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Cross sections for deexcitation of helium 2 S and 2 S atoms in collisions of a helium meta-

stable atomic beam with normal helium atoms have been measured in the laboratory energy

range 150-2200 eV. The singlet cross sections are from 20 to 75% larger than the triplet
cross sections. Both cross sections were found to obey the general relationship Q =a-b Inv

with an oscillatory structure superimposed upon this monotonic velocity dependence. The

magnitude of the triplet cross sections compare favorably with calculated values of the cross
section for the symmetric excitation-transfer reaction between 2 S and 1 S atoms.3

INTRODUCTION

The interaction between metastable and normal
helium atoms has received considerable attention
because of the repulsive barriers in the interac-
tion potentials at intermediate values of the inter-
nuclear separation, and because the He, system
is simple enough to allow a meaningful detailed
comparison between experimental and theoretical
data on the interaction of a metastable and a
ground-state atom.

There have been several theoretical determina-
tions of potentials for the interaction between nor-
mal and metastable helium atoms. ' ' Total cross
sections for scattering, ' ' diffusion, -io and ex
citation transfer" of 2'S helium atoms in normal
helium have been measured at thermal energies.
Experimental results at thermal energies have
also been used to make adjustments in the 'Z„

nd 3~~+ potentials of IIe2. , The theoreti
potential curves for the interaction of normal and

metastable helium atoms have been used to calcu-
late diffusion and excitation-transfer cross sec-
tions for 2'S and 2'S atoms in their parent
gas. ' " " Utterback" has observed a resonance
in the production of metastable helium atoms in

+charge-transfer collisions between He and He
near threshold. Measurements of cross sections
for deexcitation of fast (100-1000 eV) metastable
helium atoms have been determined from Penning
ionization measurements (where there is no se-
lection between singlet and triplet states). " How-
ever, no previous measurements of cross sections
for production of, excitation by, or deexcitation
of 2'S or 2'S helium atoms have been carried out
at higher than thermal energies or by using molec-
ular beam techniques.

We have measured the cross sections for deexci-
tation of helium atoms in the 2'S and 2'S states in
fast (150-2200 eV) collisions with normal helium
atoms. The over-all features of the optical exci-
tation and some preliminary results" have been
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reported elsewhere. Metastable helium atoms are
formed by near-resonant charge transfer of He
with Rb and Cs. The metastable population is
monitored by observing optical emission prefer-
entially excited by the metastable atoms. Triplet
and singlet emissions of He are each monitored
and deexcitation cross sections for 2'S and 2'S
atoms can be determined separately by measuring
the degradation of each metastable component of
the beam in the target gas.

EXPERIMENTAL APPARATUS
AND PROCEDURE

Details of the apparatus and the experimental
method used for measurement of metastable de-
excitation cross sections have been described
elsewhere. ' ~' He+ ions are produced in a hot-
filament dc discharge by electrons having a maxi-
mum energy of 100 eV. Atoms in the 2'S and
2'S states of He are then formed by near-resonant

+ .charge transfer of the mass-analyzed He ions in
an alkali vapor oven filled with either Cs or Bb
vapor at pressures from 10 ' to 10 ' Torr. Any
remaining ions are deflected from the beam im-
mediately after it traverses the oven, and the
metastable beam passes into the collision cham-
ber, which operates at pressures from 1 to 10
&10 ' Torr. The 2'S or 2'S pop'elation in the beam
is monitored at two positions in the collision
chamber by observing either the singlet (O'D—
2'P, 6678 A) or triplet (O'D — O'P, 5876 A) emis-
sion, respectively, produced by collisions of the
beam with the target gas. Measurement of the
spatial decay of each metastable component and
the collision chamber pressure then yields the
respective deexcitation cross sections. The ef-
fects of elastic scattering are negligible.

It is important to ensure that possible contribu-
tions to the optical signal frorzt states of He other
than the metastable state being; monitored are not
sufficient to produce a large exror in the measured
deexcitation cross section. Since other excited
states of He in the beam will have decayed before
the beam enters the observation region, we need
only examine the possible effects of ground-state
He atoms in the beam. The signal used for mon-
itoring the metastable populati. on is obtained by
subtracting the signal produced when the parent
ions are deflected before traversing the oven from
that obtained by deflecting the ions just after the
beam traverses the oven. Thus, the resulting
signal arises only from neutral particles formed

+in the charge transfer of He with the alkali vapor.
+For charge transfer of He in Cs, the reactions

yielding He in the 2'S, 2'S, 2 P (which decays to
2'S), and 2'P (part of which decays to O'S) have
energy defects of 0. 88, 0.08, 0.29, and 0. 52 eV,
respectively, if Cs is in its ground state. For
charge transfer in Rb, the energy defects are

0. 59, 0.21, 0. 58, and 0. 81 eV, respectively. On
the other hand, all charge-transfer reactions'+ + .yielding He, Rb, and Cs in their respective
ground states have energy defects of the order to
20 eV or larger. Therefore, it is most probable
that the neutral beam used contains a large frac-
tion of 2'S and 2'S atoms. " Furthermore, the
emission used to monitor the metastable popula-
tion is much more readily excited by the metasta-
ble atoms than by ground-state atoms. The mea-
sured optical signal produced by a beam of helium
atoms formed by charge transfer of He in Rb or+

Cs was at least five times larger over the entire
energy range of the experiment than the corre-
sponding signal produced by a helium beam of equal
intensity (as measured by secondary electron
emission from the beam collector) formed by
charge transfer in He. As a result of the fore-
mentioned considerations, we estimate that con-
tributions from ground-state He can produce no
more than a 5% error in the measured deexcitation
cross sections.

Excitation of the triplet states by 2'S atoms in
collisions such as He (2'S) + He (1'S) -He (O'D)
+ He (1'S) requires a violation of spin conservation
and is, therefore, "forbidden. '"' Collisions such
as He (2'S) + He (1'S)-He (O'D) + He (2'S) are not
forbidden, but involve two excitations totaling at
least 22 eV and will be strongly suppressed. The
same is true for excitation of the singlet emission
by 2'S atoms. " Each metastable component can
thus be monitored separately. This discrimina-
tion between triplet and singlet states is confirmed
by the result that the deexcitation cross sections
obtained from singlet and triplet emissions have
significantly different magnitudes. The deexci-
tation cross-section measurements with beams

+produced by transfer of He in Cs gave the same
results as those obtained with beams produced by
transfer in Rb. Since the ratios of singlet to trip-
let metastable populations in the beam are proba-
bly different in these two cases, this result is
further evidence of the selection between singlet
and triplet states.

RESULTS AND DISCUSSION

The cross sections for deexcitation of helium
2'S and 2'S atoms in helium are shown in Fig. 1.
The error bars indicate the standard deviation of
the data. Any systematic error, due primarily
to possible errors in determining the gas number
density, is estimated to be less than 25%.

Essentially, all the deexcitation arises from
symmetric excitation-transfer reactions between
metastable atoms and ground-state helium atoms.
The only other deexciting reactions that have small
energy defects and are not forbidden by spin con-
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FIG. 1. Cross sections for deexcitation of helium
2 S and 2 S atoms in collisions with normal helium
atoms.

servation are:

O'S + 1'S 2'P + 1'S

O'S + 1'S ~1'S + O'P,

2'S + 1'S 2'P + 1'S,

2'S + 1'S 1'S + 2'P.

(3)

(4)

The energy defect is 0. 60 eV for reactions (l) and

(2), and l. 17 eV for reactions (3) and (4). Such
inelastic reactions are expected to have cross
sections small compared to the symmetric exci-
tation-transfer reactions at these velocities.
Furthermore, since O'P decays rapidly to 2'S,
reaction (3) does not remove excited triplet par-
ticles from the beam and will not contribute to the
measured deexcitation cross section.

Since the symmetric excitation transfer for 2'S
and 2'S atoms in normal helium involves an
s-s transition, the excitation-transfer cross sec-
tions should have the general velocity dependence
given by

Q '~ =a —bl.nv (5)

for a limited range of energies. This result is
also obtained for symmetric excitation transfer by
using the procedure described by Bates and
McCarroll" for symmetric charge transfer. How-
ever, as was pointed out by Smith" and further
developed by others" "for symmetric charge
transfer, if the difference between gerade and un-
gerade potentials passes through an extremum,
oscillations in the total cross section will be su-
perimposed on the monotonic behavior, the posi-
tions of themaxima increasing linearly with v '.
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FIG. 2. Square roots of the cross sections for de-
excitation of helium 2 S and 2 S atoms in normal helium,
shown as a function of lns.

Furthermore, at energies below 1 eV the excita-
tion-transfer cross section is expected to fall
rapidly with decreasing energy because of the re-
pulsive barrier in the normal-metastable helium
inter action potentials.

Figure 2 shows the square roots of our measured
deexcitation cross sections plotted as a function
of lnE, displaying the general dependence on ve-
locity given by (5), upon which is superimposed an
oscillatory structure. It is possible that the oscil-
latory structure arises from a maximum in the
difference between gerade and ungerade potentials
for the interaction between normal and metastable
helium. However, structure can occur even in
the absence of such a maximum. It is possible
that the dip in the measured cross sections is
not part of an "oscillation" due to an extremum
in the gerade-ungerade difference potentials, but
is instead the effect of a loss in the symmetric
resonant-transfer reaction channel to one or more
inelastic channels. " The partial cross sections
for such inelastic channels may be fairly large
for certain diabatic crossings of potential curves.
(Some of these crossings exist near the repulsive
hump in the 'Z curves of He, . ) Additional measure-
ments at higher energies may clear up this point.

A detailed analysis of our data is being carried
out" to settle some of these problems and to ob-
tain new values for the difference between the ge-
rade and ungerade potentials for the 'Rand 'Z in-
teractions of normal and metastable helium atoms.
The results will be published separately.

Calculations of total and excitation-transfer cross
sections for O'S atoms have been made by Evans
and Lane" over an extended energy range between
2 x 10 ' and 10' eV. They used potentials of Klein,
Greenawalt, and Matsen, ' modified in the long-
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range tail to fit thermal diffusion data of Fitz-
simmons, Lane, and Walters'. Our results are
compared with their calculated cross-section curve
in Fig. 3. There is a reasonable agreement in
magnitude between our data and the theoretical
values, which also agree well with some thermal
deactivation rate measurements. " However, the
structure in our cross-section curve does not
match that of Evans and Lane. This difference in
structure may arise from loss to inelastic channels
as mentioned above or from a small error in the
interaction potentials used by Evans and Lane.
(Small adjustments in the interaction potentials
make a considerable difference in the predicted
structure. )

SUPPLEMENTARY OBSERVATIONS
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The lower limit of the beam energies used in
these studies (150eV) was established by two fac-
tors, both of which ultimately led to a loss of de-
tectable signal from the metastable component in
the beam as the energy was decreased. On one
hand, the product of the incident-ion beam current
and the charge-transfer cross section falls off
rapidly toward lower beam energies. At the same
time, the collisional excitation cross sections such
as He (2'S ) + He (1'S ) -He (3'D) + He(1'S ), which
produce the emissions used to monitor the meta, —

stable components of the beam, also decrease with
decreasing beam energy.

It was of some interest to explore another method
of monitoring the metastable populations of the
beam. We had found earlier" that the Penning
ionization cross sections are quite large (-10 "
cm') at low energies,

It is also known that the reaction He*+N
2+-He(1'S)+N++e yieldsthe B'Z state of N+,

resulting in emission of the N + first negative
2

bands. Therefore, we performed a s hort experi-
ment to test the practicality of using N,+ first neg-
ative emissions from a, small admixture (- 1%%) of
N, in the He target gas to monitor the metastable
He in the beam. We had reasoned that the slight
amount of N would not seriously affect the total
deexcitation of He* in the beam, but the light sig-
nal could be considerably larger than from He i
lines at lower energies. At the same time it was
recognized that the singlet-triplet discrimination
would be lost. We found indeed that the light sig-
nals were sufficient to permit measurements below
150eV. The deexcitation cross sections measured
in this manner agreed (within experimental error)
with the cross sections shown in Fig. 1 for the de-
excitation of the singlet metastables. This result

FIG. 3. A comparison of our measured cross sec-
tions (0) with the calculated values of Evans and Lane
(solid line), Ref. 29.

probably indicates that the He* beam (formed by
He+ +Cs charge transfer) contained mostly He (2'S)
at these energies, since He(2'S) also produces
N, (B'Q) in collisions with N, . One might expect
He(2'S) to dominate a low-energy neutral beam
formed from He+ + Cs charge transfer, since the
energy defect (0. 08 eV) is smaller than for He(2'S )
production (0. 29 eV) via He(2'P).

We have also measured apparent cross sections
for deexcitation of the 2'S state of helium by using
another triplet line, the 3389 A emission from 3 I'-
2'S rather than the 5876 A emission to monitor the
triplet population in the beam. The cross sections
someasuredwerefrom 10 to 30% larger than those
shown in Fig. 1. This discrepancy probably arose
as a result of contributions to the signal from un-
wanted line or band emission. If there are trace
impurities of N, in the system, emission from the
first negative, 3914A band of N, + would be detect-
ed. Also the 3965A (O'P-2'S) emission of helium
falls within the transmission of the filter used.
Under the conditions of our experiment, contribu-
tions from either of the above emissions would be
representative of the singlet rather than the trip-
let population in the beam and would therefore tend
to increase the deexcitation cross section.
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An analytic two-body potential, consistent with all available data, is presented for the (H, H2)

system. This potential is then used in the calculation of rotationalexcitationwiththedistorted-
wave Born approximation. As compared with the results of previous studies, the differential
cross sections are drastically different, and the total cross sections are smaller by an order
of magnitude. This is because the potential used is different from that used previously.

I. INTRODUCTION

The rotational excitation of hydrogen molecules
by the impact of hydrogen atoms has received
considerable attention, ' ' It is physically inter-
esting because it is involved in a variety of re-
laxation processes, ~ possibly including the cooling
of interstellar clouds. ' Furthermore, it serves

as the prototype of the inelastic scattering of
molecules by heavy neutral particles.

An exact solution of this many-body problem
requires one to consider both the nuclei and the
electrons. However, for thermal-energy colli-
sions (& ]. ep), the Born-Oppenheimer approxi-
mation separating nuclear and electronic motion
is valid, and a single electronic eigenfunction can


