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Combining Time-of-Flight Methods and Velocity-Aligned Doppler Spectroscopy to Measure
Wavelength-Dependent Product State Distributions in HSe Photolysi$
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Results are presented on the ultraviolet photolysis g8ed An experimental approach is introduced that
combines velocity-aligned Doppler spectroscopy (VADS) with time-of-flight (TOF) methods. Atomic hydrogen
is detected, and by utilizing a tunable photolysis source, one is able to map out propensities for populating
HSe vibrational states as a function of photolysis wavelength. Interest in observing such behavior in triatomic
systems was suggested theoretically by Schinke and co-workers in the mid-1980s.

I. Introduction we show that the wavelength dependence of individual HSe
vibrational channels resulting fron,He photolysis can indeed

sophisticated in its ability to measure detailed product state be measured, and the hybrid experimental method used to make

AT . ) o these measurements is introduced.
distributions resulting from photodissociation. The number of o
systems that can be interrogated, the ways in which these TWo decades ago, Welge and co-workers originally presented
systems can be explored, and the degree of correlation that ondh€ use of 121.6+ 365 nm resonance ionization through
can observe between product states has evolved amazingly if-YMan-< as a means of detecting atomic hydrogéAs a way
the past 3 decadésThese advances are due in no small part to of gaining |n5|ght into photodissociation events, tr_le tgchnlque
technological triumphs such as the tunable dye laser, but theyWas coupled with a TOF approach to measure kinetic energy
are also due to pioneering practitioners in the field who have distributions (and by inference internal energy distributions)
enabled technology to be implemented in innovative wags. ~ during the mid-19802° In this same time period, Wittig and
In this paper, we demonstrate how one can combine time-of- CO-Workers developed the method known as velocity-aligned
flight (TOF) methods with velocity-aligned Doppler spectros- Doplgler spectroscopy (VADS) and applied it to atomic hydro-
copy (VADS) to measure correlated product state distributions. 9N+ While the VADS metg?d was being applied to systems
In the current study, the photolysis target is a polyatomic Other than atomic hydrogéfi**a huge improvement in H atom
molecule (HSe) and the interrogated product is atomic hydro- detection was introduced again by Welge and co-workers in

gen, but the approach does not appear to be restricted to thesé€ late 19803.The Rydberg TOF method allowed one to avoid
two systems. space-charge problems in the probe laser region, and the result

There are several reasons for selectingSéi as a target ~ Was remarkable kinetic energy resolution. Throughout the 1990s,
molecule. It is one of the simplest metal-containing gaseous & humber of groups have utilized this method to study systems

species that can be handled easily, and its excited-state dynamic¥/here the H atom is the product of a photolysis e¥#it as

may prove tractable computationally. It has a significant Well @ a bimolecular reactive evelit.

absorption cross section throughout the mid-ultraviolet region ~ As originally pioneered, the VADS method added a twist to
(unlike the more often studied group VI memberg-and HS), conventional Doppler spectroscopylnstead of conducting a
thus HSe can be investigated with tunable photolysis sources photolysis/probe experiment with a short delay and measuring
having reasonable intensity. Finally, it is a good candidate to a traditional, photofragment Doppler profile complete with all
observe individual reactive scattering resonances as outlinedvelocity projections on the probe axis, one simply delayed the
theoretically for triatomic systems by Schinke and co-workers two lasers sufficiently so that only those photofragments
in the mid-1980%8 For a direct photodissociation process, there travelling forward or backward along the probe axis were
is a probability of scattering into each energetically available sampled. This velocity alignment resulted in a dramatic change
vibrational and rotational state in the diatomic fragment. In cases in the Doppler profile, since one could now observe discrete
where the quantum yield for fragmentation is unity (or at least Doppler shifts correlated with the quantized energy deposition
constant), a summation of the photolysis wavelength depend-in the counterfragment. In the mid-1990s, Lorenz et al. enhanced
ences for each quantum state yields the electronic absorptionthe resolving power of the VADS method significantly by
spectrum. However, as originally discussed by Schinke and co-separating the photolysis and probe laser beams spaiéfly.
workers, the individual vibrational state wavelength dependencesBy sacrificing one-half of the Doppler profile, which contains
may well contain interesting information on the dynamics of redundant information, and utilizing a ring laser as a probe,
the dissociation proced8.While subsequent work may have resolution improved by an order of magnitude. Moreover, one
revised their initial theoretical treatmetitthe underlying idea could now interrogate the nuclear hyperfine states of the species
of investigating the wavelength dependence of scattering into being probed, the H atom, and correlate these state distributions
individual vibrational states remains intriguing. In this paper, Wwith the state distributions of the counterfragment, in this case
the electronic states of Br. In the current paper, recent work on
T Part of the special issue “C. Bradley Moore Festschrift”. H,Se photolysis is presented. In addition to straightforward TOF
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The field of chemical dynamics continues to grow more
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Figure 1. Schematic diagram of the experimental apparatus. The labels » 0416 ]
indicate (1) nozzle, (2) photolysis laser beam, (3) variable aperture, g Secondary HSe | || _ HSe_
(4) ion extraction plates, (5) probe laser beam in TOF mode (H- ® 0.2 [ Photolysis fi, @=12v=0)
configuration), (5 probe laser beam in VADS mode (T-configuration), T

E

(6) ion aperture, (7) microchannel plate detector. o

26 28 30 32 34
measurements, a further modification of the VADS method is t/ us

introduced. Doppler spectra are taken in which the probe Figure 2. Survey TOF scan for H atom production after the 266 nm
frequency and the probe delay are scanned synchronously. AlsOppotolysis of HSe. The photolysis and probe laser beams were set in
the relationships between beam configuration, apertures, andthe H-configuration as shown in Figure 1, and the photolysis laser output

resolution are briefly discussed. was polarized vertically with respect to the axis traversed by the H
atoms.

N
IS

Il. Experimental Section o
ionization region further defines the spatial region that is

~ The basic experimental configuration is shown schematically yitimately detected by the probe beam. In the T-configuration,
in Figure 1. It is similar to that described previoudhy?’ but a VADS experiment is conducted wherein both the probe laser
the current arrangement takes advantage of several importanfrequency and photolysis/probe delay time must be adjusted so
modifications. The photolysis of #$e in a supersonic expansion  that H atoms with the desired Doppler shift are interrogated at
is initiated with the focused output of either the fourth harmonic the correct time in the ionization region. The VADS feature of
(266 nm) of a Nd:YAG laser (Coherent Infinitys0.1 cntt the method permits one to scan the probe laser thereby positively
bandwidth at 266 nm) or the frequency-doubled output of a 355- jgentifying quantum states in the interrogated products. Here,

nm-pumped broadband optical parametric oscillator (OPO) the product states are the nuclear hyperfine states of the H atom.
pumped by the third harmonic (355 nm) of the Nd:YAG laser.

Commercially, this OPO is termed an XPO by its manufacturer
Coherent. Although it is relatively broad in frequency, the XPO
is rather simple to use. In our experiments, the fundamental When HSe molecules are photolyzed at a fixed frequency
XPO output is typically~20—30 mJ/pulse over a range of 420 and produce H atoms, a variety of H atom speeds are produced
to 500 nm. We estimate that the ouput has a frequency due to the quantal nature of the HSe counterfragment. However,
bandwidth of~10—20 cnt? over the doubled tuning range from it must be emphasized that all references to HSe or Se state
210 to 250 nm with a pulse energy ofl—2 mJ. The focusing populations come about from inference. No HSe or Se detection
lens used has a nominal focal length of 30 cm. In contrast to was done in these experiments. In Figure 2, the results of a
our previous work®37 the flight distance to the probe region survey TOF scan for the 266 nm photolysis ai3¢ are shown.

has been increased by an order of magnitude. A variable apertureHere,kpn andk,, were set in the H-configuration, and H atom
(labeled (3) in Figure 1) adds an additional constraint to the detection as a function of the delay between the photolysis and
velocity vectors that intersect the probe region. The species beingthe probe lasers was monitored. The 266 nm laser output was
detected, in this case the H atom, is probed in a second chambevertically polarized with respect to the direction travelled by
at a distance 0.45 m from the point of photolysis. Here, the H the nascent H atoms, and clear evidence for the formation of
atoms are ionized with probe laser radiation viell(121.6+ two spin—orbit HSe channels was observed. While rotational
365 nm) resonance through Lyman-The probe pulse is  state populations are observable in each case, no significant
generated in the following manner. The output of an"Ar  vibrational population above = 0 was identified for either
pumped ring laser (Coherent 8999; Ti:sapphire; 730 nm) is  state, although energetically 266 nm photolysis can populate
pulse amplified in three sequential excimer-pumped dye cu- up tov = 4 in the case of the HSe ground electronic state. As
vettes. After frequency doubling in a BBO crystal, the resulting shown in Figure 2, secondary HSe photolysis channels resulting
365 nm radiation is pulse amplified and frequency tripled in in H and Se in a variety of electronic states were also readily
Kr. Typical 365 nm pulse energies ate€l2—15 mJ, and the identified. Note too that changing the photolysis laser from

' |1l. Results

final 121.6 nm probe frequency bandwidth is estimated @01 vertical to horizontal polarization with respect to the product
cm L, axis (not shown) dramatically changes the relative -spirbit
In this modified experimental approach, the photoly&ig)X intensities in favor of th&2 = ¥/, state.

and probe K,) directions of propagation can be arranged in In Figure 3, a scan of the 281 us delay region of Figure
either a parallel (H-configuration) or perpendicular (T-config- 2 is shown. Significant rotational population is observed in the
uration) geometry, as shown in Figure 1 by the labels (5) and » = 0 vibrational level of theQ = 3/, state, and the individual
(5", respectively. In the H-configuration, the approach becomes rotational state contributions used to simulate the spectrum can
simply a high-resolution time-of-flight experiment. In this be seen in the underlying structure. Note, however, that the
geometry, the probe laser is set at the zero-Doppler shift spectral features cannot be accurately simulated without inclu-
frequency of the H atom corresponding to the Lymwan- sion of contributions from a secondary HSe photolysis channel
transition. Experimentally, one measure$ signal (and thus as indicated. The rotational populations used to fit the data are
neutral H atom arrival) as a function of photolysis/probe delay included in Figure 4. For comparison purposes, rotational
time. Note that an aperture (labeled (6) in Figure 1) above the distributions forv = 0 of the Q@ = 1/, state are provided. Also
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Figure 3. Expanded spectrum of tt¢ = ¥/, » = 0 rotational manifold (v—82250cm )/ cm
of Figure 2 showing experimental data along with individual simulation Figure 5. Doppler profiles for théS,,, — 2P, portion of the Lymana
components. The primary heavy line constitutes the fit to the experi- transition in atomic hydrogen. The T-configuration of Figure 1 was
mental data points. The rotational values used can be found in Figureused, the flight distance was 450 mm, and the three different profiles
4, and the HSe photolysis contribution is as noted. Note also that the correspond to the specific, fixed delay times marked in Figure 3. The
three selected delay times marked by arrows are associated with thegreater spectral complexity fos &ind ¢ can be attributed to H atoms

1

three Doppler spectra shown in Figure 5.

correlated with separate HSe counterfragment states as well as-HSe
hvy — Se+ H.

0.1 e
[ﬁ ] that are split by 0.0474 cm in the ground state of atomic
0.08 b “v=0, Q=32 | hydrogens® For timet;, which correlates with the HSe coun-
_ i ~iFy=0, Q=1/2 terfragment being left behind in one of its low rotational states,
+ 006 |} A-v=1,0=32 | the Doppler spectrum is basically smooth. Note, however, that
~ QA the energy spacing between the lower HSe rotational levels is
: 0.04 A\ "ﬁ rather small, so in this region there are not discernible, discrete
o 1Y “packets” of H atoms arriving at the detection point. As is the
002 . N 1 case with 193 nm HBr photolysf§,within experimental error
’ - the nuclear hyperfine F states in the H atom appear to be
T L populated equally, after accounting for degeneracy. In other
OO 2 4 6 ' 0‘%%4 words, there is no apparent dynamical bias toward populating

one of the two states. At time, which correlates with HSe
) ) o counterfragments being left behind between their fifth and sixth
Figure 4. Rotational quantum state distributions extracted from yqtational levels, the observed Doppler profile is composed of
Expenmental data for indicated HSe ele<_:tron|c and V|brat|o_nal states. tIWO overlapping, but slightly offset, sets of features. In each
ach state examined had the same basic appearance for its rotationa . . "
state distribution. Note>P; = 1 andJ = N + Q. case, the features are split by 0.0474 €ntere, the “packets
of H atoms arriving at the detection point are distinguishable,
since the energy spacing between rotational levels has increased.
The correlation is apparent in the middle spectrum in Figure 5.
cases, the rotational distributions are similar in appearance. One set of peaks corresponds to an HSe counterfragment in its
When only the rotational states of the He= 3/, channel fifth rotational state, while the other set can be attributed to
were used to simulate the spectrum of Figure 3, it was not HS€ fragments in their sixth rotational state. However, once
possible to achieve a good fit. The presence of an underlying @3ain, no dynamical bias is observed in the F-state populations.
contribution from a known HSe photolysis pathway was likely. ~ For the region in the vicinity of timds in Figure 3, the
To further examine this issue, studies were conducted with the spectral fitting was particularly difficult when only H- HSe
photolysis and probe lasers in the T-configuration as describedchannels were used. This difficulty was surprising because the
in Figure 1. Also, the T-configuration enabled us to examine rotational energy spacing is large in this region. In fact, the
the nuclear hyperfine states of the H atoms and correlate theséPoppler profile for § shown in Figure 5 helps explain the
populations with specific HSe product states. The results of three original fitting problem. This spectrum is not smooth at all, most
such studies are shown in Figure 5. For these studies, the arrowdikely because it contains several contributions including an H
(t1, t, and §) marked in Figure 3 indicate the corresponding + Se €P;) channel arising from the secondary photolysis of
delay time at which each Doppler scan was performed. Note HSe. In effect, there are several H atom packets that arrive at
that this particular experiment puts three constraints on an H slightly different times and have slightly different Doppler
atom that is being detected. After travellingd50 mm, the H resonances. The resulting Doppler spectrum of Figure 5 is
atom must be at a specific place at a specific time, and it must correspondingly not clear. Note that we do not think that the
have the appropriate Doppler shift or it will not be detected. less than ideal spectrum arises from a signal-to-noise problem,
The laser beams as well as the apertures shown in Figure 1although this possibility cannot be ruled out completely. Finally,
place spatial constraints on the velocity vectors that can satisfyif one adds a contribution from the known secondary photolysis
the time and frequency conditions. channel in this region as shown in Figure 3, then the spectral
For Figure 5, the’S;, — 2P, transition in Lymane. was fit for that data becomes much better.
scanned. The inherent velocity alignment in the modified VADS  Figures 6 and 7 present the results foiSd photolysis at
method allows one to resolve the nuclear hyperfine (F states)four different wavelengths. Here, the frequency-doubled output

shown is the rotational distribution far = 1 of the Q@ = 3/,
HSe manifold resulting from 225 nm photolysis. In all three
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Figure 6. Doppler spectra taken at photolysis wavelengths of 240 and Figure 7. Doppler spectra taken at photolysis wavelengths of 220 and
230 nm with the photolysis/probe delay synchronously adjusted. The 210 nm with the photolysis/probe delay synchronously adjusted. The
T-configuration of Figure 1 was used. Note that one can begin to see T-configuration of Figure 1 was used. When compared with Figure 6,
the emergence of HSe vibrational population for 1 andv = 2. note the significant increase in the population of the HSe vibrational
quantum states as the photolysis wavelength is decreased.

of the Nd:YAG-pumped XPO was used. As in the case of Figure

5, the photolysis and probe lasers were set in the T-configura- 10

tion. To acquire these spectra, the probe frequency was locked 0.9F
to a specific Lymara transition. To scan the spectrum, both

the probe frequency and the photolysis/probe delay were scanned 0.8
synchonously in order to satisfy the spatial, temporal, and o
Doppler frequency constraints that the experiment imposes.

Additional procedural comments will be made in the Discussion 0.05 f
section. For now, we merely point out that vibrational structure 0.025

becomes evident as one goes to lower wavelengths. Moreover,
the various HSe vibrational channels depend differently on ol )
photolysis wavelength. For example, in relative terms,the 200 210 220 230 240 250 260 270
0 channel stays reasonably strong throughout the mid-UV, but
the » = 1 channel grows in and then begins to fade as one Figure 8. Branching fractions for photoprodutcs scattered into various
moves to lower wavelength. Results tor=0, 1, 2, and 3 ata HSe @ = 3,) vibrational quantum states as a function of photolysis

variety of photolysis wavelengths are presented in Figure 8. Note yayelength. Note that the contributions are normalized to unity.
that such behavior is not surprising given the earlier theoretical

work by Schinke and co-workers for other triatomic systéfig. discussion is deferred to another paffer.

A/nm

A more difficult problem is encountered experimentally in
this particular photolysis/probe geometry, and it becomes acute

This section is composed of two parts. In the first part, the When weaker photolysis sources are used. Specifically, the
experimental method itself is discussed. However, a complete H-configuration probes at zero Doppler shift, and a small
treatment including a simulation of the experimental conditions Packground signal produced by the probe itself can become a
regarding photolysis/probe alignment, beam apertures, andProblem when one is looking at weak signals. An advantage

IV. Discussion

photo]ysis/probe de|ay is deferred to another pég)ém the aSSOCiated.With moying tO-the T-Configuration IS the actual
second part of this section, the results on the photolysis of the Doppler shift, since in practice the VADS method interrogates
H,Se system are discussed. species moving with nonzero Doppler components. Essentially,

A. Method. Experimentally, the TOF spectra shown in the VADS method shifts the probe laser off the resonance

Figures 2 and 3 resulting from 266 nm photolysis were taken frequency of probe-induced background H atoms. In the
in the H-configuration. Although simply a direct TOF approach, T-configuration, virtually any H atom generated by the probe
the resolution AE/E) shown here is~0.7%. While not quite is simply nonresonant and therefore not detec.tedl..ln contrast,
as good as the Rydberg TOF method, the resolution of the H atoms produced by the photolysis laser have significant speeds
H-configuration is within a factor of 3 of that observed for and consequently significant Doppler shifts that the T-config-
typical Rydberg TOF measurements. By adjusting the aperturesuration utilizes for detection.

depicted in Figure 1, the kinetic energy resolution in Figures 2 There are two primary ways to conduct experiments in the
and 3 can be improved at a cost in signal-to-noise. Note, T-configuration. One can fix the photolysis/probe delay and scan
however, that the TOF spectrum in the H-configuration has a the frequency of the probe. These spectra are shown in Figure
Doppler-effect bias. All four Lymau transitions 2Sy, (F=0,1) 5 for a series of delays. Here, the nuclear hyperfine F states of
— 2Py, and?Sy, (F=0,1)— 2Py, contribute to the signal, but  the H atom are monitored. Moreover, these populations can be
they do not contribute evenly. There are delay-dependent biasexorrelated with counterfragment quantum states, since the
that must to be addressed in this configuration, but a detailed “packet” of H atoms being probed is defined by the photolysis/
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probe time delay and corresponds to a restricted set of respectively’! The HSe vibrational frequency is given as =
counterfragment internal states by simple conservation of energy.2400 cnt,%4 while the rotational constarf, is reported to be
The second way of conducting experiments in the T-configu- 7.862 cnt! for HSe#! As noted, some of the one and two photon
ration demands that one synchronously scan the photolysis/probeoutes result in coincidental H atom positions in the TOF spectra.
delay timeandthe probe laser frequency. Experimentally, one A more thorough analysis of issues such as branching ratios
specific transition is probed. In the case of Figures 6 and 7, it for the various channels, however, involves polarization studies
was the?S;, — 2Pg, transition in Lymane. out of the F= 1 as a function of photolysis wavelength for both the primary and
nuclear hyperfine state. One can then conduct a TOF/VADS the secondary pathways. Here, we simply discuss the energy
experiment. As the photolysis/probe delay is changed, H atomsdistributions shown in Figures 4 and 8.
travelling with a variety of speeds arrive at the detection region  The rotational data shown in Figures 3 and 4 fosSH
at a variety of times. Since the different speeds possess differentphotolysis are qualitatively similar to that observed fosSH
Doppler shifts, the probe frquency must be scanned to maintain photolysis®3 The distributions are relatively cold with intensities
the resonance with the transition being monitored, in this case peaking around the first few states and falling off rather quickly.
a specific component of the Lyman4ransition. In essence,  As with previous studies on HBr, the H atom nuclear hyperfine
each spectrum in Figures 6 and 7 results in a correlated statepopulations shown in Figure 5 are essentially statistical. Note,
distribution. Alternatively, we could monitor thS;, — 2Ps, however, that one can conduct a VADS/TOF experiment
transition in Lymane. out of the F= 0 state instead of the producing results similar to Figure 5, but instead of monitoring
1 state. While in this region those two would look similar, it an HSe photolysis channel, one can lock on to a signal derived
need not necessarily be so. In principle, it seems likely that a from an HSe photolysis channel. Perhaps, the photolysis of this
variety of systems can be studied with this method, i.e., it does radical species may influence the nuclear hyperfine state
not appear to be restricted to atomic hydrogen gBéd populations of the H atom, but these experiments have yet to

Finally, the use of a tunable photolysis source enables us tobe performed.
conduct TOF/VADS experiments as a function of photolysis  Figure 8 presents our first insight into the underlying
wavelength. While Figures 6 and 7 show the data for four dynamical features associated with scattering into various HSe
photolysis wavelengths, other wavelengths were studied and thevibrational states as a function o8k absorption wavelength.
results compiled in Figure 8. Experimentally, changing the At 266 nm, virtually all of the scattering probability can be found
photolysis wavelength causes an offset in the arrival time. in » = 0, even though the first four levels are energetically
However, the known change in photolysis energy translates allowed. One can definitely see thre= 1 feature increase and
directly to a change in the arrival time for a specific group of then decrease again as one moves to lower wavelengths. At
H atoms, so a TOF/VADS spectrum can be taken straightfor- ~215-220 nm, a clear competition is underway among the
wardly after a simple adjustment. various vibrational states. In fact,= 4, 5, and 6 also have

B. H.Se Photolysis.Data on the ultraviolet absorption measurable intensities in this region, while= 1 is clearly on
spectrum of HSe was reported in early work by Price et@l.  the wane. In keeping with the earlier theorerical work of Schinke
Regarding photolysis, irradiating ;Be in the ultraviolet is and co-workerg®27it is apparent that triatomic systems of this
complicated, especially when secondary HSe photolysis channelsype have vibrational state populations with intriguing wave-
are included. To a first approximation, many observable length dependences. We present Figure 8, in part, as a coarse
electronic exit channels exist for the photolysis ofSd, not computational target. We also note that more detailed photolysis
including the nuclear hyperfine states in the hydrogen photofrag- studies are required to explore any finer features of the various
ment#~43 For single-photon absorption, the parent molecule scattering resonances. Such work is ongoing in our laboratory.
can dissociate into an H atom and one of two sprbit states
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