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Single rotational levels of HF~v53! were prepared by using overtone excitation and these
molecules were then photodissociated by ultraviolet~UV! radiation at 193.3 nm. Time-of-flight
spectra of the hydrogen atom fragment provided the spin–orbit state distribution of the fluorine
fragment. Changing the UV photolysis laser polarization confirmed anA 1P←X 1S1 electronic
transition in the photodissociation step. Photodissociation of HF at 121.6 nm is also reported.
Infrared~IR! induced alignment of the diatom was studied by monitoring the IR laser polarization
dependence of the H-atom product angular distribution. Depolarization due to hyperfine interaction
was studied by using theR~0! transition. Agreement with theory is excellent. ©1996 American
Institute of Physics.@S0021-9606~96!03216-5#

I. INTRODUCTION

Hydrogen halides are among the simplest model systems
for studying photophysics and photochemistry.1–17 Their
lowest energy UV absorption bands are assigned to a
s*←npp transition, and dissociation into atomic fragments
H~2S! and X~2P! occurs with the spin–orbit electronic exci-
tation of the halogen atom as the only internal energy, aside
from the hydrogen and halogen hyperfine levels.

Four electronic surfaces~1S1, 3S1, 1P, and3P! corre-
late with H~2S!1X~2P!. TheX 1S1 state is the ground state,
and among the upper repulsive states,1P and 3P originate
from the s*←npp transitions, while3(1 can be accessed
via as*←s transition at higher energy. Though photoexci-
tation often promotes HX molecules—especially those with
lighter atoms, such as HF and HCl—to a single electronic
surface, nonadiabatic couplings between excited surfaces can
redistribute the photodissociation flux. The multiple-surface
environment of the excited states provides a means for study-
ing nonadiabatic couplings between excited electronic states.
A strong indication of such coupling can be observed via the
spin–orbit branching ratio, and its measurement may provide
insight into mechanisms. Furthermore, theoretical calcula-
tions on hydrogen halides are tractable because of their
simple nature.1,8–11,17

The photochemistries of HCl, HBr, and HI have been
studied extensively.1–17 The spin–orbit branching ratio from
photodissociation of HCl in the ground vibrational state has
been investigated both experimentally and theoretically. The
measured ratio@Cl~2P1/2!#/@Cl~

2P3/2!# was found to be 0.50
60.05 at 193.3 nm and 0.8860.13 at 157 nm,2–6 and it was
shown for these wavelengths that the electronic transition is
primarily perpendicular (A 1P←X 1S1).2–6 Very recently,
the ratio has been measured between 193.3 and 119.3 nm.7

Givertz et al.8 and Alexanderet al.9 usedab initio methods
to calculate the branching ratio; however, the results differ
from each other, as well as from the early experimental
data.6,9 The discrepancies prompted two further theoretical
studies,10,11and it was shown that the branching ratio is very
sensitive to details of the nonadiabatic coupling. The most

recent experimental data are in reasonable agreement with
the calculations of Alexanderet al.7,9 Further experimental
and theoretical studies of the HCl system are necessary to
fully understand this coupling. Photodissociation of HBr in
the ground vibrational state was also studied at various
wavelengths. The branching ratio@Br~2P1/2!#/@Br~

2P3/2!# was
measured to be 0.12 and 0.16 at 243 and 193.3 nm,
respectively.4,12,13At 243 nm the Br* channel arises from a
parallel transition and the Br channel corresponds to a per-
pendicular transition.13 In contrast, at 193.3 nm both chan-
nels originate primarily from a perpendicular transition.12 Of
all the hydrogen halides, photodissociation of HI has been
studied most thoroughly, at least experimentally.12,14–17The
branching ratio@I~2P1/2!#/@I~

2P3/2!# has been measured
12,14–16

and calculated17 at various wavelengths between 266 and
193.3 nm, and it has been found to vary dramatically, exhib-
iting values as low as;0.1 and as high as;1.5. The I and I*
channels are shown to originate primarily from perpendicular
and parallel transitions, respectively. Photodissociation of HI
is influenced by strong spin–orbit interaction in the I atom;
in addition to the zeroth-order singlet surfaces, zeroth-order
triplet states are involved in the electronic transitions, which
is not the case for HF and HCl.

Only a few studies regarding the photodissociation of
vibrationally excited hydrogen halides have been reported.
Photodissociation of vibrationally excited HBr was exam-
ined by Zittel and Little,18 in which IR laser excitation pre-
pared the diatom inv51. Dissociation was induced by sub-
sequent UV laser excitation. The absorption cross section of
HBr ~v51! at 259 nm was measured by using mass spec-
trometry, but no detailed studies of the photodissociation dy-
namics such as product branching ratio and angular distribu-
tion were carried out. Theoretical calculations have been
performed for the dissociation of vibrationally excited
HCl,8,10 and these studies predict an energy dependence on
the branching ratio. Measurement of the ratio would be a
sensitive probe for investigating nonadiabatic couplings. It
was suggested from a theoretical investigation of vibra-
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tionally excited HI that the I* /I branching ratio can be con-
trolled through vibrational excitation.19

HF absorption lies in the VUV, starting at;150 nm and
peaking near 120 nm.20,21 Theoretical studies suggest that
this broad feature corresponds to theA 1P←X 1S1 elec-
tronic transition.22–26 Since HF absorbs only in the VUV,
little of its photophysics has been examined. Because vibra-
tional excitation extends the absorption to longer wave-
lengths, HF photodissociation dynamics may be investigated
by using an IR1UV photolysis scheme. In the present study,
HF was excited to a single rotational level in thev53 vibra-
tional state by using intense, narrow-linewidth IR radiation
and these excited molecules were then photodissociated by
using UV radiation at 193.3 nm. Hydrogen atom product
TOF spectra were recorded by using the high-n Rydberg
time-of-flight ~HRTOF! technique. We also examined photo-
dissociation of HF at 121.6 nm, which is near the absorption
maximum.

In addition to imparting vibrational excitation, the IR
radiation aligns the sample.27–29Specifically, for a rigid dia-
tom like HF, the probability of aligning the rotational levelJ
by excitation with linearly polarized light is given by27

PJ~u!5
1

4p
@11A0~J!P2~cosu!#, ~1!

where u is the angle between the molecular axis and the
electric vector of the polarized radiation, andP2~cosu! is the
second-order Lengendre polynomial.A0(J) is the alignment
parameter, which ranges from12 for PJ~u!}cos2 u to 21
for PJ~u!}sin2 u. A0(J)50 for an isotropic distribution. For
R-branch transitions~J5J911!, the alignment parameter is
A0
R(J9)5(J912)/(2J911),27 yielding A0(J) values of 2

and 1 for R~0! and R~1! transitions, respectively. For
P-branch transitions ~J5J921!, A0

P(J9)5(J921)/(2J9
11).27 ForP~1!, A0

P~1!50 andPJ~u! is isotropic. In the high
J9 limit, A0

R(J9) andA0
P(J9) both converge to the asymptotic

value of 0.5.
The above-mentioned alignment is brought about by ab-

sorption of linearly polarized light. However, samples thus
aligned undergo depolarization due to the coupling of the
molecular rotational angular momentum~in this case5J! to
the nuclear spinI ~hyperfine coupling!.28,30–35Specifically,
thoughJ can be aligned by the absorption of radiation, the
hyperfine splittings lie within the laser linewidth. Conse-
quently, randomly distributed nuclear spins will couple toJ
after optical excitation and reduce the degree of alignment.
This is referred to as depolarization. For closed-shell HF,
only depolarization due to hyperfine coupling must be con-
sidered, and this has been studied theoretically by Altkorn
et al.,33 and can be described by a time-dependent depolar-
ization coefficientG(k)(t), wherek is the order of orientation
~k51! and alignment~k52! parameters. The alignment pa-
rameter evolves in time according to

A0~ t !5A0~ t50!G~2!~ t !. ~2!

The depolarization coefficient was calculated for HF~v51!
with J51–3, 10. It displayed hyperfine quantum beats with
;ms recurrence times. Recently Orr–Ewinget al. investi-

gated the time dependence of HCl(v51, J) alignment.35

Linearly polarized IR radiation aligned the HCl molecule in
the v51, J51 state, and the time dependence of the align-
ment was monitored by subsequent~211! resonance-
enhanced multiphonon ionization. It was noted that the HCl
alignment oscillates much faster in time than that of HF be-
cause of a stronger nuclear spin–rotation interaction and the
additional nuclear electric quadrupole interaction. Similar
calculations of the depolarization coefficient for HCl were
carried out, which are consistent with the experimental
data.35

The dependence of the H atom angular distribution on
IR laser polarization indicated a pronounced alignment,
whose time dependence was examined by varying the delay
between the IR and UV lasers. Thus, we report HF~v53!
alignment parameters as well as the first experimental dem-
onstration of alignment depolarization in this system.

II. EXPERIMENT

The high-n Rydberg time-of-flight~HRTOF! technique
has been applied to the H atom product to obtain center-of-
mass~c.m.! translational energy distributions.36 Our experi-
mental setup has been described previously,37 and a sche-
matic is shown in Fig. 1. A pulsed molecular beam was
produced by expanding typically 5% HF~99.99% wt.%,
Matheson! in He or Ar at a total pressure of 760 Torr. Mix-
tures were expanded into the source chamber through a 0.75
mm diameter pulsed nozzle~General Valve, Series-9! oper-
ating at 10 Hz with a 400ms pulse width. The molecular
beam was differentially pumped and collimated by a 1 mm
diameter skimmer located 2 cm from the nozzle. The mo-
lecular beam was crossed with the IR laser and photolysis
laser beams 5 cm further downstream.

The scheme for the IR1UV photodissociation of HF is
shown in Fig. 2. HF expanded in the pulsed molecular beam
was first excited to a single rotational state of thev53 level
through an overtone transition.38 This step was achieved by
using a pulsed Ti:sapphire laser~STI, HRL100Z, 870–880
nm, 5–15 mJ, 500 MHz linewidth!. The IR beam was fo-

FIG. 1. Schematic of experimental arrangement.
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cused with a 100 cm f.l. quartz lens. The linear polarization
is nearly pure and was rotated by a half-wave plate~New-
port!. Due to the large HF overtone absorption cross
section39 and the narrow-linewidth IR laser output, second
overtone excitation is efficient and it was possible to achieve
excitation efficiencies as high as 10%–50%. However, satu-
ration was avoided in our experiments. The parallel IR tran-
sitions,R~0!, R~1!, andP~1! were utilized in this study. Pho-
toacoustic spectra and a pulsed wavemeter~Burleigh, WA-
4500! were used to match the Ti:sapphire laser frequency to
the HF overtone transitions.

Vibrationally excited molecules were further excited
with 193.3 nm radiation from an ArF excimer laser~Lambda
Physik, EMG 101 MSC, 5–15 mJ directed into the vacuum
chamber!. The excimer laser beam was focused with a 65 cm
f.l. quartz lens. This radiation could be polarized with an
8-plate stack of quartz slides placed at the Brewster angle,
resulting in approximately 90% polarization. Hydrogen at-
oms produced from photodissociation were excited by 121.6
nm VUV radiation to the 22P state. This radiation was gen-
erated by tripling the 364.7 nm output from an excimer
pumped dye laser~Lambda-Physik 3002! in Kr, and was
focused in the interaction region by a MgF2 lens. Another
excimer pumped dye laser~Lambda-Physik 2001! further ex-
cited the H atoms from the 22P level to a high-n Rydberg
level ~n540–90!. The high-n Rydberg states are radiatively
metastable and remain highly excited for many tens of mi-
croseconds. A small percentage of these excited atoms drift
with their nascent velocities to a multichannel plate~MCP!
detector~Galileo Electro-Optics!, where they are detected as
ions after being efficiently field ionized in front of the MCP.
The flight path is 110.6 cm. TOF spectra were recorded by
using a transient digitizer~DSP 2001! and averaged and
stored in a computer. The sampling interval of the transient
digitizer was 20 ns and typically 1000 channels around the

region of interest were recorded; spectra usually represent
1–63103 laser firings. In order to survey HF overtone spec-
tra from the molecular beam, action spectra were also taken,
i.e., intensities of integrated H atom TOF spectra from the
IR1UV photodissociation were monitored as a function of
IR laser wavelength. For the simple case of diatomic HF,
action spectra are a direct reflection of the overtone absorp-
tion spectra. A similar technique to obtain overtone spectra
has been reported.40

A less complex experiment was the VUV photodissocia-
tion of HF, as neither the IR laser nor the excimer photolysis
laser were involved. The 121.6 nm VUV radiation served as
both the photolysis source and probe radiation; 3.53104 laser
firings were required because of the weak VUV radiation.

III. RESULTS AND ANALYSIS

A. Spin–orbit branching ratio [F( 2P1/2)]/[F(
2P3/2)]

Shown in Fig. 3 is a TOF spectrum of the H atom prod-
uct measured with optimized conditions and with the IR-
laser-off background subtracted. The overtone transition is
fixed on theR~0! line, i.e., the IR excitation in the first step
is (v53, J51)←(v50, J50). UV radiation induces disso-
ciation of the HF molecules fromv53, J51. Though the
absorption cross section of HF at 193.3 nm is very small, the
huge signal indicates a large enhancement of the absorption
cross section after IR pre-excitation. H atoms deriving from
one-photon UV and IR1UV two-photon excitation are well
separated by the translational energy, and no signal from
193.3 nm radiation alone is observed. Note the excellent
signal-to-noise ratio.

The c.m. translational energy spectrum shown in Fig. 4
is obtained from a direct conversion of the TOF spectrum in
Fig. 3. Both the F~2P1/2! spin–orbit energy andD0~H–F!
reflect the literature values.41,42The resolution, i.e., width of
the peaks in Fig. 4, is limited by the excimer laser linewidth.

FIG. 2. IR1UV photodissociation scheme of HF molecule. Details of the
excited surfaces are not shown.

FIG. 3. H atom TOF spectrum of HF inv53, J51. 5% HF/Ar, total stag-
nation pressure 760 Torr, 6000 laser shots,R~0! transition, vertical IR laser
polarization, and unpolarized UV radiation~see Fig. 1 for definition!.
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One must exercise care when determining the spin–orbit
branching ratio@F~2P1/2!#/@F~2P3/2!# in the IR1UV photodis-
sociation experiment. In typical one-photon, electric-dipole-
allowed photodissociation, sample molecules are initially
randomly oriented in space, and the photofragment angular
distribution can be described by43

I ~x,f!5
s

4p
@11bP2~cosx!#, ~3!

whereb ~21<b<2! is the asymmetry parameter,x is the
polar angle between the electric vector of the polarized ra-
diation and the final photofragment recoil direction, andf is
the azimuthal angle around the electric vector. In the case of
IR1UV photodissociation, molecules are initially aligned by
IR excitation before subsequent UV photodissociation, so
initial molecular alignment must be taken into account. Hy-
perfine interaction will reduce the degree of alignment, as
discussed later. For prompt photodissociation and axial re-
coil, the fragment angular distribution for an aligned mol-
ecule is given by44

I ~x,f!5
s

4p
PJ8~x,f!@11bP2~cosx!#. ~4!

Note that in both Eqs.~3! and ~4!, x is defined as the polar
angle between the UV radiation polarization vector and the
photofragment velocity or the detection direction~i.e., for
fast dissociation, the angle between the UV radiation polar-
ization vector and the molecular axis!, andf is the azimuthal
angle around the UV polarization.PJ8(x,f) is the probability
of finding the molecule in the rotational stateJ with the
molecular axis aligned at angles~x,f! with respect to theUV
laser polarization vector. PJ8(x,f) depends on the angleu of
the IR polarization and the detection direction, i.e., the mo-
lecular axis, and is described by Eq.~1!. For special cases,

simplified formulas can be derived from Eq.~4!. For ex-
ample, when the IR and UV polarization vectors are parallel,
i.e., whenu5x:

I ~x!}@11A0~J!P2~cosx!#@11bP2~cosx!#. ~5!

On the other hand, when the electric vectors of the IR and
UV radiations are perpendicular to each other and the
photofragment is detectedin the plane of the two electric
vectors, u590°2x. In this case, the angular distribution is
given by

I ~x!}@11A0~J!P2~cos~90°2x!!#@11bP2~cosx!#.
~6!

In the H fragment TOF distribution measurement shown
in Fig. 5, the IR polarization is along the flight path. With
horizontally and vertically polarized UV~see Fig. 1!, the
anglesx between the UV polarization and the flight path are
90° and 0°, respectively. Since the detector solid angle is
small, the terms for the probabilities of HF alignment in both
situations become identical, i.e.,@11A0(J)P2~cos 0°!#.
Therefore, at these two specific angles, the relative H frag-
ment angular distribution can be reduced to Eq.~3!.

It is clear from Fig. 5 that when the UV laser is horizon-
tally polarized, i.e., perpendicular to the flight path, the H
atom signal is a maximum, whereas the signal with the UV
polarization parallel to the flight path is a minimum. The
signal observed with vertically polarized UV radiation is a
result of imperfect polarization from the stacked quartz-plate
polarizer. Since HF is aligned along the flight path~IR po-
larization along the flight path and theR~0! transition!, it is
obvious that the electronic transition dipole moment of HF is
perpendicular to its molecular axis. The peaks associated
with both F* and F appear to have the same UV polarization
dependence. In order to obtainb parameters for the two
channels, relative intensities of the two peaks at different UV
polarizations must be used. The two F atom peaks are fitted

FIG. 4. c.m. translational energy distribution from direct conversion of the
TOF spectrum in Fig. 3.

FIG. 5. UV polarization study: H atom TOF spectra of HF inv53, J51
with polarized UV radiation. IR laser polarization is vertical.R~0! transition.
Spectra are normalized to laser power and number of laser shots. Signals at
vertical polarization are mainly due to imperfect polarization.
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to Gaussian or Voigt functions and the areas of the peaks are
used. Correction for imperfect polarization is also taken into
account. The resultingb parameters for the two product
channels are estimated to be:b~F* !521.060.05 andb~F!5
21.060.05. Thus, it appears that both channels derive from
the perpendicular transitionA 1P←X 1S1. Since both
channels have the sameb, calculation of the spin-orbit
branching ratio F* /F is trivial; the ratio of the peaks in the
c.m. translational energy distribution directly reflects the
spin–orbit branching ratio. Our best estimate is
@F~2P1/2!#/@F~2P3/2!#50.7160.03.

Photodissociation at 121.6 nm has also been observed.
The c.m. translational energy distribution from direct conver-
sion of the TOF spectrum is shown in Fig. 6. The VUV
linewidth is sufficiently narrow~;1 cm21! to ensure that the
peak width reflects the TOF spectrometer resolution. Be-
cause of the noise in the distribution, the peaks are fitted with
Gaussian functions and relative areas are used to obtain the
branching ratio. Though the VUV radiation is mainly verti-
cally polarized, we were unable to conduct a VUV polariza-
tion study due to the low signal intensity. Since
A 1P←X 1S1 is likely to be the only electronic transition at
121.6 nm,22–26 it is reasonable to assume that both channels
have the sameb. In this case, the relative areas of the two
channels indicate a spin–orbit branching ratio of 0.6960.14.

B. H atom action spectra

Overtone spectra have often been recorded by using pho-
toacoustic spectroscopy because of its high sensitivity. Since
this is usually done with a room temperature sample, resolu-
tion is affected by spectral congestion, pressure broadening
and Doppler broadening. Though these drawbacks can be
overcome by using a supersonic jet instead of a gas cell, a
sensitive technique is required. Spectroscopic techniques
such as intracavity laser absorption spectroscopy~ICLAS!,45

ion dip spectroscopy,46 and optothermal spectroscopy,47 have
been used with supersonic beams. Photofragment spectros-
copy is another common technique for studying overtone
spectroscopy. For example, multiphoton infrared laser as-
sisted photofragment spectroscopy~IRLAPS! with LIF
detection,48 vibrationally mediated UV photodissociation
with LIF detection,49 and vibrationally mediated UV photo-
dissociation with multiphonon ionization detection40 have
been demonstrated as effective tools to study overtone spec-
troscopy of molecular beam samples.

Our approach is similar to the last two techniques. The
total integrated intensities of the H photofragment are re-
corded as the IR laser is scanned through an overtone tran-
sition. The action spectra of the H atom product are effec-
tively the HF overtone spectra. This technique mass selects
the H atom with the advantage that space charge effects due
to ionization are avoided. A typical scan over theR~0! tran-
sition in the second overtone band is shown in Fig. 7. The
linewidth is measured to be;0.01 cm21, which is the con-
volution of the laser linewidth and residual Doppler width of
the HF molecules in a supersonic jet. Care was taken to
avoid saturation of the transition. Almost identical action
spectra were taken with both HF/Ar and HF/He mixtures,
indicating minimal Doppler broadening. The measured peak
width is consistent with the linewidth of the Ti:sapphire la-
ser, and the peak position is within the accuracy of the
wavemeter.

C. Alignment parameters and depolarization
coefficient

Since HF photodissociation is prompt, the H fragment
will travel in the direction of the HF axis. The experimental
geometry~Fig. 1! is such that if HF is initially aligned, the
angular distribution using unpolarized UV will only depend
on the IR polarization direction, and therefore can be used to
measure the IR alignment parameter. The dependence of the

FIG. 6. c.m. translational energy distribution of HF photodissociation at
121.6 nm. 5% HF/Ar and 760 Torr total stagnation pressure. Circles are
from direct conversion of experimental TOF spectrum, while the solid line
represents the fit using Gaussian functions.

FIG. 7. H atom product action spectrum: total H atom yield is monitored
with the IR laser scanned across theR~0! transition line. The linewidth is
mainly from the laser linewidth.
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H atom TOF intensities can be described by Eq.~1!. Note
that u in Eq. ~1! is the angle between the IR polarization
direction and the flight path.

Figure 8 shows the intensities of integrated H atom TOF
spectra for theR~0! transition at various IR polarization
angles with respect to the flight path. The IR polarization
was rotated by using a half-wave plate. To minimize depo-
larization due to hyperfine interaction, the TOF spectra were
taken with minimum delay between the IR laser pulse and
the UV photolysis laser pulse. Because of the small but finite
solid angle of the detector and the large ratio between the H
atom c.m. velocity and the parent molecule lab velocity, cor-
rection for the angular distribution due to a lab→c.m. system
transform is negligible. In order to minimize changes in ex-
perimental conditions such as IR laser frequency drift, laser
power fluctuation, etc., a reference angle ofu50° was cho-
sen. Reference TOF spectra were taken for every 2–3 TOF
spectra at other angles and each TOF spectrum was accumu-
lated from 500 laser shots. The dots in Fig. 8 are the experi-
mental data normalized to the reference angle, and the error
bars derive principally from the wavelength fluctuation of
the IR laser. The solid line is from a least-squares fit using
Eq. ~1!. The alignment parameterA0

R~0! is estimated to be
2.060.1, in agreement with the theoretical value.27,32 For
R~0!, the probability of HF alignment along the IR polariza-
tion vector is indeed a cos2 u distribution.

A similar experiment was carried out forR~1! and the
results are given in Fig. 9. The best fit forA0

R~1! is 1.060.1,
in agreement with the theoretical value.27,32 For P~1!, the
molecular axes are distributed isotropically, i.e.,
A0
P~1!50.27,32 The data in Fig. 10 verify this.
The time-dependence of the alignment parameter can be

measured by varying the delay between the IR and UV la-
sers, as in the study of Orr-Ewinget al.35 Measurements of

the H atom signal intensities with the IR laser horizontally
and vertically polarized allow us to calculate the alignment
parameter by using Eq.~1!. The half-wave plate was rotated
to achieve horizontal and vertical polarization alternatively at
each delay. There is a practical limit to the delay, since HF~v
53! molecules move out of the UV laser probe region as per
the beam velocity. The weak hyperfine interaction gives;ms
recurrence times, which are readily observed in an HF/Ar
beam. Though the absolute signal intensity drops as the de-
lay increases, the alignment parameter depends only on a
ratio of signal intensities. In the present study,R~0! was
chosen since it undergoes the largest degree of
depolarization.28,33 The depolarization coefficientG(2)(t)
was obtained from the measured alignment parametersA0(t)
by using Eq.~2!. Note that forR~0!, A0(t50) is 2. The filled

FIG. 8. Measurement of alignment parameter forR~0! transition: total in-
tensity of H atom product vs IR polarization. Filled dots are experimental
measurements, normalized to that atu50°, i.e., when the IR polarization
and the flight path are parallel. The solid line is a fit using Eq.~1!, giving a
cos2 u distribution, i.e., an alignment parameter of 2.060.1.

FIG. 9. Same as in Fig. 8, but for theR~1! transition. The alignment param-
eter is 1.060.1.

FIG. 10. Same as in Fig. 8, but for theP~1! transition. The alignment
parameter is 0, corresponding to an isotropic distribution.
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dots in Fig. 11 show the measured depolarization coefficient
for various delays, and a pronounced oscillation is observed.
A comparison between experimental results and theoretical
calculations is presented below.

IV. DISCUSSION

A. Photodissociation mechanisms and spin–orbit
branching ratio

The X 1S1 ground state correlates adiabatically with
H~2S!1F~2P3/2!. Among the excited states,A 1P, a 3P2,
a 3P1, and a 3P02 correlate adiabatically with
H~2S!1F~2P3/2!, while 13S1 anda 3P01 correlate adiabati-
cally with H~2S!1F~2P1/2!.

7,9,12 Since singlet–triplet transi-
tions are negligible for a small molecule like HF,9 the only
allowed transition in the region of the first absorption is
A 1P←X 1S1, consistent with the perpendicular nature of
this channel.

Since both spin–orbit channels have the same UV polar-
ization dependence~and thus the sameb!, they both prob-
ably derive from theA 1P state which is accessed in the
Franck–Condon region. It is the couplings at large separation
that determine the spin–orbit branching ratio. Unlike HI,
since the UV photoexcitation of HF is restricted to singlet–
singlet transitions, there is no complication from initial popu-
lation of multiple electronic states. In the adiabatic limit, the
atoms separate slowly and the initially populated molecular
states correlate adiabatically with the atomic fragment spin–
orbit states, i.e., the branching ratio [2P1/2]/[

2P3/2] for HF
should be 0. In the diabatic limit, separation occurs very fast
such that the formation probabilities of2P1/2 and

2P3/2 are
determined by the probabilities of projecting the molecular
wave function onto the eigenstates of the separated atoms.
The branching ratio [2P1/2]/[

2P3/2] in the diabatic limit
is 0.5.7,50Our measurement of the branching ratio in IR1UV
photodissociation shows that@F~2P1/2!#/@F~2P3/2!#50.71
60.03. This corresponds to neither the adiabatic limit nor the

diabatic limit, being higher than both. Even for 121.6 nm
photodissociation, the diabatic limit is not achieved.

Detailed theoretical studies of HCl have helped elucidate
its photodissociation mechanisms,8–11 and this knowledge is
also applicable to HF. At large H–F distances where the
spin–orbit energy becomes significant, couplings ofA 1P
and neighboring triplets will redistribute the photodissocia-
tion flux and thus determine the product spin–orbit branch-
ing ratio. Spin–orbit coupling betweenA 1P and theV51
components ofa 3P and 13S1 may play an important role.
As with HCl,2–11 dissociation cannot be assigned to either
the adiabatic or diabatic limit. A complex spin–orbit cou-
pling of the excited potential curves is involved, and we hope
this work will stimulate a theoretical study of the HF spin–
orbit branching ratio.

B. Alignment and depolarization

Though the optical pulse aligns the rotational angular
momentum of the molecule withA0(t50), coupling of the
rotational angular momentum and the nuclear spin will sub-
sequently reduce the degree of alignment. Note that in our
experiment we measure the alignment of the molecular axis
instead of the rotational angular momentum. However, these
two alignment parameters exhibit the same time dependence
and they are directly related.A0(t) evolves in time as per Eq.
~2!, which defines the time-dependent depolarization coeffi-
cient,G(2)(t). For a diatom with a single spin this is given
by Blum31 and Zare:32

G~k!~ t !5 (
F,F8

~2F811!~2F11!

~2I11!

3H F8 F k

J J IJ
2

cos@~EF82EF!t/\#, ~7!

wherek is the order of orientation and alignment parameters
andEF andEF8 are energy levels from coupling of rotational
and nuclear spin angular momenta.

The depolarization coefficient of a molecule with two
nuclear spins,I 1 and I 2 has been derived by Fano and
Macek30 and by Altkorn, Zare, and Greene:33

G~k!~ t !5
1

~2I 111!~2I 211! (
a,a8
F,F8

~2F811!~2F11!

3U (
Fi ,Fi8

~21!Fi1Fi8@~2Fi11!~2Fi811!#1/2

3caFi
~F ! ca8Fi8

~F8!* H Fi8 F8 I 2

F Fi k J
3H J Fi8 I 1

Fi J k J U2cos@~EaF2Ea8F8!t/\#. ~8!

Calculation of the depolarization coefficient has been de-
scribed extensively by Altkorn and co-workers33 and Orr-
Ewing and co-workers,35 and their computer program has

FIG. 11. Depolarization coefficient as a function of IR–UV delay. Dashed
and solid lines are calculations; see text for details.
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been used here. In the present study, HF~v53! is examined,
whereas previous studies were limited tov50 and 1.51–55

Since hyperfine coupling constants for HF~v53! are unavail-
able from experiment, they must be estimated. A comparison
of the calculated depolarization coefficient using the esti-
mated constants can provide insight into the vibrational and
rotational dependence of these constants at higher vibrational
states.

Hyperfine interaction in HF is represented by the
Hamiltonian:51,53

H5CF~ I F–J!1CH~ IH–J!1JHF~ IH–I F!15SHF

3
3~ I F–J!~ IH–J!13~ IH–J!~ I F–J!22~ I F–IH!J~J11!

~2J13!~2J21!
,

~9!

whereCF and CH are spin–rotation constants,JHF is the
indirect ~electron-coupled! spin–spin interaction constant,
andSHF is the direct spin–spin interaction constant. These
hyperfine constants define the energy levels whose splittings
determine the recurrence times, as shown in Eq.~8!.

It is known that hyperfine constants depend on vibra-
tional and rotational states via their dependence on internu-
clear distance,51–55and that they can be expanded in a Taylor
series about the equilibrium internuclear distanceRe :

^C&vJ5Ce1
dC

dj U
Re

^j&vJ1
1

2

d2C

dj2U
Re

^j2&vJ1••• , ~10!

where j5(R2Re)/Re . In previous studies,51,53,55 the
vibration–rotation expectation values ofj with only the lin-
ear vibrational term were considered, resulting in a simple
semiquantitative model for HF:53 CvJ5C(v,J50) 1av
1bJ(J11). The fluorine and hydrogen spin–rotation con-
stantsCF and CH increase with vibrational and rotational
quantum numbers, while the direct spin–spin constantSHF
decreases slowly with increasing quantum numbers. TheCF
constant is predominant among the hyperfine constants and
is sensitive to the change in vibrational and rotational states.
The hyperfine structure constants can be extrapolated using
this semiquantitative formula,53 and the corresponding calcu-
lation of the depolarization coefficient is shown by the
dashed line in Fig. 11. However, a more accurate evaluation
of the expectation values has been proposed,55 in which con-
tributions from quadratic terms in vibration are included, es-
pecially at higher vibrational levels. Using the accurate ana-
lytic forms of the expectation values56 and the derivatives of
the constants,55 we estimated thev53, J51 hyperfine con-
stants:C31~F!5483 kHz,C31~H!5266 kHz, S31~HF!5139
kHz. The indirect spin–spin coupling constant is very small
and the value for the ground state~0.529 kHz! is used. Com-
pared to the well-known ground state values:C01~F!5307.65
kHz, C01~H!5271.10 kHz,S01~HF!5143.45 kHz, there is a
significant increase in theCF constant, as expected. The cal-
culation for the depolarization ofv53, J51 using this new
set of constants is shown as the solid line in Fig. 11. Agree-
ment with the data is excellent, supporting the extrapolated
hyperfine constants.

The depolarization coefficientG(2)(t) for R~0! ~v53,
J51! oscillates and does not return to the initial value of
unity during our measurement time. In this short time frame,
the first recurrence corresponds to the fastest beat frequency,
i.e., the largest energy splitting in the hyperfine levels. The
measured frequency in this experiment is most sensitive to
CF , and the values used for the two calculations differs by
about 15 kHz. Both calculated depolarization coefficients are
close to the data, but close inspection favors the solid curve
using the set of improved hyperfine constants.55,56 Data at
large delays are noisy due to the decreased signal intensity.
However, data in the high signal-to-noise region~delays
,1.5ms! agree best with the solid line, suggesting a contri-
bution from higher order terms in vibration. Similar behavior
has been observed in HCl.57

V. SUMMARY

This study has expanded the experimental database con-
cerning HF photophysics. Dissociation is photoinitiated from
a singlev53 rotational state, and UV polarization studies
indicate that the transition dipole moment is perpendicular to
the molecular axis (A 1P←X 1S1) and F* and F peaks
both have the sameb parameters. The branching ratio was
measured for both the IR1UV ~F* /F50.7160.03! and
VUV ~F* /F50.6960.14! photolysis schemes, which corre-
sponds to neither the adiabatic nor diabatic limits.

For unpolarized UV, the angular recoil distribution of
photofragments depends on the orientation of the electric
vector of the linearly polarized IR radiation, thus manifesting
the IR alignment effect. Several alignment parameters were
determined:A0

R~0!52.060.1, A0
R~1!51.060.1, A0

P~1!50, in
agreement with theory.

Time dependence of the alignment parameter was mea-
sured by varying the delay between the IR and UV lasers.
ForR~0!, a strong oscillation of the alignment parameter was
observed with;ms recurrence time. The hyperfine coupling
of HF in v53 was examined, testing the vibrational depen-
dence of the coupling constants. Contributions from higher
order terms in vibration are suggested.
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