
PHYSICAL REVIEW A VOLUME 32, NUMBER 2 AUGUST 1985

Lifetime measurements of the radiative 3@m D II„ levels of H2
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Lifetimes of 3pm D'II„vibrational levels of molecular hydrogen, U'=3 —15, excited by vuv syn-
chrotron radiation, were measured by time-resolved spectroscopy. The observed lifetimes range
from 2.3 to 3.0 ns and are almost constant (about 2.6 ns) and independent of vibrational quantum
number within experimental error. This value agrees with calculated radiative lifetimes. The emis-

0
sion corresponding to the D-E transition is observed in the 6000—7500-A spectral range, and a cas-

0
cade in the 3000—6000-A range is identified to I and 6 to B transitions. The D-I' transition could
not be detected.

I. INTRODUCTION III. RESULTS

The symmetry of the orbital wave function with respect
to the nuclear plane of rotation (when the spin-orbit fine
structure is small compared to the A doubling) defines
molecular states of very specific dynamical behavior.
This property is well illustrated in the hydrogen molecule
where the D 3@m 'H~+, U'& 3 levels are strongly predissoci-
ated in contrast, the whole O'H„vibrational series, up
to the dissociation limit, has been observed in emission on
the D-E,F transition, and is only weakly predissociated.

The aim of the present work was to study their life-
times in order to test the behavior of the 'Il„state on a
large range of internuclear distances which are explored
for higher-v levels. In the course of this investigation a
cascade was observed which gives us new information on
the gerade singlet levels.

II. EXPERIMENTAL SETUP

Pulsed [1.0-ns full width at half maximum (FWHM)]
synchrotron radiation from 1'Anneau de Collisions de
I'Accelerateur Lineaire d'Orsay (ACO) storage ring,
dispersed by a 1-m normal incidence. McPherson mono-
chromator equipped by a 2400-line/mm holographic
Jobin- Yvon grating, crosses a differentially pumped
fl.uorescence cell filled with hydrogen gas at a pressure
below 3X10 torr measured by a Baratron gauge. The
weak fluorescence signal typically 10—200 count per sec is
observed at a right angle with either of two photomulti-
pliers A, a 56 TVP RTC covering the 3000—7500-A
range, and B, and XP 2020 RTC covering the
3000—6000-A range.

The monochromator bandwidth was adjusted to allow
excitation of individual rotational lines (i.e., 0.1 A).
Fluorescence decay curves were observed using the single
photon counting technique, with the fluorescence photon
pulse acting as the start and the delayed reference signal
from pickup electrodes in the storage ring acting as the
stop to a LeCroy TDC multichannel time-to-digital con-
verter whose content was read after a preset time into a
Tektronix 4051 microcomputer.

The data observed with the red-sensitive photomulti-
plier A show biexponential decay with a short lifetime,
about 3 ns, as expected for the 3pn 'II„and a longer one
necessarily due to a cascade process. The same behavior
was observed independently of the vibrational quantum
number (v'=3 —15). A typical decay curve is shown in
Fig. 1.

The 3pm lifetime being of the same order as the ap-
paratus response time (i.e., —1.3 ns), in order to improve
the measurement accuracy, we calculated the decay curve
resulting from a cascade and fitted it to the observed data
(the details are reported in the Appendix). From this fit-
ting both decay times ~3& and ~„„could be determined
together with the cascade efficiency X. The v3y lifetimes
are listed in Table I.

The data obtained with the red-blind photomultiplier 8
show only the long component which can be analyzed in
terms of a single exponential decay, as shown in Figure 2
by the semilog plot of a typical decay curve. The life-
times thus obtained are listed in Table II and agree within
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FIG. 1. Decay curve after excitation of the 3pm D'H„,
J' = 1, U' =4 level, observed on the fluorescence
3500&A,f &7500 A. Dashed line, the fitting calculated cascade
decay curve; solid line, background.
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TABLE I. Measured values for lifetimes of the 3pm D'H„
levels (second row) and theoretical values for radiative lifetimes
from Ref. 4 (third row).

3

6
7
8
9

10
12
13
14
15

(ns)

3.0+0.4
2.9+0.2
2.7+0.5
2.3+0.5
2.3+0.5
2.3+0.5
2.3+0.5
2.3+0.5
2.3+0.5
2.5+0.5
2.7+0.5

(ns)

3.14
3.19
3.27
3.29
3.28
3.27
3.49
3.66
3.54

experimental error with the previously determined ~„„.
No pressure variation was observed for the 3@m decay

times, in contrast with the levels involved in the cascade
for which we systematically extrapolated the decay time
to vanishing pressure.

IV. DISCUSSION

A. The 3pm 'Il„ lifetimes

~ ~

i pe% Pi

I(
I(

The observed values reported in Table I are very close
to the calculated radiative lifetimes, especially if one con-
siders that the calculations include only the D-X emission,
all the other channels being neglected, in particular the
D-E,F transition. The corresponding atomic H radiation
(H 3p-2s) represents 15%%uo of the 3p emission, and the
3p-3d transition, which cannot occur in H, may be not

TABLE II. Detection efficiences X=B/A (as defined in Ap-
pendix) and decay times of the cascade observed after excitation
of the 3pm 'H„, O', J=1 levels. ~,'„, refers to the decay time
obtained from fitting of two-exponential curves 2„, to values
deduced from single-exponential curves measured at roughly the
same pressure (-2)& 10 torr). ~„„is the decay time corrected
for pressure effect.

Excitation
U

3
4

6
7
8

9
10
12
13
14
15

B/A

0.2
0.5

1.5
2.0
22
2.9
1.9
1.4
1.8
1.3
1.2

t
+case

12.0+4.0

22.0+5.0
22.0+5.0
22.0+5.0
25.0+6.0
22.0+3.0
21.0+5.0
21.0+5.0
21.0+5.0
18.0+5.0

&case

11.7+ 1.2

23.0+3.0
23.0+3.0
22.0+3.0
25.0+3.0

+carr

11.2+1.3
11.7+1.3
26.5+3.5
33.0+3.0
29.0+4.0
34.0+4.0

B. The cascade

negligible in H2.
Under these conditions, the measured lifetimes of the

3@m 'II„ levels may be well explained only by radiative
mechanisms. Preionization is known to be negligible (less
than 1% from Dehmer and Chupka's data ). A very
weak predissociation was noted for U'=9 and 10, but the
measured lifetimes do not show any variation for these
values. The fluorescence detected as Ly-a, through the 02
filter, may well be a molecular cascading emission 8-X
(8-5, 3-7, or 1-8) which will be discussed later.

The predissociation probabilities may be even less than
previously reported values which were 6000 times smaller
than the predissociation probabilities observed for the
3pm'lI„+ component (Guyon et al. , Ref. 1) that beautiful-
ly illustrates the importance of the II+-II symmetry on
the dynamical behavior of the 3pm 'II„states.

The constancy of the radiative lifetime over the pro-
gression up to the highest vibrational levels confirms the
fairly small variation of the dipole moment function with
the internuclear distance predicted by previous calcula-
tions. It shows quite clearly that the 3@m 'II„state is a
good diabatic state (i.e., keeps a 3p character) at all inter-
nuclear distances.

One can finally remark that the observed radiative life-
time is about one-half that of the corresponding atomic
3p state, namely, 5.3 ns. This behavior was predicted by
Dicke for a coherent emission of two atoms at a distance
much smaller than the emitted wavelength.

5Q Time (&SI

FIG. 2. Decay curve after excitation on the 3pm O'H„,
J' = 1, U' =4 level, observed on the fluorescence
3500 & A,f & 6000 A, with the semilog plot.

The slow cascade decay was observed in the
3000—6000-A visible spectral range whereas the fast de-
cay was observed in the red or near ir only (i.e.,
13000—17000 cm '). The relative positions of the levels
involved are shown schematically in the diagram of Fig.
3. The only ungerade singlet receptor levels at such dis-
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FIG. 3. Cascading process involved in the present measure-
ment, dotted lines are for unobserved transitions.

tances from the D belong to the E,F state (see Fig. 4) (the
D E,F tra-nsition was first observed for the lower bands
by Richardson8.

Transitions to the E,F levels are necessarily followed by
E,F Bor -C -emissions which lie in the ir (Ref. 9) which is
not observed in the present experiment. The last step
which is 8 or C-X emission lies in the vuv (some of these
lines may lie quite close to l.y-a radiation) and are not ob-
served here.

Thus the observed cascade comes from another path
which implies singlet gerade levels different from E,F.
These can be G,E and H, H 'Xg+, I'II&, or J'hg. Transi-
tion to any of these levels is in the far ir. As discussed
later all these levels radiate in the observed spectral range
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FIG. 4. Potential curves of the various states involved; data
are from Ref. 14; ungerade states shown by solid line, gerade
states by dotted line.
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C. The D-E,E transition

The D-E,F transition is observed to occur at short in-
ternuclear distance in the E well only. The Franck-
Condon factor predicts a noticeable transition from D,
U'=9 and 10 to E,F, u"=2, which lies in the F well.
This transition would occur at about 3500 A (see Table
IV) and would be detected by photomultiplier (PM) B
with the ~3& decay time which is not. From the data ob-
tained with both PM's and the calculated Franck-Condon
factor, we deduced

MD p.(R -4.5ao) ( 130MD ~(R —1.2ao)

for the values of the dipole moment squared in the E and
F wells, respectively. This ratio is large but not complete-
ly surprising as the main electronic configuration of the E
state is (2p) while the D configuration remains ( ls, 3p) at
large internuclear distance, the dipole moment between
these configurations is zero.

V. CONCLUSION
I

The lifetimes of the 3pm 'II„, J'=1 levels were mea-
sured for the whole vibrational series, showing that radia-
tion is the most probable decay channel even for levels ly-
ing far above the dissociation limit and even far above the
ionization limit, demonstrating clearly how the orbital
wave-function symmetry may affect the dynamical prop-
erties of the levels.

The observed values of the radiative lifetime are fairly
constant over the whole vibrational progression, showing
that the 3pm 'H„state is good diabatic one, keeping a 3p
character of all internuclear distances.

Cascades were detected showing that strong ir transi-
tions occur from the D 3pm 'H„ levels to the I 3d~'Hg
and G 3do. 'Xg+ levels. The D-E,F, -G, and -I transitions
may well represent up to 20%%uo of the total emission proba-
bility of the D levels and would explain the discrepancy

to either B or C levels. Bose and Linder' had also sug-
gested this mechanism to explain their electron impact
data.

By comparison of the cascade lifetimes with theoreti-
cal or previously measured" lifetimes of singlet ungerade
states, the intermediate level may be assigned to I
3d~'Hg when populated by the D, U'=3 and 4 levels and
to 6 3dcr 'Xs+ when populated by the D, v') 5 levels.

The calculation of the Franck-Condon factors and the
v terms' confirms that the only transitions which have a
fair probability of occurring from the D state are those to
the E,E, G,K, and I states. The D-G,E and D-I dipole
moments are expected to be quite large due to a 3p-3d
character at short internuclear distances. It confirms also
that the DU' —G,KU" transition probabilities are much
smaller for U'=3 and 4 to any U" than for U') 5 while the
D v' —I U" one is important only for the first U' values to
U"=3. All the spectral ranges involved are in agreement
with the expected ones. In addition these calculations
give us the vibrational quantum of the level most likely
involved in the cascade.

The D', U'=3 and 4 levels seem to populate mainly the
I 3dm 'Hg, U"=3 level though our measured lifetime
value is less than the calculated one. An imperfect ex-
trapolation to null pressure may be the origin of the
discrepancy.

The D', U'&6 levels populate mainly the G,E levels
and more precisely the first levels lying in the G well la-
beled 3D1, 3D2, and 3D3 by Crosswhite. ' The "E"lev-
els are expected to be less populated than the "G" ones,
due to a smaller dipole moment, but we cannot conclude
about their excitation: the observed data can be fitted by
a single-cascade model or double one as well. The decay
time of the second expected cascade due to cbeing'
around 70 ns (Ref. 9) is very near the repetition time of
our experiment (i.e., 73 ns) and the signal-to-noise ratio is
quite poor. All these results are summarized in Table III.

TABLE IV. vFC are the expected values of the most probable vibrational E,F level assuming a Franck-Condon law for the D-E,F
transitions. The E and F wells are distinguished. A, is the wavelength of the corresponding Q(11 line from Ref. 13 when available or
estimated from computation (noted in parentheses), E and F level labels are Crosswhite s ones (Ref. 13). ~th are theoretical lifetimes
values from Ref. 9. Energies of the D, v' levels are from Takezawa (Ref. 15).

D, v'

9
10
11
12
13
14
15

Energy
(cm-')

119216
121 061
122 786
124 392
125 877

127 248

128 496
129 621
130618
131484
132212
132 788
133217

Label

233
234
2%6

F1
Ul
X1
Z2
Y2
T
T

VFC

9
12
13
14
16

18

21 ~

23
25
26
28
29
29

E branch

X(D E)
7240
7340
6814

(6420)
(6375)

6300

6566
6620
6644
6466
6540
6487
6291

+theor( E)
(ns)

99
223
265
309
335

535

106
206
168
34.5

195
265
265

Label

2E2
2E3
2%3

VFC

4
5

2
2

5

7
8
8

F branch

A,(D~F)

,
(3915)

'(4087)
(3580)
(3441)

. (3458)
(3484)
3522
3564
3508

&theor(F)

(ns)

448
315

'655
655
448
315
245
178
178
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observed between the measured and calculated values of
the 3prr 'll„ lifetimes.

No evidence of the D-F transition could be observed

leading to the conclusion that the D-I dipole moment is
at least 1 order of magnitude smaller than the D Eo-ne.
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APPENDIX

Let us call a and b the upper and lower levels, respec-
tively, n, and nI, their populations, and ~, and ~~ their
decay times. The equations of the cascade process are

dn, = —n, dtlr, +~(t),
dna —— —nt, dt jr, —dn, .

W(t) is the source function determined experimentally
from the observation of a very fast decay; its FWHM is
1.3 ns. The equations being solved numerically, the ob-
served signal is of the form

S(t;)=An, (t;)Ir, +Bnb(t;)Iran,

t; being the characteristic time of channel i, A and 8 the
efficiencies in the detection of each stage of the cascade.

A decay curve such as the one observed on Fig. 1

occurs only if the shortest lifetime belongs to the upper
level.
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