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Rotational el'ects in the continuous vacuum-ultraviolet fluorescence spectrum of Hq
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Observatoire de Paris-Meudon, F-92195 Meudon, France
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(Received 7 September 1989; revised manuscript received 6 June 1990)

The effects of rotational-vibrational interaction, and of rotational coupling between the 8 2p
'Z,+ and C 2p 'H, electronic states, on the 8-X fluorescence continuum of H2 associated with

spontaneous dissociation were investigated spectroscopically using monochromatized synchrotron
radiation for selective excitation of rovibronic states. The rotational shifts and perturbations in

the modulated continua intensities observed agree well with close-coupling and Jeffreys-Wentzel-
Kramers-Brillouin calculations also performed, and are explained in terms of nonadiabatic cou-

pling effects and rainbow-interference structures. A straightforward experimental technique is de-

scribed to detect mixed electronic states.

Rovibronic singlet states of H2 can spontaneously disso-
ciate through transitions to the ground electronic state via
vuv photon emission. Although the resulting continua
spectra are rich in structure, heretofore experimental
techniques have not been able to obtain the fluorescence
spectra from individual states. This has hindered the
detection and unambiguous theoretical analysis of rota-
tional effects in this half-collisional process involving the
most fundamental molecule. This Rapid Communication
reports successful observations, from selectively excited
rovibronic states, of several types of rotational shifts and
perturbations in 8-X continua spectra. These can now be
clearly attributed to rotational distortions of vibronic
wave functions and to 8 'Z„+-C 'II„rotational coupling,
through excellent agreement with parallel quantal compu-
tations and Jeff'reys-Wentzel-Kramers-Brillouin (JWKB)
stationary-phase calculations. These collectively repre-
sent a stringent test of current experimental and theoreti-
cal techniques of investigating intermolecular interac-
tions.

Initial studies of the dissociative fluorescence of H2 in-
volved only vibrationally selective preparation, using
monochromatized synchrotron radiation. ' However,
spectroscopic studies of individual rotational-vibrational
states of the electronic states 8 and C have recently been
made feasible by the development of a high-luminosity
vuv fluorescence spectrometer. The first spectra mea-
sured after rotationally selective excitation revealed a red
shift of the individual intensity maxima in the structured
continuous fluorescence spectrum when the rotational
quantum number of the excited state was raised. These
experiments were in qualitative agreement with a prior
theoretical calculation in which rotational distortions were
included approximately, but rotational coupling was ig-
nored.

In a previous study on the line intensities of the H2 Ly-

man bands, the very high sensitivity of fluorescence in-
tensities to perturbations as compared to the relatively
small level shift produced by the same perturbation was
pointed out. More recently, theoretical calculations of
line intensities for the Lyman and Werner bands have
been performed, in which the rotational coupling between
the 8 'Z„+ and C 'Il„+ states has been fully taken into ac-
count and which agree well with relative line intensity
measurements. s Studies by other investigators on differ-
ent molecules have shown some coupling effects in vibra-
tionally selective continua spectra. But we report here a
level of experimental measurements and theoretical calcu-
lations that reveal the shifting and modulation of emission
continua due to rovibrational interactions, and "hetero-
geneous" intensity perturbations due to rotational mixing
of 8 and C electronic states. A simple, yet sensitive
method to detect such mixing will also be described.

The apparatus has been described previously. Briefly,
vuv radiation from Berliner Elektronenspeicherring-
Gesellschaft fiir Synchrotronstrahlung m.b.H. (BESSY)
(Berlin) was monochromatized by a 3-m normal-inci-
dence monochromator equipped with a 1200-lines/mm,
Pt-coated grating blazed at 60 nm. The monochroma-
tized radiation (chosen bandwidth 0.02 nm) was focused
by a toroidal mirror into the open entrance aperture of the
gas cell, which was differentially pumped in order to
maintain a pressure of 0.2 mbar in the cell and 10 mbar
in the primary monochromator mentioned above.

The secondary monochromator was home built and
equipped with a 0.5-m, 1200-lines/mm, 110 mm diam,
Al-MgF2-coated grating for generating first-order fluores-
cence spectra in the vuv spectral region directly on a one-
dirnensionally position-sensitive microchannel-plate detec-
tor. The detector was sensitized for long-wavelength vuv

by adding a specially made photocathode (Pt on LiF) in
front of the first microchannel plate. The position of the
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incident photon was registered by a backgammon-
structured conducting anode and processed by analog
pulse electronics. Very low signal rates IO. I (counts/
sec)/nm] could be recorded at reasonable signal-to-noise
ratios. The wavelength resolution was limited to 1.5 nm
because it was necessary for intensity reasons to use the
Auorescing column of H2 in the gas cell instead of a nar-
row slit.

The radiation for the undispersed fluorescence studies
described later was detected directly by an open micro-
channel plate mounted closely outside the LiF window of
the gas cell. The spectral sensitivity range in this setup
(later called short-wavelength detection) extends from
104 nm (LiF cutoff) to about 130 nm. Another broad
detection range for fluorescence excitation spectra (later
called long-wavelength detection) was obtained by using
the grating to disperse the fluorescence radiation, and then
limiting the spectral range detected by placing a rectangu-
lar aperture in front of the microchannel-plate back-
gammon-anode detector operated without evaluating pho-
ton position. The grating was set to detect total emission
in the range of 123-147 nm.

Recent theoretical works ' have shown the importance
of nonadiabatic effects for specific excited rovibrational
states of even parity, which can be reached from the
ground state through P and R transitions only. These
effects are due to the electron-rotational coupling between
Z and II states. In the energy range of the synchrotron ra-
diation considered, the coupling is principally between 8
and C. One can define the percentage of 8 character of
each rovibrational state as given in Tables 1 and 2 of Ref.
8. We concentrate here on experimental studies of the
two following distinct cases: (i) v' 13, J' 4 of the
8 'Z„+ state, which is an almost pure 8 state (percentage
of 8 is 99.6%), and (ii) v' 12, J' 4 of the 8 'X„+ state
which hass 84% 8 character and which was incorrectly la-
beled C(v' 2, J' 4) in a previous study. '

The differential emission rate for fluorescent transitions
to the continuum of the X 'Zs+ state can then be calculat-
d. 4,8

d N 64m c 1

3~ 2J+I' ~
(1)

where M' is the bound-free dipole transition moment be-
tween the initial bound radial wave function and the final
energy-normalized continuum wave function. a refers to
P, Q, and R transitions, and A, is the wavelength of the
Auorescent photon.

By tuning the primary monochromator to the 8-X
(v' 13 v" 0) R3 and Pt absorption lines, the fluores-
cence spectra for the rotational state J'=4 (Fig. 1, upper
part) and for J' 0 (Fig. 1, central part) were measured.
Since the fluorescent P and R branches cannot be dis-
tinguished in measurements of the continuum emission,
we summed and convoluted the P and R contributions for
comparison with the experimental spectra. The agree-
ment between the measured spectra and the close-
coupling calculations (smooth curve) is very good since
the effect of rotation-vibration interactions on the continu-
um intensity distribution has been fully accounted for. In
the lower part of Fig. 1, the two experimental continua
were plotted together in order to show more clearly the
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FIG. 1. Continuous fluorescence spectrum of B, v' 13, J' 0
and 4. Experiment: stepped curve in upper and central part;
both curves in lower part. Theory: smooth curve in upper and
central part; close-coupling convolved with experimental resolu-
tion function per experimental stepwidth of 0.15 nm.

140

red shift of the continuum peaks with increasing J', which
amounts to between 0.5 and 1 nm. The shift here is clear-
ly due to centrifugal effects since both of the upper states
involved are pure 8 states.

The spectra's undulations are fine examples of
rainbow-interference structures, ' readily explained with
JWKB stationary-phase methods. Because the 8-X
difference potential has a minimum, there are typically
two localized transition (Condon) points associated with
each wavelength. Using uniform JWKB stationary-phase
methods, '3 one can show that the fluorescence rate is pro-
portional to the square of a T-matrix element which ex-
plicitly depends on the localized contributions from the
two Condon points at R t and R2.

T Ti+ T2, (2a)
where

M(Rc)
cos(gc )Ai(yc), (2b)

k Rc
and M(R) is the transition dipole moment, k(R) is the lo-
cal wave number, and gc and yc are functions of the
phase change, and its derivatives, between initial and final
heavy-particle wave functions. gc is effectively the aver-
age of the two phase changes at the Condon points, while

y~ is related to their difference.
Table I shows the good agreement of the JWKB predic-

tions of the spectral structures, compared to the close-
coupled results reported here. Furthermore, the predicted
JWKB rotational shifts were identical to the quantal ones
(e.g. , 0.45 nm for the 158-nm peak). The rapid oscilla-
tions (and centrifugal shifts) in the spectra are due to a
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TABLE I. Comparison of theoretical spectral peaks for the
8(v' = 13, J' =0) level. Xq is the peak wavelength of unconvolut-

ed quantal computations, while A, sp is the corresponding JWKB
stationary-phase prediction. r is the ratio of the fluorescent rate
of the given peak to the rate of peak No 2.

Counts

2

x 103—

107 Photons s ' (0.15 nm} '

B, v' =12 — 4

j'=4

Peak No. (nm) &sr (nm)

164.7
157.7
153.0

164.3
157.5
152.9

0.19
1.00
0.55

0.18
1.00
0.47

sensitive variation in the average of the heavy-particle
wave-function phase changes at the transition points; this
reflects variation in the accumulated phases from the
turning points as the exit energy of the atoms is scanned.
The more slowly undulating intensity envelope is a "rain-
bow" structure arising from the extremum in the dif-
ference potential, and is governed by the interference be-
tween the two Condon points. Classically, no radiation
can be emitted beyond the minimum in the difference po-
tential, corresponding to a wavelength of 162.4 nm. The
continuum peak occurring at the longest wavelength in
each spectrum, e.g. , in Fig. 1 (or No. 1 in Table I), ob-
served outside of the classically allowed wavelength re-
gion, ' can now be clearly and unambiguously confirmed
as a rapid oscillation on the dark side of the classical
singularity, in the classically forbidden region beyond the
minimum in the difference potential. Although the
JWKB stationary-phase method had yielded good results,
as expected, for analogous spectra in heavy molecules
(e.g., halogen dimers'2), it is very gratifying to see that it
also works well in the lightest, least classical molecular
system.

A similar measurement for 8, v'=12, produced the re-
sults displayed in Fig. 2. The agreement is again excel-
lent. In this case, however, strong nonadiabatic ("hetero-
geneous" perturbation) effects on the continuum intensi-
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ties are predicted between the (v' 12, J' 4) 8 state and
(v' 2, J' 4) C state, since the levels do not have a pure
electronic character.

The vuv fluorescence continua are particularly well suit-
ed for investigating these perturbations, because they
show the 8 character of the emitting levels without any

I t

150 160 170

Wavelength (nm)
FIG. 2. Continuous fluorescence spectrum of 8, v' 12, J' 0

and 4. Experiment: stepped curve in upper and central part;
both curves in lower part. Theory: smooth curve in upper and
central part; close-coupling convolved with experimental resolu-
tion function per experimental stepwidth of 0.15 nm. Note that
J' 4 was reassigned 8 here according to new findings in con-
tradiction to Ref. 10.
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FIG. 3. Fluorescence excitation spectrum in the spectral range of the 8-X (12 0), 8-X (13 0), and C-X (2 0) bands.

Dotted curve, left scale: short-wavelength detection 104~1~130 nm; solid curve, right scale: long-wavelength detection
123 ~ A, ~ 147nm.
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overlap from the fluorescence radiation of the perturbing
C level (in contrast to corresponding studies of discrete
transitions ), since pure C states of low vibrational
quantum numbers do not emit into the longer-wavelength
continuum. Thus, anomalous fluorescence detected in a
longer-wavelength window indicates significant mixing or
misidentification of levels, in the spirit of separating out
mixed absorption systems. '5 To illustrate this technique,
consider the fluorescence excitation spectra (Fig. 3)
recorded digitally in the spectral excitation range from
95.4 to 97.7 nm, where the 8-X (v' 12 v" 0), 8-X
(13 0), and C-X (2 0) absorption bands occur, us-

ing both the short-wavelength detector mentioned before
(dotted curve) and the long-wavelength detector (solid
curve). The identification of rotational lines follows the
existing literature, 'u in which the line at 96.767 nm is la-
beled C-X (2 0) R3 (see right arrow in Fig. 3). How-
ever, the misidentification of this line is easily seen in the
excitation spectrum (Fig. 3) because the long-wavelength
detection range favors the continuous 8-X emission and
almost suppresses the C-X emission at shorter wave-

lengths, whereas the short-wavelength detector clearly
favors the C-X emission. The intensity ratio of the two
excitation spectra recorded with these two different detec-
tion ranges should be nearly constant within a band, e.g.,
for the Rti, Ri, and Pi lines of 8-X (12 0). These
lines, which stem from unperturbed 8 levels, show the
long-wavelength detector spectrum to be more intense
than the short-wavelength detector spectrum by a factor
of about 2.5 on the scale chosen in the figure. The oppo-
site is the case for the so-called' R3 line of the same band
(left arrow in Fig. 3), while the so-called'u Ri line of
C-X (2 0) (right arrow) exhibits the typical intensity
ratio for 8 lines, implying the electronic character of these
R3 lines have been incorrectly identified in the literature.

The close-coupling calculations confirmed that the
upper level of this line is, indeed, of prevailing 8 character
(84%), which has been properly renamed in Fig. 2 (upper
part). The observable effect of such mixing is clearly seen
in Fig. 4, which displays the calculated fluorescence rates
for uncoupled 8 and C states, labeled 8 and C, and for
the actual perturbed levels 8 and C. Thus, if a so-called C
level is perturbed and has some 8 character mixed in, the

2
I

«h
LA

C)

0CL I s I s 1

0 2 4 6 8 10 12

Kinetic energy (10 cm'j
FIG. 4. I'+R theoretical dissociative emission probability of

J' 4 levels of B(v' 12) and C (v' 2) vs kinetic energy. Dot-
ted 8 and C curves show results without coupling. For C dis-
sociative emission is insignificant. Solid 8 and C curves take
into account rotational coupling. [The labels are different from
those of Dabrowski (Ref. 10) and follow our calculated B per-
centages which are respective1y 84.0 and 16.4.l The arrow indi-
cates the quasibound state for J" 5, characterized in our calcu-
lated profile by a height of 4&10' s '/cm ' at 46.5 cm ' and a
width at half maximum (Ref. 11) of 27 cm . The exit kinetic
energy Ek is related to the fluorescence wavelength )I, (plotted in

Figs. 1 and 2) by Ez E,, J
—Do(H2) —(hc/1, ).

perturbation can easily be detected by observing the 8
type continuum in a spectral range where no C-type emis-
sion occurs, i.e., on a vanishing background.

The investigation of intensity perturbations (instead of
energy shifts) in the continuous spectra has proven to be a
useful and extremely sensitive method for testing the
close-coupling theory of the rotational phenomena.
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