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Measurement of the Pure Rotational Quasibound Spectrum ofHeH1

in a Laboratory Plasma by Direct Laser Absorption
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The pure rotational quasibound spectrum of HeH1 X1S1 has been observed in the mid infrared
region using diode laser velocity modulation absorption spectroscopy. Four quasibound to quasibo
sQ-Qd and three bound to quasiboundsB-Qd transitions in they  0, 1, and 2 states of the ion were
detected in a low pressure ac glow discharge. The highest quasibound level involved in the spect
sy  0, J  26d is 2000 cm21 above the dissociation limit. The measured transition frequencies ar
in very good agreement withab initio calculations. Two of theQ-Q transitions have wider linewidths
due to lifetime broadening. [S0031-9007(97)04223-3]

PACS numbers: 33.20.Ea, 33.80.Gj, 36.90.+ f, 95.30.–k
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There has been considerable theoretical and exp
mental interest in the rotationally quasibound levels
diatomic molecules. Their existence arises from th
centrifugal nature of rotation which contributes a term
hJsJ 1 1dy8p2cmr2 to the effective potential of the ro-
tating molecule leading to a maximum in the effectiv
potential energy curve [1]. Energy levels lying above th
asymptotic dissociation limit but below the barrier max
mum may be stable and observable by high resoluti
spectroscopy. The energies and widths of quasibound l
els are extremely sensitive to details of the interaction p
tential, especially to the attractive long range part of th
potential [2]. The HeH1 ion is one of the most useful
model systems for both experimental and theoretical stu
ies of these levels. It is the simplest heteronuclear io
with only two electrons, and hence amenable to highly a
curateab initio calculations of its quasibound states. Th
calculated energies and lifetimes of the quasibound le
els of HeH1 have been reported by several groups [3–6
The lifetimes span many orders of magnitude, e.g., f
y  0 from ,107 s in J  24 to ,10213 s in J  27.
The quasibound levels of HeH1 are important not only
in molecular quantum mechanics but also in astrophysi
The ion has been postulated to be present in some s
lar environments [3,7,8]. Dabrowski and Herzberg [3] in
vestigated the possibility that the infrared emission fro
the bright nebula NGC 7027 might arise from radiativ
recombination transitions from the quasibound levels
HeH1. Experimental measurement of spectra involvin
quasibound levels of HeH1 is therefore important in both
astrophysics and quantum mechanics.

A number of low resolution experimental technique
e.g., translational spectroscopy [9–11] and low ener
ion scattering [12], have been used to study the qu
sibound levels of diatomic ions. High resolution lase
spectroscopy of quasibound levels using the ion bea
predissociation technique has been reported by a num
of workers [13–15]. Transitions involving quasiboun
levels are detected by monitoring predissociation produ
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of ions in quasibound states mass spectrometrically. C
rington and co-workers used this method to investigate
vibration rotation quasibound spectrum of HeH1 [6,15].
In 4HeH1 [15] two vibration rotation transitions between
bound and quasibound levels,sy, Jd  s6, 13d s5, 12d
and (7, 11)–(5, 12), were observed with linewidths
0.13 and 5.17 cm21, respectively. Later Carrington
et al. extended their measurements to the bound to qua
bound transitions of other HeH1 isotopes [6].

The quasibound levels which can be detected in t
type of predissociation ion beam experiment are det
mined by the lifetimes of the levels. Too short a life
time s,10213 sd produces a line which is too wide to
detect while a level with too long a lifetimes.1026 sd
gives too few product ions to monitor [6,14]. Many qua
sibound levels of HeH1 are predicted to have very long
lifetimes which are inaccessible by ion beam spectrosco
but suitable to observe by laser absorption spectrosc
with continuously tunable lasers. Although direct absor
tion spectroscopy is usually perceived to involve tran
tions in the lower part of the potential energy curve, du
to its relatively low sensitivity, we have been able to ob
serve a number of bound to quasiboundsB-Qd and, more
importantly, some quasibound to quasiboundsQ-Qd pure
rotational transitions of HeH1 in an air cooled ac glow
discharge by direct absorption.

The details of the infrared diode laser velocity mod
lation spectrometer have been given elsewhere [16,1
The ion source was a 45 kHz glow discharge in flow
ing mixtures of helium and hydrogen. The air coole
Pyrex discharge tube was 90 cm long and 10 mm
ternal diameter with two electrodes in sidearms at
ther end of the tube. Optimum signals were obtain
at a total pressure of approximately 2 Torr with a rat
of H2 to He of 1:20. The maximum available powe
was required in order to produce the strongest signa
corresponding to discharge currents of 150 mA rms a
peak-to-peak voltages of 4 kV. Ion absorption signa
were recorded by phase sensitive detection either at
© 1997 The American Physical Society 2779
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TABLE I. Pure rotational bound to quasiboundsB-Qd and quasibound to quasiboundsQ-Qd
transitions of4HeH1.

npred scm21d
Dabrowski and Fournier and

y00 J 00 nobs scm21d Herzberg [3] Price [5] Richard [6]

0 23 891.888a 892.37 891.86
1 21 781.245a 781.67 781.28
2 20 650.613a 651.14 650.67

0 24 870.298b 870.52 870.28
0 25 837.180b 837.38 837.18
1 22 760.232b 760.9 760.50 760.36
1 23 724.933b 725.5 725.17 724.98

aBound to quasibound transitions.
b Quasibound to quasibound transitions.
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discharge frequency (1f, velocity modulation) or at twice
the discharge frequency (2f, concentration modulation)
[18]. Line positions were calibrated with an estimate
accuracy of0.003 cm21 using OCS, CO2 [19], and C2H2

[20] reference spectra.
Calculations show that eleven quasibound levels ex

in they  0, 1, and 2 vibrational states ofX1S1 4HeH1

[3,5,6]. Of these, seven have calculated lifetimes long
than10211 s giving rise to energy widths of,0.1 cm21,
which should lead to measurable linewidths in our diod
laser experiment. Searches for transitions involving qu
sibound levels were carried out by observing their pu
rotational spectra. Many HeH1 pure rotational lines of
4HeH1 in the y  0, 1, and 2 states below the dissoc
ation limit have already been measured [21]. Howeve
the rotational and distortion constants from these me
surements, derived from terms up toJ12 in the rotational
energy, are inadequate for predicting lines in the qua
bound region. Instead, the experimental searches and
subsequent assignment relied heavily onab initio calcula-
tions [3–6]. Three pure rotational bound to quasiboun
transitions in they  0, 1, and 2 levels and four quasi-
bound to quasibound transitions in they  0 and 1 lev-
els were detected. Their assignments and frequencies
given in Table I. The highest energy level involved i
the observed spectrum,y  0, J  26, has a rotational
excitation energy of about 2 eV and is2000 cm21 above
the dissociation limit (D0  14865 cm21 [22]). The ob-
served transitions are indicated in Fig. 1 along with th
two previously observed vibration rotationB-Q transi-
tions in 4HeH1 [6,15].

The highest accuracy calculations of the HeH1 poten-
tial are those due to Fournier and Richard [6]. Their ad
abatic potential was derived by Lagrangian interpolation
R2UADsRd between 0.9 and 9.0 bohr with extension belo
0.9 bohr by an exponentially repulsive form and extrap
lation to largerR using UADsRd  2C6yR6 2 C8yR8.
The measured frequencies of the pure rotationalB-Q and
Q-Q transitions reported here are in very good agre
ment with their calculations with discrepancies of les
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than 0.13 cm21 (Table I). The discrepancy between the
experimental measurements and the best adiabatic calc
tions may be accounted for by including small correction
due to nonadiabatic, radiative, and relativistic effects
the calculations. Calculations of vibration rotation trans
tion frequencies of HD1 which include these small contri-
butions agreed with experimental measurement to with
0.001 cm21 [23,24]. It will be interesting to test simi-
lar calculations for HeH1 using the experimental results
reported here.

FIG. 1. Energy levels and quasibound spectra of4HeH1

X1S1. All the quasibound levels of the ion are shown. Th
pure rotational transitions measured in this work are indicate
by solid lines and the vibration rotation transitions measure
using ion beam predissociation spectroscopy by Carringt
et al. [15] by dashed lines.
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FIG. 2. Three pure rotational absorption lines of HeH1

recorded by2f concentration modulation. (a)J  21 √ 20,
y  1; (b) J  26 √ 25, y  0; and (c) J  24 √ 23,
y  1.

Two of the quasibound levels involved in the four
Q-Q transitions measured in this work,y  0, J  26
andy  1, J  24, should have shorter lifetimes (2.9 3

10210 and 7.8 3 10211 s) relative to other quasibound
and to bound levels according to theoretical results. Th
large energy widths of these levels (0.02 and0.07 cm21)
are expected to give rise to measurably wider exper
mental linewidths. The lifetime of other detected qua
sibound levels (y  0, J  24 and 25;y  1, J  22
and 23; andy  2, J  21) are predicted to be long
s.10210 sd and hence no measurable lifetime broaden
ing is expected. Figure 2 shows the2f line profiles
of a representative bound to boundsB-Bd transition,
y  1, J  21 √ 20, Fig. 2(a), and the twoQ-Q transi-
tions involving the lifetime broadened quasibound level
mentioned above, Figs. 2(b) and 2(c). The twoQ-Q tran-
sitions are not only broader at half maximum than th
B-B line but have a different profile in the wings. The
experimental linewidths0.0163 cm21d of the B-B line
is significantly larger than its calculated Doppler width
(0.008 cm21 if T  1000 K is assumed), which may be
due to a contribution from modulation broadening [18]
Nevertheless, theB-B line was found to be fitted accu-
rately with a Gaussian line shape. This was also co
firmed by comparing the1f and 2f line profiles of the
B-B transition. The ratio of the2f linewidth (FWHM)
TABLE II. Linewidths and predissociation lifetimes of theQ-Q pure rotational transitions of HeH1.

DnL scm21d ts31010 sd a

Experiment Theory Experiment Theory

y  0, J  26 √ 25 0.0189 6 0.0004 0.018b, 0.020c 2.81 6 0.06 2.79b, 2.90c

y  1, J  24 √ 23 0.092 6 0.001 0.07b, 0.07c 0.577 6 0.006 0.76b, 0.78c

aThe predissociation lifetime of the upper quasibound level.
b Reference [3].
c Reference [6].
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and the1f peak-to-peak width (1.23) was close to that
expected for a pure Gaussian profile (1.18 [25]).

For the two broaderQ-Q transitions shown in
Figs. 2(b) and 2(c) the line widths contain not only
Doppler broadening but also lifetime, i.e., Lorentzian
broadening due to the predissociation of the upper level
The profiles of these two lines should therefore be mor
accurately represented by a Voigt line shape. To extra
the lifetime broadening component, theQ-Q lines were
fitted to a Voigt line shape function [26]. Assuming
the Lorentzian linewidth is mainly due to the lifetime
broadening, then its contribution can be determine
by fixing the Gaussian linewidth component to the
linewidth of a B-B transition in the fit. The resulting
DnL values 0.0189 6 0.0004 cm21 for Fig. 2(b), and
0.092 6 0.001 cm21 for 2(c), are in satisfactorily good
agreement with the theoretical predictions (Table II)
The predissociation lifetimes of the upper levels,y  0,
J  26 and y  1, J  24, are then determined to be
2.81 6 0.06 3 10210 s and 0.577 6 0.006 3 10210 s,
respectively.

This appears to be the first time that quasibound leve
of an ion have been detected in a conventional laborato
glow discharge plasma. Glow discharges are usual
employed as sources of ions in their ground or lowe
energy states. In contrast, in this study we have detect
very high levels of rotational and vibrational excitation.
It is therefore interesting to briefly consider some o
the processes which could lead to such high excitation
For example, in discharges containing both hydrogen an
helium the quasibound states of HeH1 could be generated
from reactions of helium metastables with hydrogen o
via inverse predissociation. The reactions between Hep

s23S1, 21S0d and H2,

Heps23S, 21Sd 1 H2 ! HeH1 1 H 1 e , (1)

are exoergic enough [27] (4.37 and 3.57 eV, respec
tively) to exceed the dissociation energy of the groun
state of the ions,1.85 eVd. It is reasonable to expect
that some of this energy could be channeled into rota
tional excitation. HeH1 can be formed in quasibound
levels by inverse predissociation following collisions be-
tween protons and helium atoms [3]. An ion formed
in a quasibound level in this way can either dissociat
again or radiate to a lower quasibound or bound leve
2781
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The radiative recombinationspectrum of HeH1 sQ ! Bd
has been considered as a source of the unidentifi
infrared emission in space [3]. Although the laborato
plasma is very different from astrophysical environmen
a possible extension of the present study is to sea
for the recombination spectrum of HeH1 in a laboratory
plasma.

Diode laser absorption spectroscopy and ion beam d
sociative spectroscopy are complementary to each othe
far as the lifetimes of the quasibound levels which are d
tected are concerned. The former detects lifetimes lon
than 10211 s and the latter levels with lifetimes betwee
1026 and10213 s. Recent interest in the dissociative re
combination of HeH1 has focused attention on thea3S1

and b3S1 excited states of HeH1 [28] which have life-
times of .1028 s. While the fundamental band of the
a3S1 state lies in the far infrared, that of the much mor
strongly boundb state lies at400 cm21, and R branch
lines in this band fall within the frequency range of diod
lasers. Extended measurements of the quasibound s
trum of other HeH1 isotopes are being carried out and
is also possible to use the direct absorption technique u
here to study the long lifetime quasibound levels of oth
fundamental diatomic ions like HD1.
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