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-q with q from (2) one can extract the initial mo-
mentum k,. of the electron from a measurement of
k&. This is true since the dominant contribution
to the cross section comes from q =q;„which
means that q lies in the beam direction. We de-
tected electrons with k; in the region 580 A 'ak, .

& 690 A ' which is approximately four times the
Bohr momentum of a K electron for Z = 87. The
measured spectrum can be explained by means of
the K-shell momentum distribution of the quasi-
molecule.

Since the efficiency of the P spectrometer can
be improved by mounting it axially to the beam
and using a larger counter in the focal plane, the
sensitivity of the setup would be sufficient for
cross sections which are more than an order of
magnitude smaller than those in the present mea-
surement. Thus it might be possible to study the
electronic properties of the U+U quasimolecule,
as planned by a Heidelberg-Munich collaboration
in order to study QED effects in high fields. ""'
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Nanosecond time-resolved absorption spectroscopy is used to study the popolations of
the 2'~, 23~, 2'S, and 2 S levels in a high-pressure He discharge. At high pressures,
the population of the 2 ~ level decays primarily through three-body molecular formation
involving two ground-state He atoms at a rate of (3.5+ 0.8) && 10 3' cm sec '. The popu-
lation of the 23p level decays primarily as a result of mechanisms other than collisions
involving ground- state He atoms.

We report an experimental investigation of the
time dependence of the populations of the 2'P,
2 P, 2'8, and 2 8 levels in the afterglow of a
pulsed He discharge at pressures of 50-3000
Torr. The populations of the metastable 2'8 and
2'S levels have long been recognized to play an
important role in the kinetics of the He afterglow. '
The populations of the 2'P and 2'P levels are also
quite important in the afterglow of a fast pulsed
discharge. The fast pulsed discharge is charac-
terized by relatively high pressures, a short vol-

tage rise time, and a high value of the electric
field divided by the pressure at breakdown. This
leads to high initial densities of excited states
and free electrons in the afterglow.

Immediately following the pulsed discharge,
the populations of all the n = 2 levels are compara-
ble. Radiation trapping ean maintain significant
populations of the 2'P and 2'P levels for many ra-
diative lifetimes. The kinetics of these levels is
not well understood, but is interesting and impor-
tant for many reasons. For instance, it has been
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FIG. 1. (a) Schematic of the experiment. PM1 ana
PM2 are signal and reference photomultipliers, re-
spectively. (b) Absorption spectrum at ~ = 447.1 nm.
The dye laser is pressure tuned across the line.

suggested that the 2'P population is the precursor
of some of the vacuum-ultraviolet molecular ra-
diation from He." The nanosecond time-resolved
absorption spectroscopy reported in this Letter
makes possible the mapping of absolute popula-
tions of the nonmetastable as well as the meta-
stable levels on a time scale characteristic of the
decay time of the nonmetastable levels.

We report data demonstrating that the 2'P level
is depopulated at pressures above 150 Torr pri-
marily by three-body molecular formation involv-
ing two ground-state He atoms at a rate of (3.5
+0.8) x10 "cm' sec ' We also report data indi-
cating that the 2'P level is depopulated by radiat-
ing to the 2'S level and possibly by collisional de-
excitation due to electron impact. There is no

3evidence for significant depopulation of the 2 P
level by collisions with ground-state He atoms at
pressures up to 300 Torr.

Figure 1(a) is a, schematic of the experimental
apparatus. The heart of the experiment is a com-
mercially available National Research Group Inc.
twin-pulsed-discharge laser. This device has
two energy-storage capacitors and discharge
channels switched by a common spark gap. The
jl'itter between breakdown in the two channels is

less than 1 nsec. One channel contains pure He
(99.995/g); the other channel is used as a N, las-
er to pump a narrow-banded tunable dye laser. ~

The dye-laser-pulse duration of 3 nsec deter-
mines the temporal resolution of the experiment.
The spectral bandwidth of the pressure-tuned,
etalon-narrowed dye laser is 1.7 GHz. The out-
put of the dye laser is collimated by a beam-ex-
panding telescope, and reflected repeatedly in an
optical delay in order to provide an adjustable de-
lay of 0 —500 nsec. After being delayed by a given
time, the dye-laser pulse is attenuated, passed
through the He discharge, and detected by a photo-
multiplier. Time -resolved absorption spectros-
copy is performed during the first 500 nsec of the
afterglow with 3-nsec temporal resolution.

Figure 1(b) shows the experimental absorption
profile of the 2'P-4'D transition recorded as the
dye-laser wavelength was scanned across the line.
The He lines are all pressure broadened at the
pressures used in this experiment. As indicated
in Fig. 1, the ratio of the width of the He line to
the dye-laser bandwidth is large at 77 Torr; it
is even larger at higher pressures. The popula-
tion of a particular level is determined from the
equivalent width of an absorption line using curves
of growth calculated from experimentally deter-
mined line shapes and accurately known oscilla-
tor strengths. ' The populations of the 2'P, 2'P,
2'S and 2'S levels were measured using the)

492.2-, 447.1-, 501.6-, and 388.9-nm lines, re-
spectively. The upper levels of these transitions
are relatively unoccupied due to rapid associative
ionization. '

Figure 2 shows the observed populations of the
various n = 2 levels of He as a function of time at
a He pressure of 77 Torr. All absorption meas-
urements are made along the same path through
the discharge channel. The populations of all of
the n= 2 levels decay exponentially as a function
of the time except that of the 2'S metastable level
which increases initially with time after break-
down. Many nanoseconds after breakdown the
population of the 2'S level reaches a maximum
and then decays very slowly. The decay of the
2'S population is negligible on our time scale.
Radiative cascade from higher states can be ig-
nored in a first approximation at the pressures
used in this experiment because of the rapid rate
of associative ionization of atoms in all states
above the 3S levels. "

The decay rates of the populations of the 2'S,
2'P and 2'P levels as a function of pressure and
of pressure squared are shown in Figs. 3(a) and
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FIG. 2. Populations of the various n = 2 levels of
He as a function of time after breakdown in 77 Torr
of He. The discharge is approximately 1 cm thick
along the absorption path.

3(b), respectively. The decay rates of the 2'S
population are consistent with the metastable
spin-exchange reaction discovered by Phelps, '

He(2'S)+e -He(2'S)+e .
The weak pressure dependence of the 2'S decay
rate may be due to a variation of the electron con-
centration with pressure. The rate of the meta-
stable spin-exchange reaction has been determined
by Phelps to be 3.5 x 10 ' cm'/sec at an electron
temperature of 300'K. If this rate is relatively

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

It has been suggested that this mechanism ac-
counts for over 60% of the 2'P decay rate in the
100-200-Torr range. '~ We do not observe the
increase in the 2'S population that would result if

independent of the electron temperature, the elec-
tron concentration can be inferred from the ob-
served decay rates of the 2'S population. The 2'S
decay rates indicate an electron concentration
in the range (1-3)x10" cm '.

The decay rate of the 2'P population is strongly
pressure dependent. The data of Bartell, Hurst,
and Wagner' on the decay of the 2'P population
are also shown in Fig. 3(a). They described the
pressure dependence of the 2'P-population decay
rate by a polynominal of the form A+ Bp+Cp',
where p is the pressure of the He gas. They iden-
tified the constant term, A, as resulting from ra-
diative transitions to the 2'S state at the natural
decay rate of 2 ~10' sec ' plus leakage of the high-
ly trapped 58.4-nm resonance radiation. This
leakage term represented a pressure-independent
decay rate of approximately 1.0 &&10' sec ' in
their system. ' The quadratic term in pressure
was identified as resulting from three-body mo-
lecular formation, '

He(2'P) + 2He(1'S)-He, (B or D) + He(1'S). (2)

In a later paper Payne, Klots, and Hurst' pro-
posed that the linear term was caused by a two-
body mechanism, '
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most of the 2'P states were converted into 2'S
states by Reaction (3), but instead observe only
an exponential decay for the 2'S state.

By fitting our data for the decay rate of the 2'P
population with the expression of the form A+ Bp
+ Cp', we determined that A = (7.0 + 2.0) x10' sec ',
B= (2.2+28) x10' sec ' Torr ', and C= 384+ 90
sec ' Torr '. Using the theory of Holstein, ' we
estimate that the leakage of 58.4-nm resonance
radiation in our system represents a pressure-
independent decay rate of 0.6 &&10' sec '. This
value was calculated using the dimensions of our
discharge channel (2.2 cm x3.3 cm x61.0 cm) and
the self-broadening constant for the 2'P level
measured by Camm and Copley. " Radiative tran-
sitions to the 2'S state represent a decay rate of
less than 2&10' sec ' as a result of radiation
trapping. We cannot completely account for A
with radiative processes; it is possible that col-
lisional de-excitation due to electron impact also
contributes to the pressure-independent term in
the decay rate.

Our best value for 8 is 25 times smaller than
that determined previously, "although the uncer-
tainty is large. Primarily because there is no in-
crease in the 2'S population after breakdown and
also because of the small value of B we conclude
that the rate of Reaction (3) is at least a factor of
5 smaller than that reported previously. " The
quadratic term is important for all pressures in
the range 50-300 Torr and is dominant above 150
Torr. We interpret this term as a rate for Reac-
tion (2). At the operating temperature of our sys-
tem, 19'C, this term represents a molecular-
formation rate of (3.5+0.8) x10 " cm' sec '. The
possible pressure dependence of the electron con-
centration causes some uncertainty in this inter-
pretation, but the pressure dependence of the de-
cay rate of the population of the 2'P level is so
different from the pressure dependence of the
other decay rates that the existence of the domi-
nant quadratic term is clear.

The population of the 2'P level is observed to
decay at a rate less than the radiative-decay rate
at low pressures. This indicates that the 2'S
metastable density in the afterglow is sufficiently
high to cause trapping of the 1.08-pm radiation
from the 2'P level. At higher pressures the line-
width of this transition is broadened so that radi-
ation trapping is reduced. The decay rate of the
2'P population approaches the natural radiative-

decay rate at high pressures. It is possible that
variations in the electron concentration also con-
tribute to the increase with pressure in the de-
cay rate of the 2'P population through inelastic
electron collisions. The leveling off of the decay
rate at high pressures indicates that conversion
of 2'P to 2'S through ground-state collisions, as
suggested previously, ' is not a dominant mecha-
nism.

In summary, the 2'P population does not decay
at high pressures primarily by conversion to the
2'S state through ground-state collisions, but
rather by molecular formation at a rate of (3.5
+0.8) x10 " cm' sec '. The absence of any in-
crease in the 2'S population after breakdown and
the quadratic pressure dependence of the decay
rate of the 2'P population support this conclusion.
For pressures up to 300 Torr the 2'P population
does not decay by conversion to the 2'S level
through ground-state collisions. The leveling off
at high pressures of the decay rate of the 2'P pop-
ulation supports this conclusion. The 2'P popula-
tion decays primarily by radiating to the 2'S level
although inelastic electron collisions may play a
role.
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