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Collisional Quenching of H(2S) Atoms by Molecular Hydrogen: Two Competitive Reactions
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From an H; photodissociation experiment the destruction of the H(2S) metastable fragments, collid-
ing with an H, molecule, is shown to proceed through two competitive processes: the 2S-2P mixing in-
duced by the H, quadrupole moment and a nonradiative process. This nonradiative process has a cross
section of about 50 A? for thermal velocities. Its identification as H3* production is discussed.

PACS numbers: 34.90.+q, 34.50.—s, 82.20.Pm

Quenching of metastable hydrogen atoms by low-
energy collisions with hydrogen molecules was studied
more than ten years ago by the attenuation of a
metastable-atom beam passing through molecular hydro-
gen gas.'™ In one such experiment,? the Lyman-a radi-
ation emitted from the collision was monitored. The Ly,
emission cross section and the metastable destruction
cross section were observed to exhibit identical velocity
dependences within experimental errors.? Since then,
the collisional destruction of metastable hydrogen at low
energy was commonly interpreted as proceeding “solely
through 2S-2P mixing with subsequent emission of Ly,
radiation.” > This was in disagreement with two other
experiments, using completely different techniques,®’
where a radiationless quenching process was reported
with its relative importance being a quarter’ or a half® of
the total metastable destruction. Besides, the theoretical
calculations of the collisional quenching of the H atoms
in the 22S state by Stark mixing with the 22P state>%°
lead to values that are roughly two thirds of the experi-
mental destruction cross-sectional values.*> We have
now performed a new experiment, improving the tech-
nique used in Ref. 7, which gives new evidence of the
competition of a radiationless quenching process with the
2S-2P mixing.

Monochromatized synchrotron radiation was used to
photodissociate the molecules of hydrogen contained in a
cell, and the Ly, fluorescence of the atomic fragments
was detected by an EMR solar-blind photomultiplier.
At low pressure the H(2S) fragments, being metastable
and having roughly thermal velocities, leave the field of
view of the detector without being detected, while the
H(2P) fragments with a short lifetime are easily detect-
ed.

At higher pressure, collisions between H(2S) and
H,(X's;") quench the metastable atoms, giving rise to
additional Ly, fluorescence. An applied electric field can
be used to induce Stark mixing between the 2S and 2P
states, destroying the metastable atoms with Ly, emis-
sion. The ratio of the fluorescence signal without and
with an electric field was measured for pressures ranging
from 0.1 to 15 mTorr. Extrapolation to zero pressure

was used to determine the H(2P) to H(2S) fragment
branching ratio.!® The dependence of the fluorescence
signal as a function of pressure gives information about
the collisional quenching. Such dependences were
recorded for six different photodissociation energies, i.e.,
for six fragment velocities. The calculated relative H,-
H(2S) velocities range from 2.9 to 6.4 km/s.

The Ly, fluorescence intensity, without any electric
field, is proportional to

1(0) x acp+o,(o1y,/04)[1 —exp(—NoyL)], (1)

where o, and o, denote the photodissociation cross sec-
tion for H(2P) and H(2S) fragments, respectively, oy,
denotes the collisional quenching cross section with Ly,
emission, o, denotes the collisional destruction cross sec-
tion, NV is the H, number density (N =3.3x10"3 times
the pressure p in mTorr), and L is the characteristic di-
mension of the detection zone (L=13 mm). « is a
corrective factor due to the polarization of the fragment
fluorescence. '%!! It has no importance here, being con-
stant in the pressure range used. With the electric field
E on, the Ly, intensity is

I(E) @ ac,+Bo; , (2)

if the Stark quenching is much faster than the collisional
quenching, which is easily achieved with an electric field
of 60 V/cm in the experimental conditions. g is a polar-
ization corrective factor. For a detection perpendicular
to the electric field, its measured'? and its theoretical '
value is B=(1—P/3) “1=0.903, P being the polariza-
tion of the induced Ly, emission.
Let R be the signal ratio:

R=1(0)/I(E) . 3)

If Ry is the extrapolated value at zero pressure, the sig-
nal ratio is equal to

R=Ro+ (U —Ro)(1/B)ory,/oqsll —exp(—p/p)].
@
Ry depends only on the H(2P) to H(2S) branching ratio
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as discussed previously.'® The pressure width p is such
that o,Lp(3.3%x10'%) =1 which is directly correlated to
o4. The asymptotic R value at high pressure

Rw=Ro+ (1 —Ro)(1/B)oLy /04 (5

gives the relative importance of the collisional quenching
with Ly, emission, oLy, to the collisional destruction oy.

For the six values of the incident wavelength, the R
dependences with pressure were fitted independently with
an exponential law by a least-squares procedure. Such a
fit is displayed in Fig. 1. The fitted parameters Ro, R,
and p are determined with quite large uncertainties, be-
cause the experimental points correspond in several cases
to very-low-intensity signals (less than a count per
second). Nevertheless, in no case may the ratio oLy ,,/O'd
be taken as 1, which yields the solid-line asymptote in
Fig. 1. Even if the polarization P of the Ly, emission
due to the electric quenching of the 2§ state were in er-
ror, it could only be in error by a few percent, and in no
way could B be as high as 1.5 (P would be equal to +1
instead of —0.343), as needed to explain the observed
R . values.

The o, values deduced from the p determinations at
the six different collisional velocities are in very good
agreement with all the previous measurements®*; see
Fig. 2(a). Our error bars are comparable to the disper-
sion of the other determinations.?*>

From these o, values and from the Ry and R . values
it is easy to determine the o1y, ones. They are displayed
in Fig. 2(b). (All the uncertainties with independent
sources were added quadratically.) In every case, oLy,
represents only 60% of o4, and there is no evidence for a
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FIG. 1. Typical plot of the ratio of detected Ly, emission

without [7(0)] and with [I(E)] an applied electric field, as a
function of pressure for an excitation wavelength of 838.9 A
and a mean relative H(2S)-H; velocity of 4.14 km/s. The hor-
izontal line represents the expected asymptote for oLy, =ou.

velocity dependence of the oy /o4 ratio. This is in
agreement with the observations of Dose and Hett for
higher velocities? but in apparent disagreement with the
Comes and Wenning conclusions,® although their uncer-
tainties were not reported.

The first theoretical study of the collisional quenching
of the metastable H atoms with Ly, emission was made
by Gersten® who calculated the Stark mixing of the 2S
and 2P states due to the electric field produced by the
quadrupole moment of the H, molecule, in a time-
dependent perturbation theory. He took rotation into ac-
count in the classical approximation. Ryan, Czu-
chlewski, and McCusker? and Weissmann, Hartmann,
and Burch? improved Gersten’s treatment with a quantal
approach to the H, molecule rotation. They obtained a
quite good dependence of o, but not its absolute
values.*> The theoretical values of oLy, are systemati-
cally 30% lower than the experimental o4 values, only a
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FIG. 2. Cross sections for the various H(2S) quenchings in
H,. (a) The destruction cross section o4; (b) the quenching
cross section with Ly, emission o1y and (c) the cross section
of the nonradiative process identified as the formation of H3*.
The solid error bars are our results, the dashed error bars are
from Ref. 5, the dots are from Ref. 4, the triangles are the
mean determinations of Ref. 2, and the open squares are from
Ref. 6. The dashed curves are the theoretical prediction of the
2S-2P mixing quenching (Refs. 4 and 5), and the asterisks are
the calculation of Ref. 9. The solid square represents the mea-
surement of Ref. 14. The stars note our determinations using
the spectra of Ref. 15.
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bit higher than our experimental oy, values and just
within the limits of the error bars, corroborating our
analysis.

Our experimental values also agree well with the only
previous o, determination of Fite ef al.'

The remaining problem is to identify the nonradiative
process involved. Twenty years ago Chupka, Russell,
and Refaey]5 detected H; after photodissociation of H,
into H(n =2)+H(1S) which they attributed to the fol-
lowing reaction (I):

HQS)+H,— Hy " +e ™
They also observed the reaction (II)
Hy"+H,— H; " +H.

From their photoionization efficiency curves for H, ™"
and H3 ™", we can estimate the cross section of reaction I
relative to the cross section of reaction II. We compared
the amplitudes of the H3* and H, ™ peaks at 818 A to
the corresponding absorption cross sections.'® At 803 A,
all the created molecules are autoionized'!” while at 818
A, they are all predissociated'® into H(n =2)+H(1S).
Knowing that only 60% of the excited fragments are in
the 25 state'®!” and that reaction I competes with the
28-2P mixing quenching, we can estimate that the
cross-sectional value of reaction I with a relative mean
velocity of 7 km/s is 50% of the cross-sectional value of
reaction II with a thermal velocity (803 A is very near
the ionization threshold 804 A). From Ref. 20, this
value is around 100 A2, giving an estimated value for the
reaction-I cross section of 50 A? with an uncertainty of
about 20%. We also compared the amplitudes of the
H," and H; ™ peaks observed at 804.2 A to the photo-
ionization and photodissociation efficiencies observed for
this wavelength.'”'® We deduced a second determina-
tion of the reaction-I cross section, for a mean relative
velocity of 8.7 km/s: 40 A2 Both values are in excellent
agreement with the cross section of the observed nonra-
diative process [see Fig. 2(c)].

Therefore, we believe that the observed nonradiative
process of destruction of the metastable H(2S) atoms
when colliding with molecular hydrogen is mainly the
formation of H3* ion through reaction I. It would imply
that the collision-induced predissociation (reaction Iil),

HQS)+H,— HOS)+H0S)+HOS),
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predicted in Ref. 21, is slow compared to reaction I,
which has to proceed from the autoionization of a disso-
ciative Hjz state. More theoretical and experimental
work is necessary to settle that assumption unambigu-
ously.

Laboratoire de Spectroscopie Hertzienne de I’Ecole
Normale Supérieure is a laboratoire associé au Centre
National de la Recherche Scientifique.
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