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Collisional and photoabsorption properties of electronically excited molecular hydrogen are studied by
means of selective excitation of the H, (E,F ’2;) double minimum state. The v = 2 level of the inner well of
the E,F state is populated by two-photon absorption of ArF* laser radiation at 193 nm. Intracavity prisms
ate used to narrow the laser linewidth and tune the laser to excite single rotational levels selectively. Both
H, and HD have been excited in this manner, but the D, absorption lines are outside the laser tuning range.
The population densities of the E,F rovibrational levels are measured by monitoring the near-infrared
E,F 12;—»8 I3.* fluorescent emission. The E,F-state radiative lifetime, electronic and rotational collisional
relaxation rates, and photoionization cross section at 193 nm are measured. The large electronic quenching
cross section (~ 100 A2) observed is compared to a Born approximation calculation of inelastic scattering in
the H, (E,F ’Eg*) system and is found to be due to collisional population of the C 'II, state. Observations of
vacuum-ultraviolet C I, »X 12; emission support this conclusion. The rotational relaxation cross sections
are $0.2 A for H,, but are much larger in HD (~10 Az).'

I. INTRODUCTION

Inanearlier Letter,! the first selective popula-
tion of a gerade excited state of H,, the E,F'Z]
‘state, was reported. In that work it was demon-
strated that multiphoton absorptionof ArF* laser
radiation at 193 nm could be used to create sub-
stantial populations in states whose excitation en-
ergies were far in the vacuum ultraviolet (vuv)—cor-
responding to single-photon wavelengths below 100
nm, Two-quantum absorption in the reaction

H,(X'Z%) + 2y(193 nm) - H,(E, F 'Z}) (1)

was used to excite the E, |F state and its near in-
frared (ir) fluorescent emission

H,(E, F'Z}) = Hy(B'Z%) + y(~ 800 nm) )

was monitored to make the first measurements of
collisional and radiative properties of that state.

Kinetic studies of the hydrogen molecule are of
particular interest and importance because of hy-
drogen’s central position in the theory of molecular
physics and quantum chemistry. Molecular hydro-.
gen has been studied extensively from a theoretical
point of view, but few experimental data on the
collisional properties of the excited states exist
because of the difficulty of selective excitation.
Therefore, we have here extended and refined the
studies of the E, F state discussed in Ref. 1, as
well as made further comparisons of our results
with theoretical predictions.

This report will present both experimental and
new theoretical results concerning the relaxation
and photoabsorption properties of the E, F'%7

state. Section II will first discuss the manifold of
states excited in these experiments. Section III
will outline the experimental apparatus and pro-
cedures. Measurements of radiative and collision-
al electronic relaxation rates of the E, F'%} state
will be reviewed in Sec. IV, and the mechanism of
electronic quenching will be discussed and com-
pared to a Born-approximation calculation of the
electronic-quenching cross section derived here.
Section V describes experimental determination of
the cross section for three-photon ionization of H,,
which again is compared with theory. Finally, re-
sults obtained using rotationally resolved excitation
and fluorescence detection to measure rotational
relaxation rates in H, and HD are presented in Sec.
VI,

II. EXCITATION MANIFOLD

As shown in Fig. 1, E,F'Z; is the first excited
gerade singlet state of the hydrogen molecule.?
This state was originally thought to be two separ-
ate states,® until Davidson pointed out its double-
minimum character.* Kolos and Wolniewicz,®
Wolniewicz and Dressler,® and Alemar-Rivera and
Ford” have performed accurate calculations of the
E, F potential curves and vibronic states.

The double minimum of the E, F state arises
from the avoided crossing of the 1s02s0 and the
F(2p0)* curves.® Thus, in terms of molecular or-
bitals, the E, F electronic wave function is almost
exclusively 1s02s0 in the inner well, while in the
outer well it is mostly (2p0)%. At larger internu-
clear separation, the state has ionic character in
the separated-atom representation (correlates to
H* +H"). However, due to an avoided crossing at
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FIG. 1. Energy-level diagram of H, showing the X, B,
C, and E, F states of interest in this experiment, as
well as other states in this energy range, based on po-
tential curves in T, E. Sharp, At. Data 2, 119 (1971).
Note the change in vertical scale above 10 €V.

large separation, the E, F state dissociates to
H(1s)+H(2s).

Two other states are important in these studies,
B'Z! and C'I,. The B'Z} state serves both as
the dominant intermediate state in two-photon ab-
sorption to E, F'Z} and as the final state for near-
ir emission originating from E, F'Z}. At small
internuclear separation, B 12; has 1s02po charac-

ter,® while at larger separations the state is mainly
ionic and nearly degenerate with E, F. It dissoci-
ates to H(1s)+H(2p). The C'II, state® is almost
purely the 1s02pm Rydberg level. In analogy to the
degeneracy of the 2s and 2p atomic levels, C I,
(2pm) and the E 'Z} (2s0) inner well of the E, F
state are nearly degenerate. The B'Z} and C'Il,
states may relax radiatively to the X 'Z7 ground
state in the well-known vuv Lyman and Werner
bands, respectively. Howeever, E, F—~X radiation
is strictly forbidden by the g«——u selection rule
(except in the isotopically mixed species, such as
HD)'; thus, the E, F state may radiate only in the
near ir to B'Z7, and is consequently quasimetast-
able. .

As we shall discuss later, the ArF* laser used in
these experiments had an untuned linewidth of
~170 cm™" centered at 193.4 nm and, by means of
an intracavity prism system, could be tuned from
192.6 to 194.2 nm. It is thus expected that transi-
tions in the energy range ~103 000 to 103 800 ¢m™!
may be excited by two-photon absorption. For the
X'Z; -E,F'Z% transition in hydrogen, with the
B'Z; dominant intermediate state, and using lin-
early polarized light, @-branch rotational transi-
tions are generally strongest, though O- and S-
branch transitions are also allowed.* TableI lists
the energy rangesfor the O-, @-, andS-branch transi-
tions from the lowest three rotational levels (which
are populated at 300°K) of the ground vibrational
state of H, to the E, F (v =2)level. From the
energies listed, we expect strong two-photon
excitation of several E,F (v=2) rotational
levels in H,, weaker excitation in HD, where the
transitions are to the red of the laser line center,
and no excitation in D,, whose levels are outside
the laser’s tuning range. Note that all other states

TABLE 1. H, transition frequencies.

HDP D, ¢

Two-photon transition
energy range (cm™%)
for X 13} w=0)—~
E,F!3} w=2),J'=0-3

Wavelengths of
E,F —B emission
bands (nm)

(2,1)

2, 0)

Q branch 103282-103 552
S branch 103 674—103 869
O branch 102893-103198

102 926-103 221 ‘102 555~102 741
103239-103370 102817-~102 855
102729-102954 102410~102 561

850 890
780 830

2 Reference 34.
b Reference 10.

¢ G. H. Dieke and S. P. Cunningham, J. Mol. Spectrosc. 18, 288 (1965).



in the vicinity of ~12.8 eV are forbidden for two-
quantum excitation from the ground X 'Z; state by
either parity, spin, or both, and Franck-Condon
factors for absorption to the outer minimum are
unfavorable. These points are clearly evident in
Fig. 1.

III. EXPERIMENT

The experimental apparatus used in this work
has largely been described elsewhere.'? 3 The
focused beam of a transverse-discharge-pumped
argon fluoride laser (Lambda Physik EMG-500)
was used to excite hydrogen samples in the exper-
imental cell. The sample fluorescence following
irradiation was collected at right angles to the
laser beam. When time-resolved detection was
desired, the fluorescent emission was focused on-
to the photocathode of a RCA C31034A photomulti-
plier tube'?; the output of the tube was recorded by
a transient digitizer (Tektronix R7912), which was
interfaced to a PDP 11/34 computer. In this case,
wavelength discrimination was provided by 10-nm-
bandpass interference filters. Better wavelength
resolution (~2 A) in detection was achieved, at the
expense of temporal information, by using an op-
tical multi-channel analyzer (OMA) to observe the
fluorescence spectrum.'® This apparatus, which
was also interfaced to the computer, generated a
plot of time-integrated emission intensity versus
wavelength, but with lower overall detection effi-
ciency than the photomultiplier system.

The untuned ArF* laser emitted 100 mJ pulses
of ~10 nsec [full width at half-maximum(FWHM)]
duration in a band about 7 A wide. Because of
the high gain of the laser medium, the beam was
oblong (about 2X0.7 cm?) and had divergence
~5 mrad. In order to excite single rotational lev-
els of hydrogen selectively, a laser line-narrow-
ing and tuning system of the type first described
by Loree et al.,** consisting of two intracavity
fused silica prisms, was constructed. A slit of
adjustable width was placed at the opposite end
of the laser cavity from the prisms in order to
create a well-defined optical axis. With these
modifications, the laser linewidth was reduced to
~14 (25 cm™?), with a tuning range ~16 A, roughly
the range of the ArF* spontaneous emission. Laser
energy near the line center (193.4 nm) was between
30% and 50% of the untuned energy, but dropped
off to a few percent far in the wings. The laser
wavelength was measured by a second OMA, which
was calibrated with 0.5 A accuracy by means of
the dips in the laser emission spectrum due to
O, absorption lines in the (4, 0) vibrational band of
the Schumann-Runge system (B3Z} ~X 327),1471°

Using this apparatus, samples of H,, HD, and
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D, were irradiated at pressures ranging from 10
mtorr to several atm. As predicted by the spec-
troscopic data in Table I, upon irradiation by the
untuned laser, strong near-ir emissions were ob-
served in H,, weaker emissions in HD, and none
in D,. When the laser was tuned into closer reso-
nance with the HD E, F'Z;~X 'Z; (2,0) absorption
band, ir emissions nearly as strong as those in
H, were observed. At low laser intensity (s 108
W/cm?), the intensity of the fluorescent signals
was determined to vary as the square of the in-
cident laser intensity, the characteristic signature
of a two-photon absorption.

The near-infrared emission observed in this
manner is attributed to radiative decay from the
initially excited v =2 level of the E, F'Z} state
(inner minimum) at ~ 12.8 eV to the B'Z} (v =0
and v =1) vibrational levels in reaction (2). The
approximate wavelengths of the (2,0) and (2,1)
emission bands are listed in Table I. The ratio
of observed emission intensity in the H, (2,1) band
to that in the (2, 0) band was found to be 1.4 +0.2,
which agrees well with theoretical calculations of
the Einstein A coefficients'” giving A, /A, ,
=1.51. A rotationally resolved E, F ~ B(2, 0) spec- _
trum, observed following excitation of H, by the
untuned laser is shown in Fig. 2. Emission origi-
nating from J’=0,1, and 2 is observed, but J’
=3 is not excited. More than 90% of the emission
is in the P(2) and R(0) lines, indicating thatJ =1
is predominantly populated by the untuned laser.
The reasons for this behavior, as well as results
of excitation using a line-narrowed source, will be
discussed in Sec. VI of this paper.

Finally, we should make mention of the vibra-
tional bands that we did not observe in these ex-
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FIG. 2. H, E,F— B(2, 0) fluorescence spectrum de-
tected by the OMA following ArF* laser broadband exci-
tation. Five rotational lines are observed. Resolution
is 4 A; H, pressure 2 atm.
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periments. Any emissions emanating from v =0
or v =1 of the inner well of E, F'2Z;, which might
arise due to vibrational relaxation of v =2, as well
as emissions from vibrational levels in the outer
well, would be outside the spectral sensitivity of
our photomultiplier and were not detected. How-
ever, Fink and co-workers'® have measured vi-
brational relaxation rates for the B state in HD,
and they are approximately two orders of magni-
tude smaller than the total quenching rate for H,
(E,F'Z}; v=2) measured in Ref. 1. Assuming
that vibrational relaxation is not markedly differ-
ent in the E, F state in H,, we expect that it does
not play an important role in the collisional deac
tivation of H, (E,F'Z}; v=2). Similarly, our
system was 1nsens1t1ve to emissions terminating
onv”= 2, This is not of consequence, since the
probabilities for these (2,v”) transitions, calcu-
lated from the Franck-Condon factors of Spind-
ler,'® are negligible by comparison with the (2, 1)
and (2, 0) transitions.

IV. MECHANISMS OF ELECTRONIC RELAXATION

In earlier work' the decay rate of the H,
E, F - B fluorescence was measured as a function
of pressure, and the radiative and collisional
electronic relaxation rates of the E, F' state were
determined from these data. The E, F-state radi-
ative lifetime was found to be 100 £20 nsec in
excellent agreement with the calculated value
of 90 nsec.. The total deactivation rate due to
collisions with ground-state H, molecules was
found to be (2.1+0.4)X107° cm?®/sec; with helium
as the collision partner, the rate was (0.8 £0.4)
x107° cm®/sec. On the basis of the large (non-
reactive) helium quenching rate, it was hypothe-
sized that the dominant electronic relaxation
channel was

Hy(E, F'2}) + Hy(X 'Z}) - Hy(C M1, ) +

17,19

Hy(X'Z7)
3

followed by the rapid radiative decay (~1 nsec) of
the C ', state. In this section we shall calculate
the cross section for reaction (3) for comparison
with the measured H, quenching rate.

The E, F'Z7 (inner minimum)-C I, transition
in H, is remarkable in its resemblance to the hy-

drogen atomic 2s- 2p fine-structure transition.
J

Tot'otl'-lm'o =

In this expression k (k') is the initial (final) pro-
jectile vector, and the j; are the spherical Bessel
functions.

The potential curves shown in Fig. 1 illustrate
that these two molecular states are nearly degen-
erate in the E, F inner minimum. Thus, the

E, F~C transition requires only a small pertur-
bation in the nuclear motion. Calculations by
Kolos and Wolniewicz®’ ? indicate that at the inter-
nuclear separations of interest here (~1 A), the
E (2s0) and C (2pm) molecular orbitals maintain a
strong resemblance to their atomic counterparts.
Consequently, scattering in reaction (3) should
resemble the atom-molecule interaction

H(2s) +Hy(X '27) = H(2p) + Hy(X 'Z]) . (4)

This atomic quenching has been studied both ex-
perimentally®’ ?! and theoretically.?*’ %

Since the 2s and 2p states of hydrogen are con-
nected by a strong dipole moment (u =3ea,), while
ground-state H, has a permanent quadrupole mo-
ment, a dipole-quadrupole potential is used for the
transition Hamiltonian for reactions (3) and (4).
Because of the long range of this interaction (R™4)
and the near degeneracy of initial and final chan-
nels, the problem may be treated by the first Born
approximation. We shall now outline a Born-ap-
proximation calculation of the scattering matrix
for the dipole-quadrupole interaction of Hf and H,
and derive from this the inelastic-scattering cross
section for process (3). A more complete deriva-
tion can be found in Ref. 24.

We begin by defining the T matrix for scattering
from state a to state a’ as

Tot'ocl’ tm'o:Scx’ at’ tm'o Ga'aaz'tém'o s (5)

where S is the standard scattering matrix relating
the amplitude of scattered waves in channels

(a’, 1',m’) to that of the incident wave in channel
(a, 1,0). Here I(l1') and m(m’) give the initial
(final) orbital angular momentum of the projectile
relative to the target, but we set m =0 by taking
the initial velocity parallel to the z axis. Taking
the interaction potential V, we write

Va'a:<‘poc’ l V| Zpoz) ’ (6)

where 9 ,({4) is the initial (final) state of the sys-
tem, including electronic, vibrational, and rota-
tional components. Now we write the first Born-
approximation expression for the 7 matrix®:

—4 kR’ 1/2 -
= m’( ) f] (R' R' )Y %00 (6", 0" WV o0 o(R)J(RR" )Y (67, ¢*)R'2 dR' dS2' . (7

T
The classical dipole-quadrupole expression® for

the interaction of the excited electron’s 2so— 2p7

transition dipole moment with the H, ground-state



quadrupole moment is

Vie = 4717?47 ; C(123; p - p)Y,, P(Ge'd)e)
XY, (6, ¢, . (8)

Here @ is the ground-state quadrupole moment,

R is the intermolecular separation, 7 is the co-
ordinate of the excited electron, C is a Clebsch-
Gordan coefficient, and (6,, ¢,) and (6,, ¢,) give
the angular orientations of the excited electron
position and the ground-state molecule’s inter-
nuclear axis, respectively, referred to the (time-
varying) intermolecular axis. V., Proportional
to R™*, is the longest-range possible potential in
our system; dipole-induced dipole and Van der

dmi (47)%/2
Tar O(l'lm'():—_—_ ( )

VT

Qudyr 9L R 1) D
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Waals potentials both vary as R™S,

We now write the wave function for the two-
molecule system (neglecting the electronic and vi-
brational states of the ground-state H,):

b= o) | I MO G, ML) | im), (9)

We shall continue to indicate initial state by un-
primed and final state by primed symbols. |¥,)
=|2s0); 9Ly =|2pm); and |9,),|u!) are the vibra-
tional states. j; and M; indicate the molecules’
internal rotational states, where subscript 1(2)
indicates the excited (ground-state) molecule.

Inserting expressions (8) and (9) into Eq. (7) and
transforming the angular coordinates from the
time-varying collision frame to space-fixed and
molecule-fixed axes yields an expression for the
T matrix:

> (~1)mrmE C(123;m! m?) (1 M| 1m| 00)

m mh, mh

X 8, il(j{M{ID‘,},)’millel)(j;Mgl 2my| j, M,) (1’ m'|3m!+m}| 10). (10)

Here u ~3eaq, is the 25—~ 2p dipole moment, and
¥4|%,) is the Franck-Condon factor ¢,r,,. DL .

is a rotation-matrix element.?” The radial inte-
gral is

(LR

= (kk' )2 f jy (' R)R™%j, (RR)R*dR (11)
0

which contains the resonance dependence of the
scattering. The §,, ,, in Eq. (10) arises from the
fact that the M =0 term would connect |2s0) to
|2po), which is the B'Z] state, not included in this
calculation. We note that scattering to B'Z; is
allowed, but unimportant compared to reaction
(3) due primarily to the substantially smaller
Franck-Condon factors'® for E — B transitions of
small energy defect.

If we define the impact parameter as b=(21+1)/
2k, then we may obtain the scattering probability
for a given b by summing | T o/ oz¢ 1m0l 2 Over final
angular momentum states and averaging over in-
itial rotational projections (M, and M,).*® The re-
sult obtained is a simplified sum over I’, inde-
pendent of initial rotational states j; and j,:

P(b)=(—m“—;?gm>2 %g 2. C(I31; 00)2
l'

x| R71)* . (12)

This expression is identical to the probability for
atomic 2s - 2p scattering® except for the Franck-
Condon factor g,r, and an additional factor of

r
here. This latter factor arises from our consider-
ation of transitions only to the two 2p7 states,
while in the atomic case transitions to all three
2p levels (M=+1 and 0) are included.

The cross section for the inelastic-scattering
process is now found by integrating

a(k) = f ) 21P(b)bdb . (13)

However, P(b)> 1 for small b, because the Born
approximation breaks down at close range. Hence,
as suggested by Cross and Gordon® and by Slo-
comb et al.,” we set P(b)=1 for b< b,, where b,
is given by P(d,)=1 from Eq. (12). Now

o=ub: + 27 I P(b)badb . (14)
bn

A simple computer program was writtento cal-
culate scattering probability from Eq. (12) and
cross section from Eq. (14) as functions of initial
projectile momentum and detuning of initial and
final states. The radial integral of Eq. (12) was
solved explicitly in terms of the hypergeometric
function.?’ ?® The energy detuning was obtained
from spectroscopic data on the energies of the
rotational levels in the E, F'Z; (v = 2) and
C I, (v =2) manifolds. These data, shown graphi-
cally in Fig. 3, indicate that the J =1 levels, from
which >90% of the observed emission originates
(see Fig. 2 and ensuing discussion), are separated
in energy by only 22 cm™!. The other data that
must go into calculation are the H, ground-state
quadrupole moment,?® @ =0.484 a.u., the Franck-
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E‘Zé v=2 C‘ﬁu v=2
J=3 103987 cm™
103892 cmi!  J=3
103729 J=2
J=2 103682
l 103620 J=1
J=1 103598 22cm’
J=0 103552

FIG. 3. Energies of rotational levels in H, E, F} 2%
(inner minimum, v =2) and C'TI, (v =2) (Ref. 34).

Condon factor,* g,,,=0.794, and the projectile
velocity. Averaging the product of velocity and
cross section over a Boltzmann distribution of
kinetic energies gives a rate constant for process
(3) of 2.3X107° em®/sec at 300 °K. This result
agrees remarkably well with the experimental
determination of (2.1+£0.4)X107° cm3/sec, and
supports our hypothesis that reaction (3) is the
primary mechanism in collisional deactivation

of H, (E,F'Z;; v=2).

These theoretical conclusions are lent further
support by experimental observation of C 'II,
—X'Z7 vuv Werner-band emissions following
two-photon excitation of the E, F state. Figure 4

400- 126nm 122nm
127 12,61

3004 Hy C-X EMISSION

100+

(<]

T T

~=—WAVELENGTH

FLUORESCENT INTENSITY [ARBITRARY UNITS]

FIG. 4. H, CIl,~X'3* vuv Werner-band fluores-
ence spectrum detected by OMA following ArF* laser ex~
citation of the E, F state. The (2,6) and (2,7) vibra-
tional bands are observed, but the (2,5) band is beyond
the wavelength cutoff of the detection system. The ro-
tational structure is not resolved.

is a spectrum of this emission near 125 nm,
showing the (2, 6) and (2, 7) vibrational bands of the
C ~X fluorescence. [ The (2,5) band, which should
be present, is beyond the transmission cutoff of
our optical system.] These observations of emis-
sion in the Werner bands confirm that large popu-
lations are created in the v =2 level of the C I,
state following E, F 'Z; (v = 2) two-photon excitation.
The absence of emission from other C-state vibra-
tional levels confirms our model of electronic
quenching, as well as the contention that vibration-
al relaxation is much slower than the electronic.
Because of the near degeneracy of the E and C
states, at pressures above ~ 20 torr these levels
will reach thermal equilibrium within ~1 nsec of
excitation. (The principle of detailed balance re-
quires that the C - E quenching rate be nearly
equal to the E —C rate.) Under these circum-
stances, when other losses are neglected, the
probability that a H, molecule inthe E, F'Z7} state
will radiate inits E, F - B ir bands is simply 7, /75,
where 7; and 7, are the radiativelifetimes ofthe E
and C states, respectively. Fromthetheoretical cal-
culations of Allison and Dalgarno for the C I,
—~X'Z7 transition probabilities,* we obtain 7, @
=2)=0.88 nsec. The effective radiative lifetime
of a molecule excited to the E, F state at high
pressure is given by a rate equation analysis:

2
=-STgT¢ (15)
off  To+To
In our case, for 7;>> T,, Texr=27.. This analysis
will be important in our later estimates of rota-
tional relaxation and photoionization rates.

V. PHOTOIONIZATION OF THE E,F STATE

While the electronic relaxation processes we
have examined are quite rapid, at higher laser
intensities the fastest loss process—and hence
the limiting factor in achievable excitation den-
sity —is photoionization of the excited molecules.
This is a pervasive problem in two-photon studies
using rare gas halide lasers, because three ArF*
photons (=19.2 eV) are sufficient to ionize almost
all atoms and molecules. While the characteris-
tic signature of a two-photon process is a signal
which grows as the square of laser intensity, when
photoionization is prevalent, the signal “satu-
rates” and grows only linearly with intensity;
meanwhile, the laser energy is increasingly
channeled into ion production.

The nature of this behavior may be seen in a
rate equation analysis of the two-photon excited
state density N*:

dN* al?

N* o,
— S — - S ___L *
dt  hw 2] T AW N (16)



Here a =0¢/I (cm?*/W) is the two-photon absorption
coefficient,'2 I is the laser intensity (W/cm?),w

is the laser frequency, and o is the photoioniza-
tion cross section for the excited state. At high
pressure and high laser intensity, radiative and
ionization losses are fast enough so that we can
assume a steady-state solution to Eq. (16):

N*—_w]L. (17)

BW/ Ty + 01

As noted earlier, 7, ~27.=1.8 nsec at high
pressure. This solution clearly shows the satura-
tion of N* at large I. (As a further note, while
photoionization is a broadband process, two-
photon absorption terminates on a discrete state.
Hence, decreasing the laser linewidth, much
broader in our case than the transition Doppler
width, will increase a but not o,; and, thus, will
increase the excitation efficiency and excited-
state density.?’ 32)

If we can measure the saturation of the two-pho-
ton signal with laser intensity, we can extract
from these data the photoionization cross section
for the excited state. We begin by using the fact
that the ir fluorescent signal is simply S=N*/27,
to rearrange Eq. (17):

nw 1 Opi
—_— —_ ! = -1 ‘
SOCZTC AR + G—L—[Hz] mI™*+B . (18)

The significance of this equation is that if we now
plot the quotient I/S from our data as a function
of I™!, we can extract the photoionization cross
section o0y, from the ratio of intercept to slope,
B/m, in our plot:

7w B

Opi=2—Tc ol (19)

Figure 5 shows a measurement of the ir fluores-
cent signal as a function of laser energy, plotted
in accordance with Eq. (18). The plot is fairly
linear, and the nonzero intercept indicates that
photoionization losses lead to the expected satura-
tion of the signal at high laser intensity. On the
basis of these data, we estimate that 8 X1071°
‘em®< 0,;< 4X107*% cm?® This large uncertainty
arises primarily from the uncertainty in convert-
ing the measured laser energy to the actual laser
intensity at the focus. This estimate is, however,
in agreement with the theoretical calculations of
Cohn.*® For photoionization from H, (E, F'Z};
v=2) to HY (X %Z}; v=2) at 6.4 eV (3.3) eV above
threshold), Cohn calculates 0,;=2.6%107'% cm?,

It must be noted, however, that this experiment
does not actually measure the E, F-state photo-
ionization cross section, but rather the cross
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FIG. 5. Ratio of laser energy (193 nm) to fluorescent
signal (E,F —B, 830 nm), plotted as a function of the
reciprocal of laser energy. Ratio of intercept to slope
of the straight-line fit to the data is 0.05 mJ-!.

section for photoionization of the collisionally
mixed, E,F and C states.

VI. ROTATIONALLY SELECTIVE MEASUREMENTS

While we have observed very rapid electronic
deexcitation processes in the H, E, F state, rota-
tional relaxation is considerably slower. If the
data of Fig. 2 are compared to a theoretical form-
ula for the intensities of rotational lines in a vi-
brational band in thermal equilibrium,! it is found
that even at the high pressure [20 psi (gauge)] at
which this spectrum was taken, the rotational
levels are not equilibrated.!® On the contrary,
Table II, which lists the ground-state equilibrium
rotational populations and two-photon X - E, F
transition energies for J =0-3 (populated at
300°K), demonstrates that the relative intensities
of the E, F - B rotational lines are due to a nearly
total absence of rotation-changing collisions in
the excited state. Thus, since only the @(0) and
Q(1) excitation transitions fall squarely within the
two-photon laser band, only J=0 and J =1 levels
are seen to emit substantially in the spectrum of
Fig. 2.

TABLE II. Rotational level populations (relative to J
=0) and frequencies (cm™) of HyX 12} (v =0) —E,F '}
(v=2, inner well) two-photon transitions.

Branch
J n(J") /n(0) o Q S
0 1 103 552 103 682
1 4.9 103479 103 869
2 0.83 103197 103 328 103797
3 0.52 102 892 103 282 103673
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In order to measure the rate of this very slow
rotational relaxation, we installed the prism sys-
tem and tuned the laser to excite selectively each
of the first four rotational levels of H,(E, F 'Z;;

v =2) in turn. We then attempted to observe
emission from J levels other than the one excited.
The results of these observations are shown in
Fig. 6. In no case was any rotational relaxation
evident above the ~10% noise level in the mea-
surements.

We can use this signal-to-noise ratio to set an
upper bound on 2~ 0 and 31 rotational relaxation
rates. (We do not expect any odd+=even relaxa-
tion because of the strict ortho/para separation in
homonuclear diatomics.!) Assuming that the laser
is tuned to excite the J + 2 level and that the J th
level is populated only by rotational relaxation
from J+ 2, which is much slower than electronic
relaxation, the ratio of populations in the two lev-
els is given by a steady-state analysis:

P

(a) Q(0) EXCITED

P2

(b) Q(1) EXCITED

P(3)

(©) Q(2) EXCITED

P@)

(d) Q (3) EXCITED
R(@2

FLUORESCENT INTENSITY (ARBITRARY UNITS)

760.0 7500 | 7400 | 7300
WAVELENGH (nm)

FIG. 6. H, E, F—~ B (2, 0) fluorescence spectra detect-
ed by OMA following rotationally selective excitation by
a line-narrowed ArF* laser. H, pressure is 20
psi (gauge). Excitation line: (a) @ (0), (b) Q(1), (c)
Q(2), (d) Q(3). Appearance of R(l) emission in (d)
arises from direct excitation of the @ (2) absorption line,
due to the presence of some laser oscillation at this
frequency when laser is tuned to @ (3), not from rota-
tional relaxation.

n, o k‘”Z'J[Hz]
Nyez R,

. (20)

In this equation, R, =0,1/hw+1/(27;)~3 nsec™*

is the electronic loss rate, and #7*2'7 is the two-
body rate coefficient for rotational transitions
from level J + 2 to level J. The ratio of rotational -
level populations is also related to the fluorescent
emission intensities S of the P lines originating

in the J and J + 2 rotational levels by*!

S[PW@+1) _< v, >4<J+ 1)( 2J+5> n,
S[PU+3)] \v,,, J+3/)\2+1/n,,, > 2D
where v, and v, , are the respective transition
frequencies.* Finally, we observe in Fig. 6 that
S[P(2)]/s[ P(4)] and S[P(1)]/S[ P(3)]< 0.1, leading
us to conclude on the basis of equations (20) and
(21) that k% °<3Xx107'* cm®/sec and kY '< 6X107'2
cm?/sec. These rate constants are more than two
orders of magnitude smaller than the observed
electronic quenching rates for the E, F state.

Rotational relaxation will be greatly enhanced in
the isotopically mixed species of hydrogen as
shown by Heukels and Van de Ree.*® First, the
shift of the center of mass away from the center
of charge has the net effect of slightly increasing
the cross section for a given rotational transition.
More importantly, however, additional channels
open up in the mixed species that are forbidden in
the homonuclear species. Specifically, AJ =1
transitions are allowed in the heteronuclear case,
while J must retain its parity in the homonuclear
molecule, due to nuclear-spin-symmetry consid-
erations. AJ =1 transition cross sections are
calculated® to be roughly one order of magnitude
larger than the AJ=2 cross sections for He-HT
collisions in the ground electronic state, and
the AJ=2 transition cross section for He-D,
collisions is calculated®® to be roughly 40%
smaller than for He-HT collisions.

Figure 7 shows the lower rotational levels of the
HD E,F'Z} (v=2, inner well) and C I, (v = 2)
states, with + and - signs to indicate the parities
of the levels.’? The rapid electronic collisions
(studied in Sec. IV of this paper) that equilibrate
the E, F and C levels of opposite symmetries are
shown by bold arrows. The parity-changing rota-
tional collisions, forbidden in H, and D,, are in-
dicated by the fine arrows. We shall now describe
a measurement of the collisional rate of this latter
process in HD.

In this experiment, the laser was tuned to the
Q(0) and Q(1) two-photon excitation lines in HD,
at 103 221 and 103173 cm™!, respectively.!® Be-
cause the lines are closely spaced and located in
the wing of the laser gain band, it was not possible
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FIG. 7. Energies of lower rotational levels in HD
(E,Flz:;; inner well, » =2) and Cll'[,,; v =2, Bold ar-
rows indicate rapid electronic quenching collisions,
while fine arrows show slower rotational quenching
paths. Lambda doubling in the C state [see Paul S.
Julienne, J. Mol. Spectrosc. 48, 503 (1973)] is exag-
gerated for clarity.

to excite one line to the total exclusion of the oth-
er. Thus, the ratio of intensities in the P(1) and
P(2) E,F'Z; - B'Z; (2,0) emission lines was mea-
sured as a function of HD pressure as the laser
was tuned to excite predominantly @(0) or (1) in
turn. The results of these measurements are pre-
sented in Fig. 8, which, in contrast to Fig. 6,
shows a clear tendency toward equilibrium at high
pressure.

In order to extract rate constants k% * and k% °
from these data, we examine a rate-equation mod-
el that includes both 1~ 0 and 0~ 1 rotational
transitions:

dn

i =R [HD] - RP'n, ~ by * [HD],

+EL°[HD]n, (22)

%’;‘l:R‘;’-R‘;’nl ~ kY °[HD]n,

+k%{HD]n, (23)

Here R{ and R’ are the two-quantum production
rates of the J =0 and J =1 rotational levels, which
will vary as the laser is tuned through the levels’
excitation frequencies, and the RY? are the corre-
sponding electronic loss rates. We assume that the
excited system is in quasi-steady state and that
RP =R ~3 nsec™, as above, and solve for the
ratio ny/n,:

n, _ky°[HD]+ RY/R, )R,
n, ky'[HD]+(RY/R,)R, ’

(24)

where R,=R{’ +R{’. From a formula similar to

3.004
| . O EXCITING Q(0)
A EXCITING Q (1)
2.25+
S
2, 4
2
£ 1.50-
a2
2]
° 4
g
& 0.75
A A
a X -V - S—Y -
4 8 B
a .
0.00 : r

- T T T T T T T 1
00 02 04 06 08 10 12 14 16 18 20
HD PRESSURE (103 Torr)

FIG. 8. Ratio of fluorescent intensity, S, of P(1) line
to that of P (2) in the HD E ,F —B (2, 0) band following
rotationally selective excitation by ArF* laser. For up-
per curve (boxes) the laser was tuned to excite primar-

ily J =0, while for lower curve (triangles) laser was
tuned to J =1,

Eq. (21), we have S| P(1)]/[P(2)]=1.5n,/n,. A
three-parameter fit [k%°, #%'/k:°, and R’ /R
of Eq. (24) to the data of Fig. 8 gives k%;°=(3x1)
X1071° cm3/sec and k% */kY:°=2,1+0,5. The fit is
shown by the solid lines in the figure.

These rate constants do not refer simply to
rotational transitions within the E, F manifold, but
rather must be thought of as composite rates for
all the transitions-in Fig. 7 that are indicated by
the fine arrows. However, the ratio k% '/k';°is
rigorously fixed theoretically by the principle of
detailed balance®® at 2.46, in good agreement with
the experimental result.

For comparison with other experimental results,
we transform the rate constants we have measured
to average cross sections (by dividing by the mean
thermal velocities at 300 K) and list these results
in Table III. Our results in H¥ are quite similar to
the ground-state rotational-relaxation cross sec-
tions found by Jonkman et al.’” The reasons that
these cross sections are so small are that (i) these
AJ =2 transitions can proceed only through a
quadrupole moment (in contrast to the strong-elec-
tric-dipole electronic transition that we studied)
and (ii) the energy defects between initial and final
states are comparable to or greater than thermal
energies at the temperatures studied.

On the other hand, the cross section we mea-
sured in HD for AJ =1 transitions is on the order
of gas dynamic. Akins et al.,*® also measured
large collisional cross sections for rotational
transitions in HD, although their results for the
B'Z; state were still smaller than ours for the
E,F state. The faster relaxation rate that we
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TABLE III. H, and HD rotational relaxation cross sections.

States

or (A

This work
Jonkman et al. (Ref. 37)

This work
Akins et al. (Ref. 38)

HAE,F;v=2,J" =3,J" =1)
(J'=2,J" =0)
Hy(X;v=0,d'=2,J"0)

<0.12

<0.24
0.10 (para-H,, 170 K)
0.26 (ortho-H,, 77 K)

HD(E,F;v=2,J"=1,J" =0) 14
HD(B;v =3,J' =2,J" =1) 3.0

measured may be attributable to the contribution
of coupling of the E, F levels through the C state
manifold; no comparable coupling exists in the
B or X states.

VII. CONCLUSIONS

In the experiments described here and in Ref.

1, we have, for the first time, selectively excited

a gerade state of the hydrogen molecule, the
quasimetastable E, F 'Z} state in H, and HD. By
line narrowing and tuning the ArF* laser excitation
source, we have excited single rotational levels
in H,, and also achieved some rotational select-
ivity in HD. We have measured a number of the
properties of the E, F state, including radiative
lifetime, rates for collisional electronic quench-
ing and rotational relaxation, two-photon-ab-
sorption cross section, and photoionization cross
section. The radiative lifetime, electronic
quenching rate for H}+H, collisions, two-photon-
excitation cross section, and excited-state photo-
ionization cross section agree well with theoreti-
cal predictions. The rotational relaxation rates
are roughly in line with other experimental re-
sults. These experiments demonstrate the utility
of ultraviolet two-quantum absorption in investiga-
ting many different aspects of this most fundament-
al excited molecular system.

We have also studied in detail the mechanism
of rapid electronic deactivation of H, (E, F'Z;) to
the C I, state. Our Born-approximation calcula-
tion of the cross section for this reaction gives
very close agreement with the experimental deter-
mination of the quenching rate. Observations of
vuv Werner-band emission further supports our
model of the collisional processes involved here.

This experimental technique may be extended
to further spectroscopic and collisional studies
in excited H,. Starting with two-photon-excited
E,F'Z; molecules, a tunable dye laser can probe
higher ungerade states, while from C I, mole-
cules created by collisional quenching of H,
(E,F‘Z;), higher gerade states may be reached
as well., A two-photon-pumped laser operating
on the H, Werner bands near 120 nm between
C'l, (v=2) and high vibrational levels of X 'Z7 is
also feasible.’® Finally, it may be possible to
study such exotic processes as para-ortho con-
version and production of HD* in four-center re-
actions of H} and D, by this technique.
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