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Observation of the Infrared Spectrum of the Triatomic Deuterium Molecular Ion D3+

J.-T. Shy
OPtical Sciences Center, University of Arizona, Tucson, Arizona 85721

J. W. Farley, Willis E. Lamb, Jr. , and William H. Wing'
DePa~tment of Wysics and OPtical Sciences Center, University of Arizona, Tucson, Arizona 85721

{Received 1 July 1980)

The infrared vibrational-rotational spectrum of the D3+ isotope of the simplest poly-
atomic molecule is observed. Eight intervals between 1750 and 1850 cm ' have been
measured to an error of 0.0005 cm ' or 0.3 ppm {at 70%confidence level). Four have
been identified as members of the fundamental degenerate vibrational band. The rest ap-
parently involve unidentified higher vibrational-rotational levels.

PACS numbers: 33.20.Ea, 35.20.Pa

Historically, stable atoms and molecules con-
taining one or two electrons were crucial to the
development of modern quantum theory, since
only they are simple enough in structure to per-
mit highly precise comparisons of the predictions
of theory with the results of experiment. Up to
the present, precise spectroscopic data have
been lacking for one molecule among these, that
composed of two electrons and three nuclei. With
use of nonradioactive hydrogen isotopes, four
isotopic variants can be formed: H3+, H2D',
HD, ', and D,'. The two homonuclear isotopes
have the higher symmetry and thus the simpler
spectra. Spectroscopically, the advantage of D, '
is that its fundamental, optically active vibration-
al band (degenerate mode) falls conveniently in
the same spectral region as the emission lines of
the Co laser (1550—1920 cm ~). its disadvantage
is that the sample population will be distributed
among more states, and hence line intensities
will be less in the D, ' case than in the 8, ' case,
because of the former's smaller rotational con-
stants.

In this Letter, we report observation of the vi-
brational-rotational spectrum of D,'. The mea-
surementq reported here and the measurements
by Oka' on the spectrum of H, ' constitute the
first high-precision spectroscopic data for this
important system. We have observed eight tran-
sitions between vibrational-rotational levels of
the ground 'A~' electronic state. The measure-
ments described here employed the Doppler-tuned
fast-ion-beam laser-spectroscopic method pre-
viously used' ~ to make high-precision measure-
ments of the spectra of HD' and HeH'. Details
of the ion-source construction and performance
have been published separately. ' ' Briefly de-
scribed, a beam of molecular ions is crossed by
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FIG. 1. Resonance trace of the {1,1,1)—{2,2, 0) D3+

resonance. Voltage step size was 0.2 V; integration
time was 16 sec per step. Because the laser oscillates
on two longitudinal cavity modes as part of the frequen-
cy-stabilization scheme, the resonance trace shows
two peaks separated by the laser free-spectral range
of 100 MHz. The D3+ beam current was 3&&10 '3 A or
2 ppm of the beam current. Full width at half maximum
was 15 MHz.
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a nearly collinear infrared CO-laser beam. The
ions are Doppler tuned into resonance by sweep-
ing the beam accelerating voltage. The reso-
nances are exceptionally narrow because of kine-
matic compression of the ion's velocity spread
during acceleration. After interaction with the
laser light, the ions are partially charge-exchange
neutralized by collision with a target gas. A

resonance is observed as a modulation in the
surviving ion beam current upon chopping the
laser beam at 1 kHz frequency. The apparatus
can be considered as an optical-frequency coun-
terpart of the Babi-type molecular-beam radio-
frequency resonance apparatus. A definite reso-
nance intensity requires a nonzero difference in
ion beam current and gas-target survival proba-
bility between the resonating states, as well as
a nonzero laser -induced transition probability.
Because the ion source operates at ambient tem-
perature and the ions are extracted quickly after
for mation, many excited vibrational-rotational
states are usually present in the ion beam. Vibra-
tional and rotational deexcitation, if desired, can
be enhanced by operation at the highest usable
source-gas pressures.

Our high-precision technique entailed signifi-
cant search problems because of the large uncer-
tainties associated with the initial theoretical es-
timates. ' In our initial search procedure, the
beam voltage was incremented in steps of 0.375
V (2.2 to 4.5 MHz, depending on beam voltage)
with an integration time of 8 sec per step. A to-
tal frequency range of 300 6Hz or 10 cm has

been searched as of this writing. Typically a
resonance (Fig. 1) yielded a signal-to-noise ratio
of 10 in a total integration time of 10 min. Full
widths at half maximum of the resonance signals
ranged from 15 to 20 MHz. Major contributors
to the observed linewidths. are ion-kinetic-ener-
gy spread, laser-power broadening, and angular
divergence of the two intersecting beams. Unre-
solved hyperfine-structure splittings are much
less than 1 MHz.

Our results are summarized in Table L The
observed transition frequencies are accurate to
an error of a 0.0005 cm ' (15 MHz), or 0.3 ppm
(at 7(Fio confidence level). For all measurements,
the laser was locked so as to oscillate on two
longitudinal modes simultaneously, yielding en-
hanced frequency reproducibility. ' Nonetheless,
the largest source of uncertainty (approximately
10 MHz) is the laser frequency, principally be-
cause of errors in the CO spectroscopic con-
stants' and frequency shifts with laser tube cur-
rent and pressure. Smaller contributions to the
uncertainty come from contact potentials, voltage
calibration, space-charge potentials in the ion
source and ion beam, and possibly from endo-
thermic or exothermic gas-phase reactions in
the ion source.

Table I also lists identifications and semiem-
pirical theoretical frequencies for four transi-
tions in the fundamental degenerate vibrational
band. These results are based on an ab initio
prediction by Carney and Porter" of the vibra-
tional-rotational Hamiltonian matrix. After

TABLE I. Summary of measurements of D3+ vibrational-rotational transitions. Assigned
uncertainty is 0.0005 cm ' (at 70% confidence level). The quantum numbers v and v' refer
to the degenerate vibrational mode. The quantum number of the nondegenerate (breathing)
mode is 0 for all assigned levels, and is omitted for brevity. The quantum numbers and fre-
quencies of the ' |'60-laser lines driving the transitions are also listed. The theoretical val-
ues are semiempirical (see text).

'2C'60- Laser transition
Assumed
frequency

(v,N) -(v ',N') (cm )

D3+ Transition
Observed

Spectroscopic frequency Theory
(J K v) -(J' +', v') notation (cm ) {cm )

(13,19}-(12,20)
(14, 12)-(13,13)
(13,18)—(12, 19)
(12, 14)-(11,15)
(12, 12)-(11,13)
(11,18)-(10,19)
(11,18)-(10,19)
(11,18)-(10,19)

Upper state.

1755.2747
1757.8963
1759.3361
1800.3990
1808.2344
1809.4175
1809.4175
1809.4175

(1,1,1)-(2,0, 0)
(]., 0, 1)-{2,1,0)

(I, 1,1)-(2,2, 0)

(0, 0, 1)-(1,1,0)

'Lower s~a~e.

1757.4728
1759.2052
1761.7090
1802.7162
1810.4833
1810.9154
1811.1230
1811.6915

1757.508
1759.2 08
1761.686
1802.706
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diagonalization of the matrix, Porter assigned
the transitions provisionally and then made an
adjustment of +8.9 cm ~ in the vibrational fre-
tluencies and + 1.6%%uo in the rotational energies to
obtain the best fit of the experimental values. The
close agreement (0.03 cm ' maximum error) on
all four assigned transitions confirms the assign-
ments, in our judgment. The remaining four
transitions appear to involve higher vibrational
levels, higher rotational levels, or both. Un-
equivocal assignment was not possible because
of the high density of candidates.

This Letter reports preliminary data for a few
transitions. We expect that additional resonances
will be found soom. Only about 4% of the infrared
spectral region presently accessible to our exper-
imental apparatus has been explored thus far.
Such additional data would greatly facilitate tran-
sition identification. We hope that these results,
combined with the results of Oka, ' will lead to
precise predictions of transitions observable in
the interstellar medium in H, ' and H,D+. We
also plan to search for the H,D+ spectrum in the
laboratory.
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The first few lines in the P, Q, and 8 branches of the rotation-vibration spectra of
the equilateral-triangle molecular iona H3+ and D&+, obtained by ab initio nonperturbative
calculations, are reported. Comparison with observations indicates an accuracy better
than 1% was obtained for both the infrared-active fundamental vibration frequency and the
equilibrium internuclear distances.

PACS numbers: 33.10.Jz, 33.20.Ea, 35.20.Pa, 36.90.+f

In this Letter we report the first results of an
ab initio nonperturbative calculation of the rota-
tion-vibration spectrum of a highly anharmonic,

nonrigid polyatomic molecule. Our choice of sys-
tem is H,

+
(and its deuterium analogue D,+), an

ion thought to play an important role in the forma-
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