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Absolute cross sections for the deexcitation of He(2'S) and of He(2 S) metastables by N2 and
Ar have been measured over the energy interval from 150 to 1600 eV using an optical technique.
The 2 S cross sections are found to be as much as 50% larger than the 2 S cross sections for
deexcitation by N2, while for Ar the two cross sections are nearly equal at these energies.
The cross sections all lie in the range of 7-20 A2 and decrease with increasing energy. De-
excitation cross sections have also been measured by collecting slow ions for mixed beams
of He metastables in N2, Ar, and C282 and for mixed beams of Ar metastables in C2H2 and Ne
metastables in Ar. These measurements are in the energy range from 50 to 600 eV. They
do not discriminate between different metastable states, but the results exhibit an energy
behavior similar to that of the state-separated measurements and are consistent with those
measurements when comparison can be made.

INTRODUCTION

Interactions between metastable, electronically
excited atoms (or molecules) and ground-state
species are of interest both for the basic under-
standing of energy-transfer mechanisms and for
their importance in the upper atmosphere, in la-
sers, and in other excited-gas media. There have
been several investigations at thermal energies, '
but few at higher energies because of the difficulty
in producing and detecting the metastables. Some
effective deexcitation cross sections have been de-
duced for He(2sS) at energies above 10 keV from
beam equilibrium studies, H(2S) has been studied
using electric quenching techniques, 5 ~ and the
excitation transfer of He(2 tS and 2sS) in He and of
Ns(A Z„') in Ns and NO has been studied in this
laboratory~ at incident energies between about 150
and 2200 eV. The importance of metastables and
their interactions for atmospheric processes is
discussed in a review by Dalgarno.

We report here on measurements of absolute
cross sections for the deexcitation of He(2'S)
and of He(2 S) in collisions with Ns and Ar at in-
cident energies between 150 and 1600 eV, using
an optical method to discriminate between the
2 S and 2 S components in a mixed beam. We
also present the results of some earlier measure-
ments, in which the deexcitation of metastable
beams by various gases was studied by measuring
the spatial decay of slow ions produced in the gas.
Since for each target gas studied here, the ioniza-
tion potential of the target is less than the excita-
tion energy of the metastable, such slow ions are
produced by Penning ionization. These "slow-ion"
measurements do not distinguish between different
metastable states in a mixed beam. They were
used to study He* deexcitation in N2, Ar, and

CpHp, Ar in C3Hp, and Ne in Ar. The He +Np

and He +Ar results from the two measurements
are consistent. The He +Ar and Ne +Ar results
are compared with recent theoretical calculations
by Olson. ~~'~~

OPTICAL MEASUREMENTS

Method

A well-collimated, neutral He beam, containing
both He(2'S) and He(2'S) atoms, as well as some
ground-state He(1 S) atoms, with well-defined
velocities, is prepared by neutralization of a He'
beam by charge-transfer collisions in an alkali
vapor. 7 Absolute deexcitation cross sections are
obtained separately for He(2 'S) and He(2 S) by
observing the spatial decay of each excited com-
ponent of the beam as the beam passes through a
gas at known pressures. The singlet and triplet
components can be monitored separately, as the
following argument shows. Most inelastic colli-
sions between the He and the target-gas particles
deexcite the He by ionizing the target (Penning
ionization), a process that is the major fraction
of the measured deexcitation cross sections. How-

ever, in a very small fraction of the collisions,
the He atoms are further excited to higher states.
Radiations from g = 3 states are observed in this
experiment. The He* excitation cross sections
are much smaller than the deexcitation cross sec-
tions, but they are much larger than those that
would excite the same levels from He (ground-
state) collisions at these velocities; thus the Hes

component of the beam is not observed, and the
He I emissions may be used to monitor the meta-
stable component. Furthermore, spin conserva-
tion in the collision dictates that, for instance,
He(2 tS) atoms can only be excited to higher singlet
states unless the Ns (or Ar) target (in a singlet
state) is simultaneously excited to a triplet state.
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Such double excitations are at least 6 (or 11) eV
more endothermic than the single He excitations
and are negligible at these beam energies. A
similar spin conservation rule also applies to the
He(2'S) atoms. We also find (see below) no evi-
dence of cascading from 4I' or similar higher
levels of mixed spins. ' Thus by observing photons
from an appropriate singlet or triplet transition,
the 2'S and 2 S components can be monitored in-
dependently in a mixed beam. By measuring the
attenuation of their intensity as a function of
target-gas pressure and beam path length, absolute
cross sections are obtained without knowledge of
the beam composition.

Interference filters were used to isolate the
singlet line at 6678 A (3 'D- 2'P) and the triplet
lines at 7065 A (3 P-2 P) and 5876 A (3 D-2 P).
The 3889-A line (3~P- 2 S) was also used in the
Ar measurements, but contributions from the
3914-A N3 first negative band yrecludes its state
selectivity for He -Nz collisions. Earlier studies'
of the spectra produced by He in various gases
assured that the lines used were free from other
interference.

Apparatus

A schematic of the apparatus is given in Fig. 1.
He' ions are produced in a hot-filament dc dis-
charge by electrons with a maximum energy of
80 eV. The ions are accelerated to the desired
energy, mass selected, and directed into a charge-
transfer oven containing potassium vapor at a
pressure of about 10 Torr. Atoms in the 2 S
and 23S states of He are formed by near-resonant
charge transfer of the He'ions with potassium.
The remaining ions are deflected from the beam
immediately on exiting the oven, and the mixed
beam of singlet and triplet He metastables, along
with some ground-state He, continues into the
collision chamber. In this chamber, the deexciting
gas is maintained at a known constant pressure in
the range 1 to 50x10 Torr.

Two identical front surface mirrors, oriented at
45' and 135' to the beam direction (see Fig. 1),
sample light from the metastable beam at two
positions separated by 15 cm. Centered between
these mirrors is a third, larger mirror that can
be rotated to direct the light from either sampling
mirror vertically through a quartz lens and a
quartz window in the vacuum wall, through an op-
tical interference filter, and onto the cathode of
a Freon-cooled photomultiplier tube.

The cross section Q can be calculated from the
ratio of the photon counting rates from the two
beam segments I, /I2 by the relation~

q = (1/W) Iln(I, /I, ) —inn], (1)
where n is the gas number density, and d is the

distance between observation points. The quantity
n is the ratio of the light collection efficiencies
for the two light paths, and it was determined ex-
perimentally by two techniques. From Eq. (1),
Ig/I2 approaches n as n approaches zero O. pera-
tion of the collision chamber at pressures less than
2 F10 ' Torr yielded negligible beam deexcitation,
but sufficient signal to allow a determination of
n = (I, /I~)~ 0. A second and more accurate tech-
nique is to obtain data at fixed energy, but over a
wide range of yressures, and require that a have
a value such that Q in Eq. (1) remains constant.
Determinations by both techniques were in agree-
ment. Although + changed ~whenever physical
changes were made along the light paths, its value
was always near 1.

The pressure in the collision chamber was mea-
sured using a capacitance manometer (MKS Bara-
tron) and maintained constant to within 1/o by a
servocontrolled leak valve. The capacitance man-
ometer was calibrated by the manufacturer just
before the measurements described here, and this
calibration was further checked during the mea-
surements using a McLeod gauge. Symmetric
trapping of the gauge system was employed to
eliminate errors due to thermal transpiration, and
He was used as a test gas to reduce possible
errors due to mercury vapor streaming (Gaede
effect) to less than 2/0. The total uncertainty in
the pressure measurement is + 4'/o.

SI,OW-ION MEASUREMENTS

The slow-ion measurements were conducted in
the apparatus of Fig. 1 except for the interaction
region. The deactivation cell used for the slow-
ion measurements is shown in Fig. 2. This
method, which is also an attenuation measurement,
is apylicable in cases where slow ions are pro-
duced in abundance by the excited beam, such as in
Penning ionization collisions. A module contain-
ing three identical cylindrical ionization cavities
was constructed in which the slow ions produced
in three equal segments of the beam path were
collected. Two additional end cavities isolated
the three inner cavities from any end effects. The
cavities were electrically isolated from each other
by double grids that spanned the 2-in. apertures,
each with a transparency of 99/0. The ions were
collected on two wire rings that are maintained
at ground potential in each of the cavities. The
cavities were held at +65 V, thus creating a po-
tential well for the ions inside the cavities. At
these potentials, the collected current was fully
saturated. The small surface area of the rings
reduced the possible photoelectron current to
negligible levels. Operational amplifiers mounted
in the vacuum chambers were used to amplify the
ion currents before measurement. The outputs of
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the three op-amps were scanned in less than 0. 5
sec using a Vidar data-acquisition system that
digitized and stored the data on magnetic tape.
At least 30 scans were averaged at each pressure.
This procedure was repeated for 6 to 10 different
pressures, which produced total attenuations in
the 5-50%%u~ range. The cross sections obtained
from these data were independent of pressure ex-
cept at the low-pressure end where an unexplained
5-10'%%uo increase occurred. The pressure indepen-
dent values were averaged for the results reported
here.

We assume that ionization caused by ground-
state atoms i.n the beam is negligible. This is
justified because the ground-state ionization cross
sections are less than 10 cm3 in the energy
range of the measurements while the observed
cross sections are greater than 10 "cm .

Under these conditions the ratio of two different
cavity currents is given by

and thus depend upon the beam energy and the
charge-transfer vapor used, but if Q, 4Q~, f, and

f~ will also change as the beam passes through the
target gas, and will depend on the difference in the
cross sections, the gas pressure, and. the distance
traveled through the gas. For these measurements
it can be shown that (for a given beam energy) f,
and f, usually varied by less than 5% over the inter-
action path. Thus, the measured cross sections
are represented by the average given by Eg. (4),
where f, and f~ are the initial singlet and triplet
fractions.

Aside from the uncertainties in the scattering
corrections discussed below, the errors in the
slow-ion measurements are estimated to be less
than+ 10%%up, including systematic errors introduced
by the pressure deyendences and errors in the
pressure, length, and current measurements.

Ig/Ia —Im/Is = e"

/I &2nof
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where I is the length of each cavity. At any point
in the interaction region, the state-unselected
cross sections Q are related to the state-selected
cross sections by the equation

Q =fi.Qi+fsQI ~
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where fq and fs are the singlet and triplet fractions
of the metastable comyonent of the beam at the
point in guestion. The initial values of f, and f~
are determined by the charge-transfer reactio&

DEACTIVATION CELL
, i inch,
I I

FYG. 2. Deactivation cell used for the slow-ion mea-
surements.
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EFFECTS OF SCATTERING

The attenuation of the metastable component of
the beams is mainly due to excitation transfer, but
some loss also occurs through angular scattering
out of the beam. To a good approximation the
tota.l attenuation cross sections obtained from the
data represent the sum of the energy-transfer (de-
ezcitation) cross section and an effective cross
section for scattering out of the last detection
region, suitably averaged over the path including
the first detection region.

The scattering contribution is most significant
at low-beam energies and for light projectiles
and heavy target particles. To estimate the con-
tribution of He +Ar scattering to the attenuation
cross section, we have used the known He'+Ar
total differential scattering cross sections that
are based on a detailed analysis of experimental
data taken over a wide range of energies. " Since
the scattering contribution in this case comes
mainly from fairly large scattering angles in-
volving small impact parameters, the He +Ar
interaction is well represented by the He'+Ar in-
teraction. Furthermore, there will be no signifi-
cant difference in the scattering of the two meta-
stable states.

The total cross section for scattering at angles
& ~ 0, was obtained by integration of the reduced
differential cross sections p= 8 sin8a(8) from curve
3 of Fig. 2 in Ref. 15; thus

where ~, =EH„and Q(~, ) is a single curve repre-
senting the total scattering cross sections for
scattering through reduced angles 7 ~ v„and can
be used to derive the effective cross section at
any energy. These cross sections were appro-, ;

priately integrated and averaged over the beam
paths, using the actual apparatus geometry to ob-
tain effective scattering cross sections as a func-
tion of beam energy for both the slow-ion and op-
tical measurements. These contributions were
subtracted from the measured total cross sections
to yield the pure deexcitation cross sections which
are discussed below. The corrections varied from
about 20/o at 70 eV to about 5% at 600 eV for the
slow-ion data, and from about 22/0 at 200 eV to
about 10% at 1500 eV in the optical case. The
corrections are probably accurate to 30%& and thus
add about. 6% uncertainty to the cross sections.
The corrections greatly improved the agreement
between the slow-ion data and the optical results.
The slow-ion data, which include smaller scatter-
ing contributions, lay below the optical data, in un-
corrected form.

No scattering data exist for He +Nz in the ~

range of importance here, but after considering
the small-angle data of Amdur, Mason, and
Jordan 8 plus a compa. rison between He'+Ar and
He'+Ne, as well as data for Li'+N& and Li'+0»
it was concluded that in the & range of importance
here (10~-10' eVdeg) an effective cross section
two-thirds of the value obtained for He +Ar would
be accurate to at least 40% for He +N, . The
correction amounts to less than 10/0 of the mea-
sured total cross sections; thus the precision of
the correction is adequate.

For He +CSH3, the angular-scattering contribu-
tion should be very similar to that for He +N2,
and since the correction is relatively small, the
He +N~ cross sections were used. The correc-
tions were less than 7% of the total values.

Because of the large mass of Ar*, the scattering
effects mere regarded as negligible in the Ar
+CBH~ case which has the largest total cross sec-
tion.

For Ne +Ar, a repulsive potential was con-
structed using values for Na'+Ar calculated by
Menendez et al. , which could be closely repre-
sented in a screened Coulomb form V(r) = (a/r)
xg "~' in the region of importance (x in the range
0. 5- 2. 5 a. u. ) . Differential scattering cross
sections, over a suitable range of angles and
energies, were then calculated by Olsen, using
this potential. Finally, these differential cross
sections were integrated and suitably averaged
to account for scattering along the path in the
slow-ion measurements. The Ne+Ar scattering
should be slightly smaller than Na'+Ar, but not
significantly for v values of importance here. The
computed total cross sections agree quite well
(within 20/o) with Ne and Ar results of Amdur and
Mason, and we estimate their over-all accuracy
at + 50%. The resulting corrections range from
about 25% of the total cross section at 120 eV to
14/o at 600 eV, and have been applied to the origi-
nal data to yield the Ne +Ar deactivation cross
sections discussed below.

RESULTS

He +N2

The cross sections for the deexcitation of He
(2'S) and (2 8) atoms in N2 are shown in Fig. 3.
The closed triangles represent the 2 8 measure-
ments made by observing the 3 'D-2'P transition
(6678 A); the closed circles are the 2~8 measure-
ments using the 3 D- 2 P transition (5876 A).
The open squares represent the state-unselected
slow-ion measurements. The error bars on the
state-selected measurements include the statisti-
cal uncertainty in the data and the uncertainty in
the correction for angular scattering. In addition,
there is a possible systematic error of + 6~/() result-
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FIG. 3. He*+ N2 results.

ing from uncertainties in the pressure and path-
length measurements, and in the determination of

The total probable error in the slow-ion mea-
surements is + 15%.

If the 3 D and the 3 D levels are populated sig-
nificantly by cascading from 4F or similar higher
levels of mixed spins, ' the assumption that the
observed 3'D- 2'P and 3 D- 23P transitions are
representative of the singlet and triplet cross
sections, respectively, is weakened. In fact, if
these levels were entirely populated through such
cascading, and if the singlet-triylet mixing is
complete, the observed cross sections would be
identical. Clearly this extreme is not the case.
In an attempt to determine if cascading is signifi-
cant, observations were made on the 33S- 23P
transition (V065 A), because it is very unlikely
that 4F or higher levels contribute significantly to
the population of the 3 S level. These data are
represented by the closed diamonds in Fig. 3. If
the 33D-23P data are affected by cascading, it
would be expected that they would yieM larger
cross sections than the 3 S- 23P data. It can be
seen from Fig. 3 that this is not the case; both
observations are in agreement. It is concluded
that cascade effects are not likely to be significant
in these measurements.

It was not feasible to use the 3 S- 2 P transition
for the majority of the measurements because its
low intensity made it difficult to obtain data below
600 eV. The 3 P- 3 S transition (3889 A) could
not be used because of interference from the N2'
first negative band at 3914 A.

According to Eq. (4), the cross sections from
the slow-ion measurements should lie between the
3 S and 3 S cross sections Q, and Qs. Except
for the region around 200 eV, where the errors in

Q, and Q~ are large, this is seen to be the case.
In principle, it is possible to determine the rela-
tive population of singlets and triplets in the mixed
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FIG. 4. He*+Ar results.

beam using three measurements such as these.
However, in the He +Nz case (which is a favorable
one since the 2'S and 2 S cross sections are rea-
sonably separated) cross-section measurements
with an accuracy of about 1% would be required
to determine the relative population with an ac-
curacy of about 10%.

The He +N~ cross sections decrease with in-
creasing energy. However, the singlet cross sec-
tion appears to have a maximum near 300 eV and
to decrease toward lower energy, whereas the
triplet cross section continues to rise. Although
the statistical errors are somewhat large due to
weak signals at these low energies, this decrease
appears to be real. Both cross sections are ex-
pected to decrease at low energies'~ ~~ (below 10
eV), but neither the location nor the abruptness of
the observed decrease is understood at present.
Some structure is observed in both the singlet and
triplet cross sections, and it seems probable that
this maximum is a part of that structure.

He'+ Ar

The He*+Ar results are given in Fig. 4. In
these results, the singlet and triplet cross sec-
tions (triangles and circles, respectively) are
nearly equal over the observed energy range, and
the unselected measurements (squares) are well
within the combined possible errors. For the
triplet cross sections, the 3 3P- 2 ~S transition
(3889 A) was observed This l.ine should be less
subject to cascading than the 3 D- 2 P transition
used for the He*+N~ measurements, and it is
unlikely that the similarity of the singlet and trip-
let data is due to cascade effects. In the following
paper, ' Olson presents calculations using realis-
tic model potentials for both the singlet and trip-
let Penning ionization cross sections and compares
them with these results. These calculations lie
slightly below the results presented here, but have
a similar energy dependence. The difference in
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magnitude may be the result of small contributions
from other deactivation processes.

He +He
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A few measurements were also made on the
He(2 S)+He deactivation cross section (symmetric
energy transfer) as a check on earlier measure-
ments made in this laboratory. The earlier mea-
surements had a possible systematic error of
a 25% primarily because of uncertainty in the pres-
sure determination. The new measurements
yielded cross sections in good agreement with the
earlier work, and it is now possible to reduce the
uncertainty caused by systematic error in the
earlier work to + 107'.
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FIG. 6. we*+ Ar measurements compared with theory.

Slow-Ion Measurements

DISCUSSION

The cross sections reported here include all
processes (except angular scattering, which has
been accounted for) that remove the metastable
atoms from the beam. In all of these collision
partners the excitation energy of the metastable
atom exceeds the ionization potential of the target.
Thus, the initial state of the collision complex is
imbedded in a continuum and is subject to rapid
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FIG. 5. Slow-ion-measurements results.

The state-unselected cross sections for He*

+C282 are presented in Fig. 5, along with the
He +N2 and He*+Ar results. All these cross
sections exhibit similar energy dependencies,
decreasing with increasing energy. Figure 6
shows state-unselected Ne*+Ar cross sections
measured at energies above 80 eV and compares
them with a calculation by Olson of the cross
section for Penning ionization. In these calcula-
tions, a Morse potential was used and the coupling
width was adjusted so that the low-energy data of
Tang et al. were best reproduced in the 0.01-
0.1-eV range. The calculated curve lies about
15% below our experimental results and exhibits
the same energy dependence.

autoionization. This process (Penning ionization)
is expected to be the predominant mode of deex-
citation under these conditions. Metastables may
also be removed by collisional ionization (i. e. ,
He*+X-He'+e+X), but these processes are
about 4 eV endothermic for rare-gas met@stables
and require a much closer encounter than do the
Penning reactions, and in any case are at least
partially accounted for in the angular-scattering
corrections, which include all elastic and inelastic
angular scattering. Removal by excitation to high-
er states that can radiate to the ground state can be
similarly discounted except possibly for the 2 S
—2 I' transition in He, which is only 0. 5 eV endo-
thermic and may contribute a small amount to the
He(2'S) deexcitation cross sections. He(2~S)
atoms excited to the 2 P state rapidly decay back
to the 238 state and are not lost.

We thus associate these cross sections primarily
with Penning ionization reactions, and, to our
knowledge, they are the first to be measured at
nonthermal energies. The fact that, where com-
parisons can be made, the cross sections for these
exothermic reactions are larger than those at
thermal energies is of interest. Unlike the He
+He symmetric energy-transfer reactions, v which
are inhibited at thermal energies by a small re-
pulsive potential barrier, Olson's analysis in the
adjoining paper'~ indicates that these Penning
cross sections have a maximum at higher energies,
because the coupling to the continuum state be-
comes much stronger at the smaller internuclear
separations that are reached.
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The ionization (associative and Penning) total cross sections for He*(23S) +Ar and He*(2 ~S)

+Ar have been calculated from 10 to 10 eV and compared with experimental data. The clas-
sical calculations used interaction potentials that agreed with ab initio theoretical calculations
for the repulsive wall, possessed the correct long-range energy dependence, and were in
agreement with glory-scattering experiments. The coupling width was an exponential with its
free parameter determined by the thermal-energy ionization cross section for each system.
The calculations were then extended over a wide range of energies. It was found that as the
collision energy increased at the very low energies, the cross sections decreased until about
0.1 eV where they began slowly to rise. As the collision energy is further increased, the
cross sections reach a maximum of about 15 At around 10 eV, and then decrease again at
higher energies. The cross sections predicted by the high-energy results, 100-1500 eV,
are compared with the data of Moseley, Peterson, Lorents, and Hollstein (preceding paper)
and are found to agree within 20% and to have a similar energy dependence.

INTRODUCTION

The energy dependence of the ionization (asso-
ciative and Penning) total cross sections for
Ne*(2p'Ss P)+Ar were first reported by Micha,
Tang, and Muschlitz. ' These cross sections stim-
ulated interest to try to understand the unexpected
energy dependence that was observed. '~ In the
energy range investigated, the measured cross
sections were found first to decrease with in-
creasing energy, then to pass through a minimum
around 0. 05 eV, and finally to rise gently at the
higher energies (E&0.05 eV). In a previous pa-

per, this author was able to explain this phenom-
enon and theoretically reproduce these low-energy
data by using available potential curves for the Ne*
+ Ar interaction and a realistic exponential form
for the coupling to the continuum. Basically, this
behavior occurs because of the exponentially in-
creasing nature of the coupling width as the dis-
tance of closest approach decreases with increas-
ing energy. Furthermore, these calculations led
to the prediction that the cross sections would rise
to a maximum of about 10 A at around 10 eV and
then slowly decrease with increasing energy.
There were, however, at that time no high-energy


