He* +K, the use of the average collision energy does
not significantly modify the shape of the distributions.
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FIG. 4. Same as Fig. 3 but for He(23S)+ Na.

For the collision of the He(2!S) with Na, the resulting
shape of the theoretical spectrum agrees well with the ex-
periment. For the collision of He(23S) with Na, the
agreement is fair, but the structure appears to be rather
more prominent in the theoretical curve.

To analyze the shape of the electron-energy distribu-
tion for He(23S )+ Na, we evaluated separately the con-
tributions of different regions of internuclear separation
R to the PEED. Specifically, we find the partial distribu-
tion obtained by calculating the integral of Eq. (2) with
limits that correspond to different intervals: (i) [0,5]; (ii)
[7, «]; (iii) both of the former intervals in the same calcu-
lation, i.e., excluding [5,7]; and (iv) [5,7]. In Fig. 6(a), we
show the partial distributions for the cases (i), (ii), and
(iii). In Fig. 6(b), we show the result of case (iv), and we
also reproduce the total PEED of Fig. 4 in order to facili-
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FIG. 5. Penning electron-energy distributions for (a)
He(2'S)+Na and (b) He(2 *S)+ Na convoluted with the detec-
tor function. The energy resolutions are 105 meV (solid) and 55
meV (long and short dash). The insets show the experimental
(Ref. 6) PEED’s. The energy axes of the insets have the same
values as the full frames at the corresponding tick marks, but
the units of the experimental PEED’s and aspect ratios are arbi-
trary.



18

300

(a)

200

Electron Energy Distribution (bohr?/eV)
100

-1.0 -0.8 06 04 -0.2 00 0.2
Relative Electron Energy (eV)

300

(b)

200

Electron Energy Distribution (bohrz/eV)
100

0

-10 08 06 04 0.2 00 02
Relative Electron Energy (eV)

(c)

200

Electron Energy Distribution (bohr?/eV)
100

1.0 -0.8 06 04 0.2 0.0 02
Relative Electron Energy (eV)

FIG. 6. Contribution of different parts of the potential to the
electron-energy distribution for He(2’S)+Na. The integral
limits for Eq. (2) are in part (a) [0,5] (dash), [7, ] (long and
short dash), and both former intervals together (solid); in part
(b) [5,7] (dash) and [0, « ] (solid); and in part (c) [0O,R,] (long
and short dash), [R,, « ] (dash), and [0, o ] (solid), where R, is
the minimum of the potential curve at 5.78.
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tate the comparison. It is clear from Fig. 6(b) that the
central part of the potential well is primarily responsible
for the large intensity centered around e —g,= —0.6 eV.
The lateral parts of the potential contribute at the higher
electron energies; since fewer partial waves are able to
penetrate the short-range part of the potential, the contri-
bution from the outer region is relatively more important,
as is evident in fig. 6(a). The rapid oscillatory structure at
high electron energies that is apparent in both the total
PEED in Fig. 6(b) and the partial contribution from the
interval [R,, ] in Fig. 6(a) is due to interference be-
tween the amplitudes for ionization at a particular value
of R corresponding to incoming and outgoing trajec-
tories.

Other aspects of the interference structure are demon-
strated in Fig. 6(c), which shows the contribution from (i)
[0,R,] and (i) [Ry, ], and (iii) the total distribution
[0, oo ], where R,=5.78 is the minimum of the initial po-
tential curve. Because the final potential curve is essen-
tially flat in the relevant region, a given electron energy
can occur only once in either-of the branches (i) or (ii);
hence it is clear that the structure in either of these two
curves must arise from interference between the incoming
and outgoing trajectories (semiclassically speaking) at the
same R value. Indeed, the rapid oscillations evident in
the [R,, <] contribution are the same as described
above. On the other hand, in the total electron-energy
distribution (iii), the pronounced maxima at ~ —0.6 and
~ —0.4 eV as well as the minimum at ~ —0.5 eV must
arise from interference between the amplitudes for ioniza-
tion occurring at two different R values (two-point in-
terference) since the structure is not already present in (i)
or (ii). At the first maximum this interference is com-
pletely constructive, whereas at the first minimum it is
completely destructive. The position of the deep
minimum is insensitive to the collision energy. At the
high electron energies, interference between the two
waves at the same R value (single-point interference) is
most important. The high electron energies come pri-
marily from ionization at large R where the derivative of
the potential curve is small and hence larger AR (and
consequently larger phase accumulations) are required
for a given Ag; hence the energy period of the oscillations
decreases as € increases. At intermediate energies, both
types of interference are important and the superposition
displays irregular structure. Even though a large number
of partial waves are required to converge the cross sec-
tions, the interference structure does not wash out. Semi-
classical calculations carried out to examine this interfer-
ence effect exhibit the same qualitative behavior.

In order to glean a further qualitative understanding of
the complex form of the electron-energy distribution, we
can consider the form of the integral in Eq. (2), which in-
volves the product of the initial- and final-state heavy-
particle wave functions and the square root of the width.
For a given calculation of the PEED, we fix the initial en-
ergy of the collision, He*+Na, at k?/2u and sweep
through a range of electron energies € by varying the en-
ergy of the final nuclear state kf- /2u [see Eq. (3)]. There-
fore, in evaluating the integral for a particular partial
wave [, the quantity &,(R)T'(R) remains fixed while ENR)
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varies with changes in the final-state energy. Since the
ion potential-energy curve is quite flat, we can, for
present purposes, take it to be zero, i.e., ¥ T(R)=0. In
this case, the final-state wave function has the particular-
ly simple form §é(R)zkij,(kfR ), where j, is a spheri-
cal Bessel function of order I. Just for purposes of illus-
trating the nature of the problem, we take | =0 and the
width as a constant and further assume that the upper
curve is also a constant, so the wave functions are simply
E%(R)=sin(kR) and £%R )=sin(k,;R). As k, approaches
k, the fixed wave number for the initial state, the two
functions begin to constructively interfere, and the in-
tegral in Eq. (2) grows in magnitude. The maximum in
this integral is reached when the two energies are equal.
Therefore, as a function of the final wave number kf, we
would observe a peak in the electron distribution at
kf=k. In this trivial case, the peak in the PEED would
occur at £ =g,

Of course, the initial-state potential curve is actually
far from constant. We may crudely view it as having
only two distinct regions: (i) a deep attractive component
of limited range, say [R,R,}, and (ii) a broader, shallow
region [R,,«]. (We ignore the region [0,R,] for this
discussion.) We may consider the particle to have an
effective radial kinetic energy and corresponding momen-
tum characteristic of each of these two regions. In the
first region, the effective energy will be of the form
k?=~k?+2ulV*|. However, because the initial energy is
much smaller than the depth of the potential, the
effective energy is determined mainly from the interac-
tion potential, i.e., k?=2u|V*|>>k? Away from the
well, where V* is small, particularly in the region
[R,, o], the effective kinetic energy and momentum de-
pend more sensitively on the asymptotic energy, i.e.,
k3~k? The phase matching between the final-state
wave function, which is basically a pure sine wave for
=0, and these two identifiable segments [R;,R,] and
[R,, « ] of the fixed initial-state function leads to two dis-
tinct peaks in the electron distribution, corresponding re-
spectively to the sharp peak in Fig. 6(b) arising from the
region [5,7] and the broad peak in Fig. 6(a) arising from
the region [7, o ]. The high-electron-energy peak corre-
sponds to the low-energy (i.e., low k,) final heavy-particle
states, while the low-electron-energy peak corresponds to
the high-energy heavy-particle states. Since many partial
waves are involved and since this dichotomy in the con-
tributing regions of the potential is not really sharp, the
actual distribution has a more complicated form. How-
ever, the basic two-peak structure is still readily discerni-
ble. An interesting confirmation of this simple explana-
tion comes from the partial-wave analysis. At larger /,
the heavy particles are excluded from the inner region of
V*, including, at sufficiently high /, the region around the
well. In this case, we observe that the peak associated
with k, eventually disappears.

We have carried out calculations that demonstrate that
agreement between the theoretical and experimental re-
sults in Fig. 5(b) for He(23S) can be improved either by
modifying the potential or the width so as to minimize
the importance of large R and thereby make the second
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FIG. 7. Penning electron-energy distributions for
He(2'S)+K using the Hartree-Fock ¥V~ (solid) and V' =0
(dash).

peak relatively less important. This can be accomplished
by either reducing the width at large values of R or by
making the potential more attractive outside its
minimum to reduce the time spent in this region, but the
present calculations are not able to decide between these
two alternatives.

The lack of prominent structure in the theoretical
He(2'S) PEED is due in part to its larger van der Waals
coefficient (3660 a.u. as opposed to 2220 a.u. for the trip-
let). Consequently higher partial waves are able to
penetrate the region just outside the potential minimum
and result in electrons that tend to fill the large hole that
persists in the He(23S) PEED at about —0.5 eV. The
remaining structure is not resolved by the assumed spec-
trometer.

B. He*+K >He+K " +e~

For the He* +K reaction, we adopted the theoretical
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FIG. 8. Same as Fig. 7 but for He(2°S)+K.
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potential curves and the widths calculated by Scheibner
et al.? for the upper electronic state and the Hartree-
Fock curve for the ion. As before, we focus on the aver-
age collision energy of the most recent experimental
data,® which is 0.067 eV. The results are plotted in Figs.
7 and 8.

We also took into account the finite experimental
electron-energy resolution as we did before. The results
are illustrated in Fig. 9. Finally, we investigated the
effects of averaging over the collision-energy distribution.
We assumed a Maxwellian distribution for the K beam
with the experimental temperature of 750 K, and a
Gaussian distribution for the metastable He beam corre-
sponding to an experimental average velocity of 1757 m/s
and an experimental velocity width® Av /Ty, (FWHM) of
31%. With these two distributions, we determined the
effective distribution

D)= [ D (vy Dy (v )dvy, , (5)

where D, is the Gaussian distribution, D,, is the Maxwel-
lian distribution, and vg =v+vy,.

With the distribution normalized to that f D(E)dE
=1, where E is the collision energy, the velocity-
averaged PEED is given by
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FIG. 9. Same as Fig. 5 but for He* +K.
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FIG. 10. Penning electron-energy distributions for
He(23S)+K with a detector energy resolution of 80 meV. The
light curves show the cross sections for the several energies
(0.00254, 0.01062, 0.02524, 0.04460, 0.06700, 0.090 44,
0.11284, 0.13220, 0.146 81, and 0.15538 eV) used to calculate
the average (the heavy long and short dashed curve).

do(e) :f do(E,¢c)
de de

We calculated do(E,e)/de for the triplet He metastable
collision at the relative energies necessary for a ten-point
Gaussian quadrature of Eq. (6). Since the raw distribu-
tions have such a rapidly varying structure, we used in
the final integral the distribution convoluted with the
electron-energy resolution function. In Fig. 10, we show
the average PEED as a heavy dashed curve superimposed
on the individual cross sections used in the calculation.

For He(2!S)+K, the agreement of the calculated
PEED with the experimental shape® is good, as in the
case of Na, but for He(23S)+K the theoretical curve
shows considerably more intensity at the higher electron
energies (especially e —g;= —0.2 eV) than does the ex-
perimental curve. As for He(23S)+ Na, the agreement
between the theoretical and experimental results could be
improved by modifying either the potential or the width,
so we do not present such an empirical adjustment.

D(E)dE . (6)

V. CONCLUSIONS

Penning electron-energy distribution (PEED) calcula-
tions provide an exacting test of the potential-energy and
autoionizing-width curves used to theoretically describe
the Penning-ionization collision process. However, it is
still not generally possible to infer uniquely these curves
from the experimental data, even though the situation is
simplified for metastable helium collisions with alkali-
metal atoms by the flatness of the final-state potential
curve. The present calculation of the PEED is complete-
ly quantum mechanical, and the results are expected to
be almost as good as the curves used. The convolution of
the theoretical spectrum with the experimental resolution
function has been found to be essential for understanding
the observed shape, but the averaging over collision-
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energy distribution has little qualitative effect.

The experimental PEED’s for singlet metastable heli-
um exhibit no structure for any of the alkali-metal atoms;
on the other hand, the PEED’s for triplet metastable heli-
um show some structure for every alkali-metal atom, in-
cluding a shoulder on the high-energy side of the spec-
tra.® The experimental energy measurement is not
sufficient to resolve most of the calculated structure. Our
calculated PEED shapes for collisions of He(2'S) with
sodium and potassium atoms are in agreement with the
experimental shapes. However, the calculated shapes for
He(23S) with potassium, and to a lesser extent sodium,
contain more high-electron-energy intensity and display
more structure than the experimental distributions, even
after the smoothing corresponding to the stated experi-
mental conditions. It is interesting to note that such pro-
nounced structure is present in the experimental PEED

for He(2*S) with lithium.°

On the experimental side, higher-resolution Penning
electron spectra would certainly be useful, since the
present resolution washes out most of the calculated
structure. On the theoretical side, further progress de-
pends on the more accurate calculation of the energies
and widths of the Penning resonance states.
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