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Nonmetastable Penning ionization in He(3'P)-Ne, Ar, Kr, Xe collisions
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(Received 11 June 1974)

Time-dependent spectroscopy techniques have been used to determine the cross sections for the de-
excitation of nonmetastable He(3 'P) states by collision with Ne, Ar, Kr, or Xe atoms. The mea-
sured cross sections in 10 ' cm' at 600+',00

'K are, for Ne, 27.6+', 8, Ar, 55.6+,'8', Kr, 49.5+4&, and

Xe, 73.0+88 . These cross sections are compared with theoretical Penning ionization cross sections
having values of 20 for Ne, 40 for Ar, 39 for Kr, and 35 for Xe, in units of 10 ' cm' (at 600'K).

INTRODUCTION

Interactions between electronically excited atoms
(or molecules) and ground-state species are of
interest both for a basic understanding of energy-
transfer mechanisms and for their importance
in processes in the upper atmosphere, ' in gaseous
lasers, ' in plasmas, ' and in other excited-gas
media. 4 There have been several experimental
investigations' on the deexcitation of metastable-
state atoms, but few for nonmetastable excited
atoms, mainly because of the experimental diffi-
culties.

We report here on measurements of absolute
cross sections for the deexcitation of He(3'P)
states in collision with gas atoms X (X =Ne, Ar,
Kr, and Xe) at approximately 600'K, observing
the relaxation of He(3'P) states in helium con-
taining known concentrations of &. The ionization
potential of the added gas X is lower than the ex-
citation energy of He(3'P) and the process studied
involves the ionization of X atoms in a collision
with an excited state by nonmetastable Penning
ionization. Until recently, the existence of the
nonmetastable Penning ionization process had
been confirmed only from the additional ioniza-
tion yield after excitation by charged particles in
helium-neon, ' argon-krypton, "and argon-xenon
mixtures. '

EXPERIMENTAL TECHNIQUES

The experimental apparatus is similar to that
described by Bridgett, King, and Smith-Saville
and has been further developed by Davies and
King'; it is shown in diagrammatic form in Fig. 1
and will be discussed more fully elsewhere. The
He(3 'P) level is excited by electron impact, using
a pulsed beam of electrons of short duration and
rapid time cutoff. The energy of the electrons is
controlled to be as close to the energy of the 3 'P
level as possible (threshold excitation). The de-
cay function following the pulsed electron beam

was determined from single-photon counting using
the He 5016-A spectral line (3'P-2'S emission).
A time-to-amplitude converter is started by a
trigger pulse from the pulse generator at the pulse
cutoff time and is stopped by the pulse from an
amplifier-trigger unit which occurs when a single
photon is detected by the photomultiplier. The
output from the time-to-amplitude converter is
proportional to the photon-emission time interval
and is fed into a multichannel analyzer where the
decay curve is accumulated. Background counts
are removed by modulating the electron gun below
threshold and subtracting at the pulse-height
analyzer and at threshold, and adding counts.

A 5-cm & 2-cm dispenser cathode is used in the
electron gun. Figure 2 shows the excitation cham-
ber filling system. The portion of the system in
the oven is baked at 250'C for 12 h while being
evacuated with an argon stable sputter-ion 50-liter/
sec pump. The ultimate vacuum obtained is -5
&&10 ' torr. The outgassing rate is less than
2&&10 ' torrh ', even when the cathode is opera-
ting at 1050'C. Spectroscopically pure helium
(obtained from British Oxygen Company and con-
taining impurities of less than 10 ppm) is admitted
to the excitation chamber via leak valves 1 and 2.
In the spectral region from 2500 to 7300 A only
a few emission lines from impurity atoms were
observed; for a helium pressure of 38 mtorr and
electron excitation energy of 24.3 eV the light in-
tensities from the impurity lines were 3 to 4
orders of magnitude lower than the intensities
from the helium lines. The excitation chamber
was filled with pure helium and the added gas was
leaked through valves 3 or 4, while measuring the
total pressure using a capacitance manometer
(MKS Baratron, model 77).

He(3 'P) DEEXCITATION CROSS SECTIONS

The lifetime of He(3'P) states in pure helium
is a function of the helium pressure due to the
destruction of He(3 'P) by collision with neutral
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helium atoms' "and is also dependent on the ef-
fective size of the excitation chamber owing to the
slight imprisonment of the He O'P-1'S radiation.
For a constant size of excitation chamber, the
decay rate 1/T in pure helium is a function of the
helium pressure, P„„

When added atoms X are introduced we can write
(1) as

1/T =F(P„)+n(vv)P», (2)

where o is the added deexcitation cross section in
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N(t) =Ae t/"+B, (3)

where A and 8 are constants and in all cases J3 is
much smaller than A. As an example to indicate
this type of behavior, A, B, and & for 0.59-torr
Ne in Fig. 3 were 20 300 +140, 100 +20, and 35.6
+0.2 nsec, respectively. The lifetime P obtained
from the fit from the straight line up to 110 nsec
was 35.8 +0.2 nsec. The difference in the life-
times between t» and p is less than 1.0' over all
the range of added gas concentrations. The mean
value of & and P is used as a measure of & in this
paper. The origin of the constant term B is not
completely understood. This may arise from re-
ciprocal transfer effects from O'D states. " As
an over-all system check, the lifetimes of the
O'S and 4'8 states in the zero pressure limit mea-
sured with the above technique are 55.7 +0.5
and 87.0 +3.0 nsec, respectively. " These com-
pare favorably with the theoretical lifetimes of

question, v the relative velocity, n the number of .

X atoms per torr cm', and P~ the pressure of X
in torr. Provided v does not vary with Jt)x, the
tluantity (Irv) can thus be obtained by keeping the
helium-gas pressure constant and varying P~.

Measurements were made at 1-torr helium pres-
sure and 22.5-eV excitation energy" and for ex-
citation pulse widths of less than 50 nsec which
gave a negligible contribution of cascading photons
to the O'P level from higher excited states, for
example, from the 4'S state. " The He(3'P) state
at 23.09 eV is then only weakly excited and one
loses up to two orders of magnitude of signal in-
tensity compared with excitation at 23.0 eV by this
technique. Figure 3 shows a typical He 5016-A
emission curve with and without added Ne. As
seen from the figure, data points for times greater
than 110 nsec are not described in terms of a
single-exponential decay. It was found that all
decays studied fit, within statistical error, a func-
tional form of the type
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FIG. 3. Decay functions for He(3 ~P) atoms observed
by the 3 ~P 2~P, 5016-A emission line for varied set
pressures of Ne.

55.2 and 89.7 nsec'4 and with 55.2 +2.8 and 84.0
+10.6 nsec measured by Bennett et al." The pres-
sure dependences of the lifetimes of the He (n =3,
n =4) states in pure He have been extensively stud-
ied by us" and other workers. Figure 4 shows the
plot of the decay rates as a function of added gas
pressure, the error bars include the standard
deviations of the data points. The plotted points
lie reasonably mell on straight lines over the mea-
sured P~ region. Any systematic errors, which
are expected to be due primarily to possible errors
in calibrating the time-to-amplitude converter,
are estimated to be less than 2%.

The measured values of n(vv) for He(3'P) atoms
reacting with X are shown in Table I. The velocity-
averaged total deexcitation cross section a, p, at
an absolute temperature T is obtained by dividing
n(vv) by noT '(2kT/M*)' ', and these are also
listed in Table I. Here, & is the Boltzmann's
constant, M* the reduced mass of the colliding
partners, and no is the number of atoms per cm'
torr at 273'K. The error values quoted in Table I
include statistical errors and systematic errors
of +15%/-8% due to the uncertainty in the deter-
mination of the atom temperature. The tempera-
ture of the atoms in the excitation chamber was
estimated to be 600 +

goo K by measuring the tem-
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FIG. 4. Variation of He(3 ~P) decay rate with pressure
of added Ne, Ar, Kr, and Xe; initial He pressureis 1 torr.
Standard-deviation errors are shown for the data points.

peratures of the parts of the apparatus in and
around the region of the excitation chamber. The
uncertainty in determining the temperature of
the colliding atoms in the excitation chamber is
the main source of error and is included in the
final result for the deexcitation cross section.

DISCUSSION

The cross sections reported here include all
processes that deexcite the He(3'P) atom in a
collision with the added noble-gas atom. In all
of these collision pairs the excitation energy of the
He(3'P) 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 autoionization. This process (chemi-
ionization) is expected to be the predominant mode
of deexcitation under these conditions. We thus
associate our measured cross sections primarily
with the chemi-ionization process and, to our
knowledge, they are the first to be measured for
an optically allowed excited state.

The ionization process due to the optically-
allowed transition A* + X-A + X' + e has been
theoretically studied by Katsuura, ' Watanabe and

suura9MorjandPuj ita and Mori Us ing
semiclassical calculation with rectilinear relative
motion with constant velocity, Watanabe and Kat-
suura" have found that the ionization cross sec-
tion, averaged over the polarization of the initial
excitation of A*, is given by

] 3 9(~2~2 /gv )2/5 (4)
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TABLE I. Experimental values of s (ov) and comparison of the He(3 P) deexcitation cross
section at 600+1200 'K from experiment and theory.

Added
gas

Xe

s(ov)
(10 sec "1torr )

0.77 + 0.04

1.49+ 0.16

1.29+ 0.06

1.88 + 0.16

O'CXP t
0-16 cm2)

27.6'4, ,'

55 6+10+6
-7e8

49 5+8+ 0

73 0+12,9
-8e8

0 calc

(10 16 cm2)

19.8-20.7

39.8-40.5

38.2-40.5

32.8-37.4

0'ph

10 '8 cm2)

6.4-7.1
35-37

29.5-35.5
21-26

p@
2

(a.u. )

0.93-1.03

5.1-5.4
4.4-5.2
3.0-4.1

References 20 and 21.
References 20, 22, and 23.

References 20 and 24.
References 20, 24, and 25.

where p. is the transition dipole moment for A*
-A. , p, ~ is the corresponding moment for X-X'
+ e, and v is the velocity of A relative to X.
is related to the photoionization cross section,
&p)„.by

c» =4m'Ep, s/hc, (5)

where c is the velocity of light and E is here taken
to be the excitation energy of A*. The reaction
rate constant (ov), i.e., the mean value of vv
averaged over the Maxwellian velocity distribu-
tion, can be derived from Eq. (3):

He(2'S) and He(2'S) at 320'K to be, in Ar: 0.21
and 0.15, in Kr: 0.13 and 0.17, and in Xe: 0.02
and 0.11. Considering these measurements we

may conclude that most of the difference between
the present experimental results and theoretical
values for Ne, Ar, and Kr can be attributed to
the contribution from associative ionization. The
large difference for Xe is not explained by that
process.

There are two other possible effects that can be
considered to explain the difference for xenon.
One is that the He(3'P) atom is also removed by
collisional deexcitation transfer:

He(3 'P) +X-He*+X + KE. (6)

(6)

with I*being the reduced mass of the colliding
partners. The calculated cross section, o,.„, is
obtained as (o'v)(2kT/M*) '~'. The calculated re-
sults for He(3'P)+X-He(1'S)+X'+e at 600
+',«K are given in Table I. A value, 0.0433 a.u. ,
is used for p.' between the ground state and the
excited state 3'P of helium. ' The values of (Tph

have been deduced from experimental photoioniza-
tion cross sections. ""

Table I shows that the present measurements of
the total deexcitation cross sections are larger
than 0'c,i. The difference is significantly large for
Xe. The associative ionization

He(3'P)+X- HeX'+e

may contribute to the total deexcitation cross
sections. Munson et al."mass spectrometrically
observed all of the heteronuclear ions (HeX') in
helium-X gas mixtures excited by low-energy
electrons and they obtained a rough estimate of the
ratio of cross sections for associative ionization
to Penning ionization to be of the order of 0.1 to
0.5. Hotop et al."obtained the ratio for associa-
tive to Penning-ionization cross sections for

It is characteristic of this process" that such ex-
changes of internal and kinetic energy (KE) are
only probable for energy differences in those cases
where the He* state considered is another singlet
state in close energy resonance with the original
He(3'P} The follow. ing reaction is the only im-
portant collisional deexcitation mechanism under
the present conditions,

He(3'P}+X-He(3'D)+X+KE.

At present, to our knowledge, there has been no
measurement of the cross section for process (9).
In pure helium the cross section for He(3'P)+He-He(3'D)+ He+KE has been measured to be in
the range (3-35)&&10 "cm' by Bakos and Szigeti, ms

Frish and Ionikh" and Wellenstein and Robertson. '
Experiments have been carried out on He-Xe and
He-Kr mixtures as a function of Xe and Kr pres-

0
sure with observation of the 6678-A emission from
the 3'D-2'S transition in He. Over the pressure
range for which the change in He(3'P) lifetime was
significant as shown in Fig. 4, no increase in
6676-A (3'D O'S) intensity was o-bserved. Since
the population of the He(3'D) following one excita-
tion pulse is small compared to that of He(3'P)
reaction (9), if of primary importance, would
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noticeably change the He(3'D} population. Wecon-
clude that this reaction under those conditions is
a secondary effect.

The second possible process is that the calcula-
tion, assuming rectilinear relative motion, is
not a good approximation in the case of xenon.
Because of the large polarizability of xenon, the
van der Waal's force between He(3'P} and xenon
atoms is large and this attraction may play an
important role such that the relative trajectory
is strongly curved inward. Rectilinear motion is
a good approximation for Ne, Ar, and Kr in which
the polarizabilities are smaller than in Xe. The
differences between the observed and calculated

cross sections may be a fruitful field of further
theoretical analysis together with additional ex-
perimental results.
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