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Helium 3 S decay rates in a high-pressure afterglow
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We report a total collisional quenching rate of (6.4+0.3) p 10 " cm' sec ' at 292'K (or a thermally
'averaged cross section of 0.36 &( 10 ' cm ) for He 3 S atoms colliding with ground-state He atoms. This rate
is determined by using a pulsed dye laser to populate the 3'S level in a He aftergow and then observing the
decay of the 3'S ~2'P fluorescence. We see no evidence for three-body collisional quenching of 3'S atoms at
pressures up to 300 Torr.

I. INTRODUCTION

In this paper we report a study of the kinetics of
the He 3'S atoms in a high-pressure afterglow.
The Os levels are of particular interest because
substantial experimental and theoretical effort has
not conclusively determined whether O'S or O'S
atoms are associatively ionized. All He levels
above the Os levels are rapidly associatively ion-
ized in a high-pressure afterglow. Bennet, Kindle-
mann, and Mercer have measured total collisional
quen'ching cross sections of (1.4 +0.5) x 10""and
(2.1 +0.5) x 10 " cm' at a temperature of 450'K for
O'S and 3'S atoms, respectively. ' Kubota, Davies,
and King have measured total collisional quenching
cross sections of (1.4+ 0.1)x 10 "cm' and (0.13
+0.1)x 10-'6 cm' 'at 600' K for 3 'S and 3 'S
atoms, respectively. ' Gauthier, Devos, and
Delpech have measured the temperature de-
pendence of the total collisional quenching rate
for O'S atoms. ' Their measurements indicate that
the rate is not strongly temperature dependent
from 300 to 600'K. They reported a rate of
(0.268 +0.01)x 10 "cm'sec ' at 300'K. This rate
corresponds to a thermally averaged cross sec-
tion of 0.156x 10 "cm'.

Wellenstein and Robertson have reported that
the cross sections for associative ionization of 3'S
and 3'S atoms are apparently zero at 320'K with
experimental upper limits of 0.1x 10 "and 0.01
x 10 "cm', respectively. ' Cohen has calculated
a thermally averaged associative-ionization cross
section for 3 S atoms of 0.06x 10 "cm at 300'K.'
He has also calculated a thermally averaged cross
section of 5.83x 10 "cm' at 300 K for the reac-
tion

He(3 'S) + He(1 'S) -He(2'P) + He(l 'S) . (1)

Steets and Lane have also calculated a substantial
cross section for the reaction of Eq. (1).' Gau-
thier, Devos, and Delpech suggested that Cohen's

calculated associative-ionization cross section
may be accurate, and that- his cross section for
the reaction of Eq. (1) is too large.

In this paper we report a total colbsional quench-
ing rate for 3'S atoms of (6.4 +0.3) x 10 "cm' sec '
at 292 K. This corresponds to a thermally aver-
aged. quenching cross section of 0.36x 10 "cm'.
Previous experimental determinations of this rate
involved measuring the pressure dependence of
the decay rate over the range from a few Torr to
30Torr. Over a pressure range of 30 Torr there
is only a 10%-20%%uo increase in the total decay rate
above the He 3'S radiative decay rate of 27.8x10'
sec"'.' By observing the O'S decay rate as a func-
tion of pressure to 300Torr we have determined a
more accurate value for the total collisional
quenching rate. We have also determined that
three-body collisions are not an important quench-
ing mechanism for O'S atoms at pressure ~ 300
Torr.

II. EXPERIMENTAL APPARATUS

Figure 1 is a schematic of the experimental ap-
paratus used in this study. A National Research
Group Inc. thyratron-switched N, laser is used to
pump a tunable dye laser. The 3-nsec-duration'
dye-laser pulse is attenuated and focused into a
He discharge cell. Fluorescence from the focal
volume is collected and imaged onto the entrance
slit of a Jobin avon HR1000 monochromator. Dye
filters are used to eliminate light scattered from
the dye-laser beam. The fluorescence from a se-
lected transition is detected with an EMI 9785
photomultiplier. The photomultiplier signal is
large enough to display on a Tektronics 475
oscilloscope. The laser is attenuated when neces-
sary to avoid saturation of the photomultiplier.
The rise time of the detection-system electronics
is 2.5 nsec. Individual oscigoscope traces are
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photographed, digitized, and analyzed to determine
the temporal characteristic of the fluorescence.

The He discharge system is similar in construc-
tion to the Mumlein pulsed discharge laser de-
scribed by Fitzsimmons, Anderson, Riedhauser,
and Vrtilek. " The Blumlein circuit is charged to
19 kV using a 60-Hz resonant charging circuit. A
substantial fraction of the & J of electrical energy
that the discharge system stores is delivered to a
discharge volume of about 5 cm' of He in about 20
nsec. The He discharge system and the N, laser
are each switched by an EQQ HY-1102 thyratron.
The N, hser, used to pump the dye laser, is trig-
gered from 0 to 500 p, sec after the He discharge
is triggered. This system allows us to probe the
afterglow of an intense uniform discharge over a
wide range of time delays and at pressures up to
300 Torr with a very small timing jitter.

In our discharge system the He is exchanged
many times per second in order to control the
amount of residual ionization persisting from one
pulse to seed the next. This precludes the use of
cataphoretically cleaned He, but ensures that the
gas in the discharge tube is essentially at cylinder
purity (99.9&5%). A careful assessment of possible

FIG. 1. Schematic diagram of the experimental appara-
tus. A N2 laser pumps a dye laser. The dye-laser radi-
ation, after attenuationby a neutral-density filter, ND,
is focused by a lens L1 onto the center of the He dis-
charge. The focal region is imaged onto the entrance
slit of the monochromator by a second lens L 2. A dye
filter blocks scattered 388.9-nm dye-laser light while
permitting the 706.5-nm fluorescence to enter the mono-
chromator and photomultiplier tube PM.

effects due to impurities is necessary. Also an
assessment of possible effects due to collisions of
He 3'S atoms with other excited He atoms or He,
molecules is necessary because of the high den-
sity of metastable He atoms and He, molecules
in the afterglow. These concerns are discussed
in Sec. III.

III. He 3 3S RESULTS

To study the O'S kinetics we tune the dye-laser
wavelength to ~ =388.9 nm, which corresponds to
the. 2 'S 3'P transition. There is a metastable
2'S density of approximately 10"cm ' in the after-
glow. ' The population of the 3'P level produced
by the dye-laser pulse is coQisionally quenched in
a time comparable to or shorter than the 3 nsec
duration of the dye-laser pulse at the pressures
used in this experiment. ' ' At the termination of
the dye-laser pulse a substantial population gen-
erated by collisional transfer remains in the O'S

level. The radiation at X=706.5 nm from the O'S
2'P transition is detected.
Qle use the approach of Gauthier, Devos, and

Delpech' to eliminate effects due to superelastic
electron collisions on 3'S atoms. The delay of the
dye-laser pulse after breakdown is increased until
the observed 3'S decay rates become delay inde-
pendent. This occurs with delays of 10 to 25 p,sec
depending on the pressure. At these large delays
there is sufficient time between breakdown in the
He discharge and the arrival of the 388.9-nm dye-
laser pulse for most of the free electrons to re-
combine. This is confirmed by measuring the in-
tensity of electronic recombination radiation as a
function of time. Also, the greatly decreased
electron concentration in the late afterglow is con-
firmed by the disappearance of dye-laser-induced
fluorescence from the O'S, O'P, and 3'D levels.
If the dye laser is pulsed during the first few mi-
croseconds of the afterglow, electron-atom spin-
exchange collisions convert some of the n =3 trip-
let atoms to n =3 singlet aoms.

Possible sources of dye-laser-induced hot elec-
trons are hvo-photon ionization of the 2 'S level by
the dye laser and associative ionization of the dye
laser produced n =3 levels. If a significant con-
centration of hot electrons were produced by either
of these mechanisms, then existing 3'S as well as
O'P and O'D atoms would be quenched by super-
elastic collisions and additional n = 3 atoms might
be formed by recombination. The absence of ob-
servable dye-laser-induced fluorescence from any
of the n =3 singlet levels indicates that the dye la-
ser was attenuated sufficiently that the electron
density produced by the dye laser is not high
enough to quench the n =3 triplet levels. 'The en-
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FIG. 2. Decay rates of the He 33S and 23$ levels as
a function of discharge-tube pressure. A least-squares
fit of the He 33S decay rate to the equation a+bP gives
a = (2.63 +0.20) &&10~ sec and b = (2.12 +0.11) X10
Torr sec . The error bars represent one standard
deviation in the mean decay rate at each pressure.

ergy difference between the O'S and the O'S levels
is large enough that hot electrons are required to
quench the O'S level by a spin-exchange collision,
but the energy separation of the O'P and the 3'P
levels is only a few times kT and the separation
between the O'D and the 3'D levels is less than
AT so that the O'P or O'D levels would be quenched
by thermal electrons. Thus the absence of radia-
tion from any of the singlet levels indicates that
neither the n, =3 singlet nor triplet levels are being
rapidly populated by recombination in the late af-
terglow.

The O'S decay rate as a function of pressure is
shown in Fig. 2. Each datum point for the O'S de-
cay curve is obtained by averaging the decay rates
obtained from five to seven oscilloscope trace pho-
tographs of the 706.5-nm fluorescence signal. The
error bars represent one standard deviation in the
mean. By using a least-squares fit of our data for the
decay rate for the 3 '8 level to the expression a+ bP,
we obtain a = (2.63 + 0.20) x 10' sec ' and 5 = (2.12
+0.11)x 10' Torr 'sec '. The zero-pressure inter-
cept compares favorably with the accepted 3'S
spontaneous decay rate of 2.78 x 10' sec '.' The
slope represents a total collisional quenching rate
for the O'S atom on ground-state He atoms of
(6.4+ 0.3) x 10 "cm' sec ' at 292 'K

To assess the magnitude of effects due to colli-
sions of 3 S atoms with impurities, with other ex-
cited He atoms, and with He molecules we observe
the 2'S population as a function of time. The He
2'S metastables are not readily quenched by colli-
sions with ground-state He atoms because of a po-
tential barrier and because of the Vfigner spin-

conservation rule. However, the 2'S metastables
are readily quenched by collisions between pairs
of 2'S metastables, by collisions with He, a'~
metastables, and by collisions with any impurity
in the system. The relative 2'S population as a
function of time in the afterglow is determined by
measuring the total O'S fluorescence as a function
of time delay between breakdown in the He dis-
charge cell and the arrival of the dye-laser pulse.
At each pressure the maximum 2'S decay rate,
which is graphed in Fig. 2, is observed after the
bulk of molecular recombination has occurred.
The 2'S decay rates are smaller than the 3'S de-
cay rates by a factor of 200. The pressure de-
pendence of the 2'S decay rate is smaller than the
pressure dependence of the 3'S decay rate by a
factor of 500. First we assess the contributions of
collisions between 3 'S atoms and 2 'S metastable
atoms and of collisions between 3'S atoms and
a'Z metastable molecules to the O'S decay rate.
Let us assume for the moment that the 2'S decay
rate is solely due either to collisions between 2 'S
atoms and a 'Z molecules or to collisions between
pairs of 2 'S atoms. The total collisional quenching
rate of 2 sS atoms onthea 'Z molecules is (2.5+ 1.5)
x 10 ' cm' sec ',"which corresponds to a thermally
averaged cross section of 1.6-x 10 ~4 cm~. The total
collisional quenching rate of 2 'S atoms on 2'S
atoms is only slightly smaller being (1.5+0.3)
x 10 cm sec"'." Because it is improbable that
the total collisional quenching rate of 3'S atoms
on 2'S metastable atoms or a'Z metastable mole-
cules is as much as ten times larger than the very
large 2'S on 2'S quenching rate, we conclude that
collisions of He 3'S atoms with 2'S atoms or a'Z
molecules do not contribute appreciably to the O'S
decay rates.

Next we assess the contribution of collisions
with impurities to the 3'S decay rate. Let us as-
sume that the 2'S decay rates are due solely to
collisions with impurities. Chemitron, the sup-
plier of the He, states that N, and 0, are the most
abundant impurities with four times as much N,
as 0,. The total collisional quenching rate for 2'S
metastables on N, is 6.96 x 10 " (+30%) cm'sec ' "
corresponding to a thermallyaveraged cross sec-
tion of 5.21 x 10 "cm'. The 3'S collisional
quenching rate on N, is not known; however, it
would have to be more than 250 times as large as
the 2'8 rate on N, in order to account for 50% of
the 3 'S collisional quenching rate. Collisional
quenching rates for 3'S atoms measured so far in-
dicate that the 3'S atom is only a few times more
reactive than the 2'S metastable when chemioniza-
tion is an open reaction channel. ~" Therefore, we
conclude that collisions of 3'S atoms with impuri-
ties do not contribute appreciably to the observed
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O'S decay rates.
. SUMMARY

We have measured a rate of (6.4+0.3) x 10 "
cm'sec ' for the collisional quenching of O'S atoms
coQiding with ground-state He atoms at 292 'K,
This corresponds to a thermally averaged cross
section of 0.36 x j.0 "cm'. We observe that three-

body collisional quenching of 3 S atoms is negligi-
ble at pressures up to 300 Torr.
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