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Spectroscopy of Triatomic Hydrogen Molecnies jn g +edam
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The formation of beams of triatomic deuterium D3 and the mixed isotopic molecule D2H
was optically observed for the first time when the corresponding ions were neutralized by
charge exchange. The molecules were detected via the transitions between the Rydberg
states n =3 and n = 2. An assignment of the D2H spectrum is given. The total lifetimes of
rotational sublevels of different electronic states with n = 3 of D3 were measured from the ra-
diative decay of molecules along their path behind the charge-exchange region. Agreement
with theory is satisfactory.

PACS numbers: 33.20.Kf, 33.70.Fd, 34,50.Hc, 34.70.+e

H3 D3 and T3 molecules as well as their mixed
isotopes are the simplest neutral triatomic systems
and therefore well suited to theoretical investiga-
tions. The existence of these fundamental
molecules has been discussed for about sixty
years. ' Their electronic ground states are un-
stable, as many scattering experiments have ex-
hibited in the past. Experimental indications of
long-lived excited electronic states were obtained in
neutralized —ion-beam experiments. In these exper-
iments the existence of H3 or D3 in higher electron-
ic states is confirmed by detection of the triatomic
ions in a successive charge-exchange process (e.g. ,
H3+ H3 H3+)5 7 or from translational energy
spectra of the fragments H2 and H after the forma-
tion of H3. Optical spectra have not been obtained
during these investigations. Most of the informa-
tion on the structures of H3 and D3 has been ob-
tained by Herzberg and co-workers9 ' since 1979
after the optical spectra of these molecules were
discovered in hollow-cathode discharges in H2 and

D2, respectively. The interpretation of the spectra
showed that H3 and D3 have to be considered as
Rydberg molecules with one electron orbiting
around a H3+ or D3+ core and with a dissociative
ground state.

The purpose of our experiment was to investigate
the formation of triatomic hydrogen molecules by
charge transfer to H3+ and D3+ ions under single-
collision conditions, in order to obtain a beam
source of these molecules that is suitable for spec-
troscopy without the background of diatomic hydro-
gen molecules always present in a hollow-cathode
discharge. " Such a source should be more ap-
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propriate for laser spectroscopy, especially of highly
excited states.

The experimental setup is shown in Fig. 1. For
intensity reasons most of our experiments so far
have been performed on D3. The D3+ ions for the
charge exchange were generated in a hollow-
cathode discharge in D2 from which an ion beam
was extracted by an acceleration voltage of 5 kV. A
D3+ beam of 5 p, A was separated by a homogeneous
90' magnetic field from other ions such as D+ and
D2+ also formed in the ion source. It was focused
for charge exchange into a 1-cm-long cell filled with
alkali-metal vapor. The ion beam passed through
two holes of 3 mm diameter. In such a cell the
alkali-metal dimer concentration is much lower
than in an alkali-metal beam, which was used at the
beginning of the experiments. With an alkali-metal
vapor pressure of about 10 mbar 80% of the ions
were neutralized. In the charge-exchange process
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the D3 molecules were produced in excited states.
The emitted light was observed in a region about 1

cm behind the alkali-metal cell. The background
light from excited alkali-metal atoms and dimers is
very low for this arrangement. The light was
analyzed with a monochromator having a resolution
of 5 A. The intensity was measured with a photon-
counting system.

In this way the characteristic bands of D3 around
5600, 5800, 6025, and 7100 A were observed.
They all correspond to transitions between electron-
ic states with the main quantum numbers n = 3 and
n = 2. The n = 2 levels predissociate and therefore
contribute about 3 A (Ref. 10) to the width of the
lines, which are instrumentally broadened further.
An example of the spectra is shown in Fig. 2. As
the densities of the D3+ ions and the alkali-metal
atoms are low, it is likely that only one-step
processes take place. The D3 formation is therefore
attributed to the process

D3++M ~ D3+M
(where M is an alkali-metal atom and the asterisk
indicates electronic excitation).

%ith the count rate of our optical system
(100/s), the corresponding geometrical factors, the
particle densities, and the beam velocity, the order
of magnitude of the cross section for the formation
of D3 molecules in the states with n = 3 is estimated
to be 10 ' cm . The charge transfer to D3+ is
found to be fairly independent of the alkali-metal
ion core: The rotational distributions within the D3
bands and their intensities change little when dif-
ferent alkali metals (Na, K, Rb, and Cs) are used
for charge transfer. The observed spectra, like the
one shown in Fig. 2, are similar to those obtained
from hollow-cathode discharges, e.g. , with respect
to the relative intensity distribution of the rotational
lines. ' However, unlike the latter, they are free
from D2 lines.

FIG. 2. Emission signal recorded from the D3 molecu-
lar beam behind the charge-exchange region around 5600
A, corresponding to the 3p 3 2' 2s A ~ electronic tran-
sition.

The beam of radiating D3 molecules behind the
charge-exchange cell has a very small divergence.
This was checked by imaging different sections of
the beam. It therefore can be used to determine to-
tal lifetimes of the n =3 levels of D3, which have
not yet been measured. To this aim the light of a
small section of the D3 beam was monitored, while
the charge-exchange cell was shifted by a few cen-
timeters toward the ion source. The recorded in-
tensity decreased purely exponentially for all states
investigated, indicating that cascading from higher
states should be negligible (see also below). Since
the sma11 divergence of the D3 beam mentioned
above means little momentum transfer during the
charge-exchange process, the velocity of the
molecules should differ little from that of the ions.
Therefore the velocity of the radiating D3
molecules can be assumed to be the same as that of
the D3+ iona (0.4 mm/ns). With use of this value
the lifetimes given in Table I were derived. They
are compared with theoretical values given in the
last column of Table I ~ These values were calculat-
ed by means of the electric dipole transition mo-
ments derived from ab initio calculations by King
and Morokuma' for transitions between electronic
states of H3. The fairly good agreement between
theoretical and experimental results indicates that
the decay of the states concerned is mainly radia-
tive. This would be consistent with conclusions in
Ref. 10 for these states. The shorter lifetime of the
3p Az' state of D3 might be due to the mixing of
this state with the 3d states' which have shorter
lifetimes.

So far no transitions of triatomic hydrogen
molecules from the n = 5 and n = 4 states to the
n =2 state have been observed, though in the
charge-exchange process states with n ) 3 should
also be populated. 7 The corresponding bands are
expected in the wavelength range between 4000 and
5000 A. . In the hollow-cathode discharge this spec-
tral region is heavily distorted by D2 emission lines.
The fact that transitions from the higher-lying
states are not observed in the beam experiment is
an indication that population of the n = 3 states is
more efficient by the direct charge-exchange pro-
cess than by cascading from higher levels.

Experiments to excite higher Rydberg states in
the D3 molecular beam by laser radiation are
presently under way. The excitation of the higher
states can now be detected by the very sensitive
method of electric field ionization, frequently ap-
plied in the investigation of Rydberg atoms, or by
measurement of the decrease of the intensity of the
transitions starting from the n = 3 states. "
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TABLE I. Lifetimes of different Rydberg states of D3 withwith n = 3 measured from the
exponential decay o t e ig in ef h l' ht intensity after the charge-exchange region fourth

h f' t l the wavelengths of the rotational lines observed are iste,
in the second the rotational transitions are given, and in the third the correspon ing e ec-
tronic transitions are given.

'
en The fifth column contains theoretical values.

Wavelength
observed Rotational

transition
Electronic
transition

~obs

(ns)
7 theor

(ns)

5600

7110
7093

Q-branch

Several
Several

3p g2 ~2s

3p E ~ 2S

29.0+1
18.5 +1
18.5 +1

47.05

21.2
21.2

5771
5746
5717

Several
Several
Several

3dA E E
2p As

12.9+ 1

11.8+1
13.1+1

11.9 (3d A I )
12.3 (3d 'E")
9.7 (3d E')

In the hollow-cathode discharge, it is also possi-
ble in principle to investigate the spectra of the
mixed isotopic molecules D2H and H2D when ap-
propriate gas mixtures of H2 and D2 are used.
However, it is extremely difficult to assign them
because the spectra of D3, H3, H2, D2, and HD are
also present simultaneously. An ion-beam ap-
paratus with mass selection as used in this experi-
ment simplifies the problem. So, we used a pure
D2H+ ion beam from the discharge in a 2:1 mixture
f D and H and passed it through the cell contain-

ing potassium vapor. Spectra around 5600
shown in Fig. 3(a), and 7100 A could be recorded.
They look similar to the corresponding D3 spectra,
but are shifted by 10 to 20 A to the red. According
to their origin, they have to be attributed to the
neutral D2H molecule. This is the first time that
these spectra have been observed. A computer
simultation assuming a rotational temperature of
200 K is shown in Fig. 3(b). According to these
results, the spectrum around 5600 A can be as-
signed to the 3p Bj 2s Ai system of D2H. An
equilateral structure of the molecule has been as-
sumed in both states, and the band origin and the
equilibrium distances ro and ro' have been adjusted.
The values obtained for the parameters are moo=
17834.4 cm ', ro ——0.893 A, and ro' —— 0.858 A.
Theoretical values of the inertial defect and of the
centrifugal constants were included, but the pertur-
bations' between the 3p 8& and 3d states were ig-
nored. The structure near 5750 A of Fig. 3(a)
seems to belong to the 3d 2p B

&
system, ' but
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FIG. 3. (a) Emission spectrum around 560(l A for a
D2H+ ion beam neutralized in potassium vapor. It is in-
terpreted as being emitted from excited D2H molecules.
(b) Computer simulated spectrum for the 3p 'Bt

2s 'Ai band of D2H. The numbers are asymmetric-
top quantum numbers Jlr ~ (Ref. 14).
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the peak near 5690 A is as yet unexplained.
We thank Dr. G. Herzberg for many enlightening

discussions on the spectra of triatomic hydrogen
molecules. We are grateful to Dr. U. Stein and Dr.
D. Proch for allowing us to use their ion-source ap-
paratus. We are also indebted to %. Ketterle and
Dr. Y. Fukuda for taking part in some of the mea-
surements and to H. Kasbauer for technical assis-
tance.

(')Present address: Spectroscopy Division, Bhabha
Atomic Research Center, Trombay, Bombay 85, 400085
India.

iE. Gehrcke and E. Lau, Sitzungsber. Press. Akad.
Wiss. 24, 453 (1922).

2G. Herzberg, Ann. Phys. (Leipzig) 84, 565 (1927).
3H. Eyring and M. Polanyi, Z. Phys. Chem. (Leipzig)

B12, 279 (1931).
4D. G. Truhlar and R. E. Wyatt, Annu. Rev. Phys.

Chem. 27, 1 (1976).
5M. F. Devienne, C. R. Acad. Sci. B267, 1279 (1968).
6T. Nagasaki, H. Doi, K. Wada, K. Higashi, and

F. Fukuzawa, Phys. Lett. 38A, 381 (1972).
7M. J. Gaillard, A. G. de Pinho, J. C. Poizat, J. Remil-

lieux, and R. Saoudi, Phys. Rev. A 28, 1267 (1983).
sM. Vogler, Phys. Rev. A 19, 1 (1979).
9G. Herzberg, J. Chem. Phys. 70, 4806 (1979).
I. Dabrowski and G. Herzberg, Can. J. Phys. 58, 1238

(1980); G. Herzberg and J. K. G. Watson, Can. J. Phys.
58, 1250 (1980).

iH. Figger, H. Moiler, W. Schrepp, and H. Walther,
Chem. Phys. Lett. 90, 90 (1982).

H. F. King and K. Morokuma, J. Chem. Phys. 71,
3213 (1979).

i3G. Herzberg, J. T. Hougen, and J. K. G. Watson,
Can. J. Phys. 60, 1262 (1982).

i4G. Herzberg, Molecular Spectra and Molecular Struc-
ture (Van Nostrand, Princeton, N. J., 1966), Pt. 3, p. 104.

909


