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Photodissociation of Triatomic Hydrogen
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We report the first observation of photodissociation of H3. Predissociation of the optically prepared
3s 8 I and 3d E" states by the X E' ground state is detected by monitoring of the production of rovibra-
tionally excited H2 molecules and H atoms. Product excitation is found to be highly dependent on H3
electronic and nuclear configuration.

PACS numbers: 33.80.Gj, 34.50.Lf, 34.50.Pi

The unstable ground-state potential surface of H3 has
served as prototype for the development of bimolecular
reaction-rate theory, ' and is still largely territory only of
theoretical chemistry. While the ground electronic state
of H3 is dissociative, electronically excited states of this
molecule are tightly bound. These states are de-
scribed in terms of a Rydberg electron bound by the field

of the stable, triangular H3+ core. Since the first experi-
mental indication of a stable H2 molecule was obtained
in 1968, rapid progress has been made in the characteri-
zation of its bound excited states.

We report here a study of photodissociation of the H3
molecule with high-resolution kinetic-energy analysis of
the Hq+H fragments. Using optical excitation of pre-
dissociated states of H3, we gain selective access to the
unstable ground-state surface, under conditions where all
relevant quantum numbers of the system, the total ener-

gy, and the geometry of the transition state are defined
within the uncertainty principle limit. The half-collision
of the selected transition state is mapped out by mea-
surement of the translational and internal energy content
of the H2(v, J)+H fragments.

The experiments were performed in the SRI fast-
neutral-beam photofragment spectrometer, which has
been described recently. ' H3 molecules are formed by
near-resonant charge transfer' of H3+ in a Cs vapor
cell. Approximately 1.4 ps after formation the H3 beam
intersects at right angles the intracavity beam of a cw

dye laser. Photodissociation fragments are detected on a
position-sensitive detector for correlated particles. This
detector explicitly measures the distance between the
fragments (R) and their temporal separation (It,t ).
From these quantities ' the center-of-mass energy
release W with which the molecule ejected two frag-
ments with masses M and m is determined for each frag-
ment pair H2+H. The separation of the fragments R is

the sum of the individually measured radial distances of
each fragment from the center of the detector: R =R
+R~. The ratio R jRM for the photodissociations re-
ported here was peaked at 2, as expected for the reac-
tion:

H3+ h v~ H+ H2.

Approximately 10% of the observed photofragments

yielded ratios in a broad distribution centered at unity.
These fragments reflect photodissociation of H3 into
three H atoms (two of which are observed by the detec-
tor), but we will not consider this process further here.

In the absence of the laser, a small fraction of the neu-

tral beam is observed to fragment by spontaneous decay
within the 8.7-cm interval between the beam defining slit
and the beam terminating flag (see Fig. 3 of Ref. 12).
When the laser is turned on, no variation in this dissocia-
tion rate is observed except at six discrete wavelengths in

the range of 577-603 nm. A plot of the observed frag-
ment flux (for fragments produced with 8'~ 4 eV) as
the laser is tuned over this wavelength range is shown in

Fig. 1. The two strong transitions labeled 3dvo and 3svo
in this figure occur at the wavelengths reported by
Herzberg and co-workers ' for transitions between the
long-lived, "vibrationless H3 2pA2'(N=E=O) level and

the (N=l) levels of the H3 3d E" and 3s AI states, re-
spectively.

240 f
————

H3+ hu = H+H2

3dvp

180 t—

g
z' 120—

G
CL- 60—

3SV1

X5

3Svp

3Su2

3du1

3dV2

xs yJ;'-"

J 4--JL 5 J.LK, g J!0 - —- p——~- -~- - -.--—rr r~-i --~-—-~-~- --~--—ew

16490 16670 16850 17030 17210 17390

PHOTON ENERGY (cm )

FIG. l. Observed production of photofragments from H3 as
a function of the photon energy of the exciting laser. Only
photofragments produced with 8'~ 4 eV are recorded for this
spectrum. The spectrum at other energy releases is similar, but
with a substantial background due to spontaneous dissociation
fragments.
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TABLE I. Observed photodissociation transitions in H3.

Label

Observed
line'

(cm ')

Identification
Upper state Lower state
(v(, v2, N', K') (vI', v2', N",K")

Reported line
(cm ')

Measured
upper state

energy c

(eV)

3dvp

3dvI
3dv2

3$vp

3$V2

3$vi

17 297.6
17 211.6
17 199.1

16695.6
16665.7
16653.6

3d E"(0,0, 1, 1 )
3d E (1,0, 1, 1)
3d2E "(0,1, 1, 1)
3s~A((0, 0, 1,0)
3s A ((0, 1, 1,0)
3s ~A ( (1,0, 1,0)

2p'A2 (0,0,0,0)
2p A2'(1, 0,0,0)
2p Aq'(0, 1,0,0)
2pA2'(0, 0,0,0)
2p A2'(0, 1,0,0)
2p 2A p'(1, 0,0,0)

17 296.982

16694.972

7.706+ 0.028
8.115+0.024
8.011 ~ 0.028

7.634 + 0.020

8.042+ 0.028

'Estimated accuracy + 1.5 cm
References 7 and 10.

'Relative to H (1s)+ H2 X 'Z&+ (v 0, J 0).

The remaining four lines that appear in Fig. l are

identified as transitions from the 2@2A2'(N K=O) level

with one quantum of vibration in the symmetric stretch

vl and bending v2 vibrational modes into the correspond-

ing levels of the 3d and 3s states. The measured transi-

tion energies and identifications of all six lines are given

in Table I. These assignments are based on the energy
and angular distributions measured for their photofrag-
ments.

The production of photofragments can be understood

from the radiative and dissociative pathways that exist

for the H3 molecule (see Fig. 2). The energies of the

relevant H3 states have been established in the work of
Herzberg and co-workers, ' Watson, '5 and Vogler. '

Transitions observed in the present work are denoted by
the solid vertical arrows, and radiative transitions con-
necting the states are denoted by the dashed arrows.
The six possible dissociation channels, denoted by hor-
izontal arrows and labeled I-VI, are indicated, together
with their expected fragment energies (W) for dissocia-
tion to the lowest-energy products H(ls)+H2 X(U=0,
J=0).

The center-of-mass kinetic-energy releases (W) ob-
served from the dissociation of H3 into H+H2 products
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FIG. 2. Radiative connections among the H3 electronic states access from the 2p2A2'(N K 0) metastable level. Photoabsorp-
tion transitions are shown by the two solid vertical arrows, spontaneous emission by the dashed arrows. Theoretical transition rates
(in units of 107 s ') and the orientation of the transition moment relative to the CI axis of HI are given for each. Predissociation
channels are labeled by I-VI, with expected maximum fragment energy releases given for each.

299



VOLUME 61, NUMBER 3 PHYSICAL REVIEW LETTERS 18 JULY 1988

Photodissociation
3svp

H2(X, v=10)

r
H2

Dissociation
Limit

(X, v=p)

0

V)
Z
UJ

Z

Z
LLI

(3
CC
LL

sociation
Vp

0

taneous
ociation

KINETIC ENERGY RELEASE W(eV)

I I

8 10

FIG. 3. Fragment kinetic-energy releases (W) accompany-
ing the production of H+H2 from H3. Fragmentation ob-
served as a result of spontaneous dissociation is shown in the
lower portion of the figure, while that observed to accompany
absorption in the 3dvo and 3svo transitions is shown in the
center and upper portions of the spectrum, respectively.
Selected vibrational levels of the H2 X Xg+ photofragments are
identified in the figure. All spectra have been corrected for the
collection efficiency of the apparatus.

30G

are shown in Fig. 3. The two upper spectra refer to pho-
todissociation via the 3s and 3d states of the vibrationless
molecule. The lower part is the energy-release spectrum
observed in the absence of photons, or with the laser not
tuned to one of the six transitions. A major contribution
to this spontaneous dissociation arises from the very slow
(r-50 ps) radiative decay of the 2p A2'(N=K=O)
molecules into the 2s AI(N=I, K=O) level. The latter
is rapidly predissociated, 'o producing fragments in

channel II (Fig. 2).
The photodissociation-fragment energy spectra in the

center and top portions of Fig. 3 show considerable
structure. For both spectra, the laser was chopped and
fragments observed with the laser off were subtracted
from those observed with the laser irradiating the beam.
In the 3svo spectrum (top), the structure is clearly as-
signable to the production of H2 photofragtnents in vi-
brational levels v 0-10 via channel IV. The anharmon-
icity of the H2 molecule makes the assignment complete-
ly unique. Moreover, subsidiary rotational structure is
resolved in a number of the vibrational levels, most no-

tably J 7 in v=0, 2, 4, 5, and 7. Preliminary modeling
of the rotational contributions within each vibrational
peak suggests a highly nonequilibrium distribution peak-
ing at J=5 in the lower vibrational levels. Only two
peaks appear in the spectrum with energy releases below
that corresponding to H2 (v=lQ), whereas there are
fifteen bound vibrational levels'7 in the nonrotating
molecule. We tentatively assign these two peaks to H2
(v=ll, J=7) and (v=12, J=9), suggesting a higher
propensity for strong rotational excitation when the H2
photofragment is produced near its dissociation limit.
This is consistent with the lack of photofragments corre-
sponding to v=13 and 14, since both these vibrational
levels are unbound for this degree of rotational excita-
tion.

Structure also appears in the kinetic-energy spectrum
of H+H2 produced when the 3d E "(N 1,K=O) level
is excited, as shown in the center of Fig. 3. This struc-
ture is uniquely identified as predissociation of the 3d
state via channel V (Fig. 2). The H2 fragments are pro-
duced with a distribution of vibrational levels quite
different from those observed when 3svo is pumped. The
H2 fragments produced in a given v,J level are found to
have higher translational energies by 0.072~0.010 eV
when those produced from predissociation of the 3s A I

level. This is consistent with the 312E "(N= 1,K=1)-
3s 3 I (N= 1,K=0) energy separation of 0.07464 eV es-
tablished by Herzberg and co-workers.

At lower kinetic-energy releases (W(3 eV), below
the kinematic limit for dissociation into H+ H2 via chan-
nels IV and V, the spectra from 3s2AI and 3d E" exci-
tation are also dramatically different. When the 3s A I

state is excited, fewer fragments are produced in this en-

ergy range when the laser is tuned to the 3svo transition
than when it is turned off. Since the 2p A2'(N=K=O)
level is the ultimate parent in both the spontaneous-
dissociation process II and the photofragment process
IV, depletion of population in this level by photodissocia-
tion will produce a corresponding decrease in the number
of spontaneous dissociations occurring while the laser is
irradiating the H3 beam. From Fig. 2, it is clear that in
order for such a depletion to be observed, the rate for ra-
diative decay of the 3s A I state must be slower than its
direct predissociation.

In contrast, photoexcitation of the ground vibrational



VOLUME 61, NUMBER 3 PHYSICAL REVIEW LETTERS 18 JULY 1988

level of the 3d E" state, shown in the center of Fig. 3,
gives rise to an increase in the low-energy photofrag-
ments. This suggests that the rate for radiative decay of
3d2E" into the ground state or into 2p A2'(N=2, K=O)
is comparable with its rate of predissociation.

The measured fragment energies establish the energies
of the photoexcited H3 levels absolutely with respect to
the H(ls)+H2 X'Zs+(v =0, J=O) dissociation limit.
These energies are given in the last column of Table I.
The energy of the absorbing 2p A2'(N K 0) level rel-
ative to this same limit is obtained from these values by
subtraction of the photon energy that produced the tran-
sition. This places the ground vibrational level of the H3
2p A2'(N=K=O) state 5.563+ 0.020 eV above this dis-
sociation limit.

The 3s AI and 3d E" levels which are observed to
predissociate here are, at least superficially, quite simi-
lar. Each state has a total angular momentum J= 1 and
is described by an ortho H3+ core tumbling end over
end as characterized by the quantum numbers N+ =1,
K+ =0. Both states predissociate by vibronic coupling
and access the ground-state surface at nearly the same
energy: The 3s Az' at an energy 7.634 eV above the
H+H2 dissociation limit and the 3d2E" at an energy
only 0.074 eV higher. Nevertheless, the two states pro-
duce dramatically different dissociation product distribu-
tions, suggesting that the evolution into continuum states
is greatly infiuenced and by the instantaneous distribu-
tion of momenta in this six-particle system and the to-
pography of the ground state. We anticipate that quan-
titative rovibrational populations for the H2 fragment
can be derived from the photofragment data to provide a
detailed probe into the dynamical properties' of the
ground-state potential surface of H3.
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