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Vibrationally resolved predissociation of the c II„and e X+ states of H2
by flight-time-difference spectroscopy*
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The kinetic-energy distribution of H-H fragment pairs arising from dissociative charge-exchange collisions

of 5-keV H, ions was measured using a flight-time-difference method. The. spectrum exhibits 13 discrete
kinetic energies between 7 and 10.5 eV in the center-of-mass frame of the projectile. Predissociation of the

c 'II„state by the repulsive b 'X+ state explains most of the structure observed. In addition, evidence is

found for predissociation of the e 'X+ state.

I. INTRODUCTION

Radiationless transitions of a number of Rydberg
states of molecular hydrogen into the dissociation
continua of attractive Rydberg states of lower
principal quantum number have been studied both
experimentally and theoretically. ' As a result
of these predissociations, excited hydrogen atoms
of small kinetic energies are produced. '"'

Very little is known, however, about the role
played by the repulsive b 'Z'„state in predissoci-
ation of H, . The first reference to the predissoci-
ation of the c 'II„state by the b 'Z'„state was give-
en by Lichten. ' Herzberg' observed an anomalous
intensity distribution in the absorption bands of
H, excited by a flash discharge. He recognized
predissociation of the c 'II„state as the reason
for this anomaly.

In contrast to the predissociation by attractive
Rydberg states, the predissociation by the re-
pulsive b 'Z'„state yields two ground-state atoms
with an appreciable amount of kinetic energy. In
a previous paper' we showed that discrete peaks
in the kinetic-energy spectrum of H atoms arising
from dissociative charge-exchange collisions of
H', ions coincide very well with the energies of
vibrational levels of the c 'II„state above the
dissociation limit of the electronic ground state.
Since then, we have improved the resolution of
our apparatus and found @ large number of dis-
crete peaks which we report in this paper.

II. EXPERIMENT

The excited H, molecules giving rise to predis-
sociations are obtained in charge-exchange colli-
sions of H', ions of approximately 5 keV incident
on a static gas target. The H', ions are produced
by a low-pressure electron impact ion source.
The hydrogen pressure in the ion source is
2 && 10 ' Torr, the electron energy 100 eV, and
the electron current about 4 mA. The ion source

is water cooled. 'The solid angle subtended by
the hot filament as seen from the ionization region
is about 1% of the full 4m sr. Therefore, we
assume that only a small frhction of the H, molec-
ules have temperatures above room temperature.
Since the yield of H', ions is about 1% as in
von Busch and Dunn's experiment, ' we expect
the vibrational-level population of the H', ions to
be that measured by von Busch and Dunn. The
ions are accelerated, mass-analyzed, and fired
through a collision chamber filled with hydrogen
at 1&& 10 ' Torr. The collision chamber has a
length of 1.5 cm.

The dissociation fragments arising from colli-
sions of H', ions with target particles are detected
by two detectors in coincidence with respect to
their flight-time difference, flight direction, and

charge. 'The distance between the collision cham-
ber and the detectors is about 200 cm. The appa-
ratus has been described in detail elsewhere. '""

The principle of the flight-time-difference me-
thod is explained by means of Fig. 1. Let us as-
sume v is a discrete velocity of fragment No. 1
relative to the center of mass of the H+, ion.
Then the corresponding velocity of fragment No.
2 is -v. If we call the velocity of the center of
mass in the laboratory frame after the collision
V, , then the velocities of both fragments in
the laboratory frame, V, and V„are obtained by
vectorial addition. Here V, is to a good approx-
imation equal to the initial velocity of the H', ions
for energies in the keV range, and v is much
smaller than V, . Therefore, V, and V, are
nearly parallel to each other and the angles be-
tween these vectors and V, , 0, and e„are
nearly equal to each other. Let 0 be the mean of
6, and 8„ i.e. , (6,+0,)/2=8. From 0, V

the flight-time difference of the two fragments,
and the distance between the collision chamber
and the two detectors, we derive v and the angle
between v and the beam axis, 3. In the following,
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g e angle of acceptance to0.07 cm, thus limitin the

0.02'. Flight-time-difference spectra were then
taken at the largest suitable angles.

III. RESULTS

Detector
f

FIG. l. Kinematic diagram for the collision-induced
dissociation.

k denotes the kinetic energy of both fragments in
the center-of -mass f rame i e , k=mv jm is the
proton mass).

Figure 1 shows two more discrete velocities
v' an v~. At first sight, it does not seem to
make any difference whether we measure at small
8 or large 0 in order to derive v.' But since the
separation between adjacent peaks in the flight-

~time-differencece spectrum obviously increases
when the angle 0 is increased th 1e ve ocity reso-
lution can also be improved h thw en e spectrum is
taken at large O. Then, however, a better angu-

the detectors pere therefore reduced from 0.2 to

The flight-time-difference spectra of H-H frag-
ment pairs measured for three different pairs of
H', energies and laboratory-frame scattca ering an-
g es ave been transformed into energy distribu-

~ 4 ~

ions in the center-of-mass frame " Th e energy
distributions shown in Fig 2 g' thgive e number of
H atoms flying into the solid-angle element de
with respect to the center of mass of the H', ions
when an energy between k and k+ Ck is released
as kinetic energy of both fragments in the center-
of-mass frame.

Plot &a& of Fi'g. 2 shows six pronounced peaks.
Be ond 8.7y . eV the time resolution is not suffic' nt
to resolve any structure. As mentioned above, the
energy resolution can be improved when the
fli ht- '

ig -time-difference spectra are recorded at
larger angles O. This has been done in Fig. 2 (b).

side the range of velocities which can be recorded
p re ig. l~. The energy resolution has

far as lot b cp o ~ & covers the energy range in which
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FIG. 2. Center-of-mass-
frame energy distributions
of H-H fragment pairs aris-
ing from collisional dissocia-
tion of H& ions incident on H2.
(a) H& energy E= 5.243 keV,
lab-frame scattering angle
0=2.085; (b) K=5.243 keV,
O=2.246; (c) E= 5.826 keV,
o"=2.246'. ' The center-of-
mass-frame scattering
angle & changes with the
kinetic energy e. The peak
sequence 0, 1,2, . . . , 8 coin-
cides with the energies of
the vibrational levels of the
Cc Il„state as far as known;
the sequence (0), (1), . . . , (6)
indicates the energies of
the vibrational levels of the
~ 3++„state above the disso-
ciation limit of the electron-
ic ground state.
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plot (a) also shows structure, there is an excellent
agreement in the positions of the peaks.

Unfortunately, the angle 8 chosen for plot (b)
could not be increased further in this high-reso-
lution experiment. But the same effect of improv-
ing the resolution can be achieved when the H',

energy is increased, because V, gets larger
and therefore 8 smaller. This has been done in
Fig. 2(c). As a result four more peaks appear.
There is again an excellent coincidence with the
peaks already resolved in Fig. 2(b). Plot (c) then
drops quickly to a low level at 10.4 eV before it
reaches the abscissa at 11.0 eV.

The laboratory-frarzie scattering angles of the
two fragments, e, and O„are not completely
equal to each other. Their difference depends on
the center-of -mass-f rame scattering angle .8.
This was taken into account by setting the two de-
tectors slightly asymmetrically with respect to the
beam axis, namely by 0.03'. If this is not done, a
slight distortion of the intensity distribution oc-
curs, favoring center-of-mass-frame scattering
angles around 3= 90'. The distortion depends on
the angle of divergence of the primary H', beam
and is smaller for larger divergence arigles.
Therefore, a less well collimated beam also heips
ta reduce this distortion. The angle of divergence
can be increased by sweeping the H', beam as well.

On the top of Fig. 2 are given three different
scales for the center-of -mass-f rame scattering
angles 3; 8 changes with E since the measure-
ments were made at constant laboratory-frame
scattering angles (compare Fig. 1). Moreover,
the scales are different for the three plots. Each
plot begins with 3= 90'. Here the flight-time dif-
ferences are zero. In principle, the curves plot-
ted in Fig. 2 could be angle distributions as well
as energy distributions, but a comparison of the

three plots clearly shows that the peaks appear
always at the same energies instead 'of at the same
angles. Furthermore', the intensity ratio of
adjacent peaks is the same in different plots.
This shows that there is little anisotropy in the
crass section.

The linearity of the energy scale is better than
+0.02 eV; the absolute position of the whole ener-
gy scale is determined within +0.04 eV. The num-
ber of counts per channel is given approximately
by the number on the. ordinate times 1000. Thus,
the statistical error is small. In order to achieve
this accuracy it was necessary to accumulate data
over 24 hours for curve (a), 2 days for curve (b),
and oiie week for curve (c).

The curves were measured once more at half
the pressure in the collision chamber with identi-
cal results.

IV. DISCUSSION

Figure 2 exhibits altogether 13 discrete peaks
in the kinetic-energy spectrum of H-H fragment
pairs between 7 and 10.5 eV. They are listed in
Table I. The first nine peaks, numbered
0, 1, . . . , 8, form a series with continuously de-
creasing separations between successive peaks.
The first four peaks of this series coincide with-
in + 0.02 eV with the energies of the lowest rota-
tional levels of the v ='0 to p = 3 vibrational levels
of the c II„state of H, above the dissociation limit
of the electronic ground state (Table I). Therefore
it is natural to assume that the remaining five
peaks of this series belong to the v = 4 to v= 8 vi-
brational levels of this triplet state, too. The co-
ordination applicable to our data is given in
Table I.

As was shown by I.ichten, ' and later in more

TABLE I. Comparison of the observed energy levels with the energies of the vibrational
levels of the c and 8 states above the dissociation limit of the electronic ground state after
Dieke, as tabulated by Sharp (Ref. 13).

c 3II„
E„(eV)

3g +

E, (eV)
Observed energy

levels in eV
Vibrational-level

coordination

7.2859
7.5762
7.8513
8.1109

(o)
(1)
(2)
(3)
(4)
(5)
(6)

8.7491
9.0053
9.2438
9.4656
9.6694
9.8525

10.0127

7.28
7.57
7.84
8.11

- 8.36
8.58
8.80
9.01
9.21
9.43
9.65
9.84

10.03

0
1

. 2

5
6
7
8

9+ (3)
(4)
(5)
(6)



50 B. MEIER JOHANN AND M. VOGLER

detail by Herzberg, the even rotational levels of
the c 'II„state of orthohydrogen and the odd rota-
tional levels of parahydrogen can decay by allowed
predissociations into the repulsive b 'Z'„state.
I.ichten estimated the lifetimes of these levels to
be -10 ' sec.' We determined experimentally a
lifetime of «10 ' sec.' While the v= 0 vibrational
level is known to be metastable with respect to
decay by radiative dipole transitions, "transitions
from higher vibrational levels into the a 'Z,' state
can occur. Freis and Hiskes" found the radiative
lifetimes of these levels to be of the order of
10 ' sec. Thus, the rates of predissociation, are
much faster than those of radiative dipole tran-
sitions.

The energy distributions shown in Fig. 2 should
therefore reflect the populations of the vibrational
levels in the c 'II„state of H, formed here by
charge-exchange collisions of H', . Since the equi-
librium distance of the two protons in the c 'II„
state is almost the same as in the electronic
ground state of H'„one can expect similar pop-.
ulations of the vibrational levels in bbth states.
The profile formed by the peaks from v = 0 to
v = 6 is indeed very similar to that obtained by
von Busch and Dunn" for H', . It should be men-
tioned that the energy distributions are not very
sensitive to the target gas used as collision part-
ner of the H', ions. Measurements with N,
yielded very similar results. "

Two special features appear in the range above
9 eV. First, higher vibrational levels seem to be
populated much more frequently in the c 'II„state
than in the H', . Second, while the separations be-
tween successive peaks have decreased steadily
up to v = 8, they increase again before they de-
crease slightly once more. 'The peaks beyond
v = 8 do not move together to the degree one
would expect if they belonged to the previous
series.

The next higher electronic state which can de-
cay by allowed predissociations into the b 'Z'„
state is .the e 'Z'„state. The energies of its vibra-
tional levels above the dissociation limit of the
electronic ground state are indicated by the num-
bers in brackets in Fig. 2 and are also listed in
Table I. According to Kronig's selection rules"
all hydrogen molecules in this state, not just half
of them as in the c II„state, can predissociate if
there is a sufficient overlap of the vibrational
wave functions of both states. In contrast to the

predissociation of the c 'II„state, which is almost
without competition, the predissociation of the
e 'Z„' state has to compete with decay by radiative
dipole transitions into the a'Z' state. As a con-
sequence, the cross section for predissociation
of the e Z„' state in individual vibrational levels
depends on the overlap integral between the e 'Z'„
and b 'Z'„states. Since the two potential functions
approach each other more closely for higher vi-
brational levels, we expect the maximum of the
cross section for predissociation to be shifted to-
wards higher vibrational levels. 'The dependence
of the predissociation rate on the vibrational level
has been observed by Herzberg' in the predissoci-
ation of the c 'II„state.

Thus, in interpreting our spectra in the range
above 8.7 eV we have to start from the fact that
predissociation in the e 'Z'„state behaves differ- .

ently from that in the c 'II„state, and indeed in .

such a way that lower vibrational levels are weak-
er and higher levels are stronger. We assume
that the levels v = (0), (1), and (2) are weak and
do not influence the positions of the nearby peaks v.

, =6, 7, and 8 of the c'II„state. The position as
well as the shape of the next peak suggests that it
represents a superposition of the v= 9 level of the
c 'II„state and the v = (3) level of the e'g„' state,

'

giving rise to a peak of some intermediate posi-
tion. 'The last three peaks finally coincide very
well with the energies of the v = (4), (5), and (6)
levels of the e '5"„state (Table I). The energy
resolution would in any case not have been suffi-
cient to resolve higher vibrational levels of the ~

c 'II„state in this range. We feel that the experi-
mental evidence is strong enough to prove a con-
tribution of the e 'Z'„state to the formation of hy-
drogen atoms of discrete kinetic energies by pre-
dissociation.

Beyond the v= (6) peak the curve drops quickly
to a low level before it reaches the abscissa at
11 eV. Although there seems to be some structure
in this range, the intensity is too low to draw any'

conclusions on the contribution of any higher elec-
tronic states.

It should be stressed that predissociation of both
the c II„and e 'Z'„states makes only a small con-
tribution to the total cross section for the produc-
tion of hydrogen atom pairs in dissocia. ive charge-
exchange collisions of H', ions. Its proportion
amounts to only 6% at a H,'energy of 10 keV" and
is of th6 same order of magnitude at 5 keV.
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