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Nuclear Hyperfine Populations for D Atoms Generated by the 266 nm Photolysis of DI
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Results are presented on the photolysis of DI at 266 nm. An experimental approach is used that combines
narrow-band, velocity-aligned Doppler spectroscopy (VADS) and a constrained detection geometry. Atomic
deuterium is detected, and transitions out of the individual nuclear hyperfine states of the ground electronic
state (thd- states; 0.010 92 cn splitting) are resolved via the Lymamiransition (~82 280 cm?). Consistent

with previous work on the hydrogen halides, the D-atom product state distributions are statistical. However,
the methodological improvements required to resolve the states bode well for studying other chemical systems
with this approach.

I. Introduction @MCP

Product state distributions resulting from reactions provide
insight into the chemical pathways that generate them. Laser-
_based photodissociation reactions have been yielding such E @21;2
insight for the last several decadels recent years, a research Ay
focus in our group has been on the investigation of the simplest =
product state distribution, namely, tlkestates that comprise _— g
the ground electronic state of atomic hydrogehBrought about K prove
by the interaction of the nuclear and the electron spins (each _,I
1/,), the separation in energy between the states (0.0474)cm E
gives rise to the famous 21-cm line. This 21-cm transition from
F =1toF = 0in atomic hydrogen is important in many studies,
including those in astrophysics. Our investigations, while
challenging experimentally, have been restricted to more earth- <
bound studies that involve nuclear hyperfine populations when D =0.45m

the photolysis target is HBr’ Hl_’ ord3e?™ . Figure 1. Schematic diagram of the experimental apparatysam
Central to these experiments is the method known as velocity- o, denote adjustable apertures. MCP is the microchannel plate detector.

aligned Doppler spectroscopy (VADS). Pioneered by Wittig and The laser beams are shown here in the T-configuration, that is,

co-workers>® the technique relies on temporal and spatial perpendicular to each other.

constraints to interrogate selected product velocity vectdts.

Instead of conducting a photolysis/probe experiment that to achieve results comparable to the H atom. As is the case for

measures all velocity projections on the probe axis, one canthe H atom in hydrogen halide photoly3i,the F state

delay the two lasers so that only those photoproducts traveling populations for the D atom are essentially statistical. However,

forward or backward along the probe axis are sampled. The the experimental strategies used to resolveRistates for the

resolving power of the VADS method was enhanced signifi- D atom are important, and a discussion of these strategies, as

cantly in the mid-1990s when it was recognized that one could well as the implications for other experiments, is provided.

separate the photolysis and probe laser beams spatially and still

achieve good signal-to-noidé.By sacrifice of one-half of the || Experimental Section

Doppler profile, use of a ring laser as a probe, and use of a

supersonic expansion to cool the parent molecules, resolution Previous versions of the evolving experimental setup have

was improved by an order of magnitude. Moreover, it was been described elsewheré. To recap, neat HI or DI is

shown that the nuclear hyperfine states of the H atom could beintroduced into the vacuum chamber through a commercially

probed for the first time as the result of a chemical reaction. available pulsed nozzle (General Valve series 9; backing
In the current work, we report on results in which the product pressure~ 3—4 atm). The target molecule is photolyzed with

is the D atom and the interrogating photon energy-&2 280 the focused output (25 cm focal length lens) of the fourth

cm L. In contrast to the H atom, the nuclear spin is 1 for the D harmonic of a Nd:YAG laser (Coherent Infinity;0.1 cni?

atom, so the= states are identified & and¥,. Furthermore, ~ bandwidth at 266 nm; 3 nsy20 mJ). The basic experimental

the nuclear hyperfine spacing is 0.010 92¢# so one needs configuration is shown schematically in Figure 1. The molecular

to increase the experimental resolving power by a factor of 5 expansion is intersected by the photolysis beam 4 cm from the
nozzle orifice. A portion of the recoiling hydrogen or deuterium

T Part of the special issue “A. C. Albrecht Memorial Issue”. atom packet travels 0.45 m into the ionization region of a time-
* Corresponding author. of-flight (TOF) mass spectrometer (R. M. Jordan Co.), where
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it is intersected after an appropriate delay by the probe laser
beam. For most of the studies in this work, the probe beam is
aligned antiparallel to the average velocity vector of the atom
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packet and perpendicular to the photolysis beam. We term this
geometry the T-configuration. For illustration, one spectrum is
presented (Figure 3) for which the probe beam was aligned
parallel to the photolysis beam and perpendicular to the atom
packet. This geometry is called the H-configuration.

The product states are interrogated through 1' (121.6+
365 nm) resonance-enhanced ionization through the Lyman-
transition. The probe laser consists of the output of an-Ar
pumped ring laser (Coherent 899-29; Ti:sapphire; 730 nm)
seeded into a pulse-amplifier chain. The seed beam is pulse-
amplified in two sequential excimer-pumped cuvettes (308 nm
pump; rhodamine 700 dye) and then frequency-doubled in a
BBO crystal. The resulting 365 nm radiation is then pulse
amplified in one final cuvette (308 nm pump; DMQ dye). This
laser light ¢~12—20 mJ/pulse; 365 nm) is focused into a
stainless steel frequency-tripling cell (15 cm length) containing
krypton (~90—150 Torr). This arrangement produces narrow
bandwidth 0.005 cnT?) tunable laser light in the Lymaa-
region. The low efficiency of the tripling process means that

most of the 365 nm light passes through the system thel’ebyatom. Note that the D-atom nuclear hyperfine splitting is significantly

providing the second p.hot.on ngeded In thg |9n|zat|0n SCheme'smaller (0.010 92 crt) than the H-atom nuclear hyperfine splitting
The H or D atoms are ionized in an electric field, accelerated, (9.0474 cm?). However, its Lymarw transition is actually larger by

and directed to a high-sensitivity, 40 mm microchannel plate ~20 cnr.
detector at the end of a TOF tube. Spectra are recorded by
monitoring the H- or D-atom signal intensity as a function of
the probe laser frequency for a given pungrobe laser delay.

The product states observed in this study are the nuclear
hyperfine states of hydrogen and deuterium.

There are several experimental factors that have been
considered in an effort to improve our experimental resolution
and to successfully resolve the closely spaced quantum states
in this study. First of all, the spectral bandwidth of the probe
laser must be sufficiently narrow. A commercially available ring
laser provides this capability. Second, the velocity distribution
of the parent molecules must be restricted. Cooling can be
accomplished with a supersonic jet expansion. The geometry
of the experiment must also restrict the effective photolysis and
probe volumes. This restriction is accomplished with the use
of a two-chamber vacuum system with two variable apertures,
effectively spatial filters. These apertures are labelechAd
Az in Figure 1.
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Figure 2. Energy level diagram for the lowest levels of the hydrogen

0.3659 cm’!

H atom signal

. o . . ; Figure 3. H-atom spectrum taken in the H-configuration. HI was
Elna}]!!y, we nlot(_-:- thr?t itis urlllllkely that ZOHIS'gnS age playlnhg photolyzed at 266 nm, and the laser beams are parallel to one another;
a significant role in the overall process. A product D atom that 5 there is essentially no Doppler shift. The starting point for the

undergoes a collision(s) should slow. Consequently, collisional scan is 82 268.6 cm. The extraction voltage was set to 500 V/cm.
events will asymmetrically broaden the observed spectral lines
in the direction of no Doppler shift. We see no evidence of this
slowing. Rather, fia D atom does undergo a meaningful
collision(s), the most likely outcome is that we simply do not
observe it.

of two contributing effects: the velocity of the parent molecule
in the initial jet expansion and the velocity of the H or D atom
produced from the kinetic energy disposal that occurs after bond
cleavage.

The Lymane transition as depicted in Figure 2 is dominated
at zero electric field by théS;, — 2Py, and 2Sy, — 2P,

The current work uses a further modification to the VADS allowed transitions. Figure 3 shows a low-resolution scan for
method to achieve the experimental resolution required to 266 nm HI photolysis in which little constraint is applied to
resolve the closely spaced deuterium nuclear hyperfine quantumlimit off-axis H-atom velocity components from contributing
states. The photolysis of DI (or HI) at 266 nm is used to produce to the Doppler profile. The spectrum was taken in the H-
deuterium (or hydrogen) atoms with a substantial amount of configuration, thus there is essentially no Doppler shift in the
kinetic energy. Note that the two sphorbit states of the | atom  spectrum because the probe beam is perpendicular to the H-atom
produce two distinct D- or H-atom speeds as a result of this flight path. Here, the effective photolysis and probe volumes
dissociation. All spectra shown in this work arise from H or D are large enough such that the closely spaced nuclear hyperfine
atoms correlated with ground spiorbit state | atoms. Also,  states of atomic hydrogen are not resolved. The shoulder on
most of the spectra reported here are doubly red-shifted because¢he 2Py, peak is due to Stark mixing arising from the applied

I1l. Results
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Figure 4. H-atom spectrum taken in the T-configuration. HI was
photolyzed at 266 nm, and the laser beams are perpendicular to one
another; thus there is a significant red shift to the resonance. The starting
point for the scan is 82 253.9 crh The extraction voltage was set to
1000 V/cm. Note that one can identify eight different transitions in the
Lyman-o. spectrum.

500 V/cm external electric field used to direct the H ions to the
MCP. Note that the forbiddets,, — %S,/ transition is partially
allowed as the 23S,, state gains P character.

In Figure 4, a greater degree of spatial constraint is applied

to the nascent H atoms by using the T-configuration. The applied 000 002 004 006 008 0.10
electric field is raised to 1000 V. The reason for increasing the
extraction voltage is to further separate #Rg, and2S,,; states cm’l

through Stark mixing an_d to Sepa_lrate the two nondegenerateFigure 5. D-atom spectrum taken in the T-configuration. DI was
m; states of th.é)Pg/.z atomic staté.It is seen that there are now photolyzed at 266 nm, and the laser beams are perpendicular to one
four doublets in Figure 4. Each of these doublets results from another; thus there is a significant red shift to the resonance. In the
excitation out of the= = 0,1 nuclear hyperfine states of the upper trace, the starting point for the scan is 82 277.64cifhe
ground 25, state (see Figure 2). From the relative peak extraction voltage was set to 1350 V/cm. The expanded spectrum shows
intensities, one can see that the statistical result of 3:1 for thegSimS"atiO”ffor;he tfa?smoh" to t;’?sllz mixed state Uﬁing a statistical

: ; ; istribution for the nuclear erfinké states. Here, the starting point
nuglear hyperﬂng populations is observeo! for eagh doublet. for the scan is 82 277 78 Cﬁ}]’p 9p
While an electric field strength of 1000 V/cm is not quite enough

to totally resolve transitio_ns through th_e individual, states, contained therein. In our work, the focus is on H and D atoms,
they can be adequately simulated to yield peak areas. and the discussion is divided into three separate parts. Initially,
Figure 5 presents a D-atom Doppler scan of the 266 nm 6 aqqress the experimental method, specifically those experi-
phothIyS|s of DI. l’he two grounés,; nuclear hyperfine states,  antal improvements that are important for increasing spectral
F = 12 andF =, are the only popula_ted product states of - oq)tion. Next, the current results are discussed. Finally, a
the D-gtom fragment. ;Ehe energy spacing between these tWoprognosis for future studies with this method is put forth.
levels is 0.010 92 crt,? and the extraction voltage has been ™ A" Apnroach. Several experimental factors have enabled the
raised to 1350 V’C”.‘ to better resolve the_lmlels in the’Py, resolution in the experiment to be improved when compared to
state. N.ote thqt th'.s scan was tak_en W'th the pulsed nOZZIeprevious nuclear hyperfine determinations for atomic hydro-
pointed in the direction of the detection region, so the spectrum gen22 One important aspect is the need to constrain the two
is now “doubly” red-shifte_d. For this spectru_m, th_e interchamber flight paths with apertures, shown as And A in Figure 1.
aperture (A-“) was set 1o its smallest poss!ble 5'2.91'5 mm. Originally, it was thought that the focal regions defined by the
The detgctlon aperture eAwas also set to its minimum;0.7 two laser beams (photolysis and probe) provided sufficient
mm. This scan is the result of 100 laser pulses averaged percqnsiraint on the neutral trajectories because of the relatively
data point. All of the nuclear hyperfine doublets are sufficiently long flight distance (0.45 m). However, simulations suggested
resolvec_:l to simulate, and Lorer_1tzian line shapes were assumed, ¢ apertures, both in the neutral flight pathYand the ion
For clarlty, one of the dogblets is expanded to reveal the degreeﬂight path (A), would provide a necessary additional restriction
of experimental resolution. In the expanded spectrum, the o "4 o spatial regions from which H atoms can be obseted.
simulated n_uclear hyperfine peaks are re_presented as (_jOt_S an%ubsequently, these apertures did improve the experimental
dashes, Wh"_e Fhe sum of the two peak§ is the bold solid line. roqqytion by further limiting the velocity vectors that are
Clearly, the fit is good. Note that the ratio used for thetate ultimately observed.

populations ¥>:'/2) is exactly 2.0 to 1.0, the statistical result. A aqditional experimental feature concerns the position of
_lee:/v!se, 2 22'0 to 1.0 ratio ISI observed \k/]vhen the transition o supersonic nozzle. As depicted in Figure 1, the nozzle
involving the Py state is simulated (not shown). direction is parallel to the flight path of the neutral photoproduct,

in this case the D atom. Previous efforts in our laboratory had

the nozzle direction essentially perpendicular to the flight
Generally speaking, hyperfine interactions have been studieddirection?2 The new position adds a velocity vector to the speed

in larger systems. For examples, see ref 13 and referencesf the D atom, because the parent beam now has a nonzero

IV. Discussion
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can be broken down into its individual, s %/, %>, components.
Note that each of these jnstates also contains features
originating from the nuclear hyperfine states. Inspection of one
of the isolated electronic transitions (e.g., the mi%8gh state)
reveals essentially statistical populations, because the expected
probability for F = 1 to F = 0 is 3:1 due to degeneracy
considerations.

To our knowledge, Figure 5 presents the first results on the
measurement of nascent nuclear hyperfine populations for D
atoms generated by a photolysis event, in this case 266 nm DI
photodissociation. Consistent with work shown previotisly
and above for H atoms, the results are statistical within
experimental error. The degeneracies for the D-akostates
! (3/2, U5) are different than those for the H-atdfnstates owing
-1 to the different spin on the nucleus. Thus, the statistical result

is a 2:1 ratio for peak heights. The expanded part of Figure 5

D atom signal

Figure 6. The data from the expanded region of Figure 5 (experimental . ; ; ot
points) compared with the uncertainty-principle-limited line width. Here, shows the fit for the mixedS,, state assuming a statistical

the comparison is made using 0.006 67 érine shapes (see ref 15). populgtlo_n f_or ther s_tates. . .
The starting point for the scan is 82 277.78¢m While it is experimentally challenging to determine the
D-atom and H-atom nuclear hyperfine populations, to date they

velocity component in the direction of the flight path. However, have been dynamically uninteresting because of the statistical
as long as the molecular beam is translationally cold enough, outcomes. Qualitatively, one can think about these statistical
no significant spectral broadening will be introduced. Only a results in the following way. The photolysis energy puts the
slight red-shifted spectral offset will manifest itself. On the plus parent molecule well above the dissociation energy. Because
side, velocity vectors perpendicular to the flight direction are the energy spacing is so small in the product states, the H or D
reduced. When convoluted with the photolysis focal region, such atom photoproduct essentially becomes an atom while the
parent molecule velocity vectors can broaden the observeddissociating system still has plenty of internal energy. Simple
spectrum. statistics then govern the population of the nuclear hyperfine

It should be noted that for the study of D and H atoms states.
detected through Lymaa-with this method, we are nearinga  C. Prognosis.Two general issues are addressed here. The
fundamental limitation in the resolution afforded by this first concerns the nature of nuclear hyperfine populations in H
approach that is illustrated in Figure 6. Specifically, the and D atoms. What makes these targets compelling is their
uncertainty principle A4EAt) places a limit on one’s ability to  simplicity. The wave functions one uses to describe them are
resolve the nuclear hyperfine peaks owing to the spontaneousexact and can be found in an elementary quantum mechanics
lifetime of the excited electronic state. Using a line width value textbook3 What is needed is a way to make them dynamically
of 200 MHz (0.006 67 cm'),'> the limiting convolution is interesting, and two approaches come to mind. One way is to
shown in Figure 6 in comparison to the observed D-atom use a molecular system that has truly long-range interactions.
experimental line shape. While we are not certain of the One such molecule is £ undergoing dissociation. Here, two
spontaneous lifetime for the excited state in the actual electric protons are moving apart from one another yet constantly
field used (1350 V/cm), Figure 6 nonetheless shows that ainteracting with one single electron. The effects of long-range
fundamental limitation is being approached. interactions could well manifest themselves in the nuclear

B. H and D Atom Spectra.From a translational-energy point  hyperfine populations. Moreover, the ability to measure nuclear
of view, there are two “types” of H or D atoms that are generated hyperfine populations for both D and H atoms means that
in hydrogen halide photolysis: one correlated with the ground systems such as HDwould be possible candidates for study.
spin—orbit state of the | atom and one correlated with the excited A second approach for investigation would involve directly
spin—orbit state of the | atom. As previously noted, all spectra affecting the dissociation event with external fields, be they
presented in this paper are correlated with the ground electronicmagnetic, electrical, or electromagnetic.
state of the | atom. Figure 3 provides some experimental A final issue concerns the applicability of the method to
perspective. The photolysis and probe laser beams, whilestudying systems other than atomic hydrogen. Such experiments
separated by 0.45 m, were arranged in the H-configuration, i.e.,are currently underway in our laboratory, and we note that
they were propagating parallel to one another with the H-atom preliminary results are very encouraging for photoproducts such
flight path connecting them. Consequently, Figure 3 is es- as the Cl atom.
sentially a spectrum for the H atom taken with little to no
Doppler shift. Two of the major features of the Lyman- Acknowledgment. One of us (B.K.) is grateful to Professor
transition are clearly identified, but no nuclear hyperfine A. C. Albrecht for unique inspiration at an early stage of his
resonances can be observed. The presence of the Rixed career. We thank the Louisiana Board of Regents, the National
state (now allowed because of the electric field) is seen as aScience Foundation, and NASA for support of this work.
slight shoulder on the transition through tH&,, mixed state.
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