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Multiphoton excitation and dissociation of $@ave been investigated in the wavelength range from 224 to
232 nm. Strong evidence is found for two-photon excitation taitHeydberg state, followed by dissociation

to SO+ O and ionization of the SO product by absorption of a third photon. The two-photon excitation is
resonantly enhanced via tii®'B, intermediate state, and the two-photon yield spectrum thus bears a strong
resemblance to the spectrum of this intermediate. Imaging of tFi&)QE(D,), and SO products suggests
that, following dissociation of S&from theH state, SO is produced in theandB electronic states. 90,)

is produced both from two-photon dissociation of .3@give S{D,) + O, and by single-photon dissociation

of SO'. In the former process, the,@s likely formed in all of its lowest three electronic states.

1. Introduction was attributed to the SO radiation from te®Il and theB

33~ electronic states. The fluorescence yield as a function of
excitation wavelength was nearly identical to the absorption
spectrum. In the present study, ultraviolet multiphoton dissocia-
tion of SQ,, following multiphoton absorption in the range 224

230 nm, was studied. The velocity-mapped ion imaging
technique was used to understand the dynamics of the photo-
dissociation proces¥.

Although the ground and lower excited states of,3@ve
been well studied;® highly excited states of S(have received
only limited attention. Golomb et al. recorded the VUV spectrum
between 220 and 105 nMmThe diffuse absorption bands
observed below 135 nm were assigned to transitions to Rydberg
states’"® Most studies on the Rydberg states of ,.Siiave
focused on the spectroscopy of tBeand theH states. Typical
techniques that have been used in these studies includ
fluorescence induced by excitation with xenon and hydrogen
lines in the VUV regiorf1%11synchrotron radiation spectros- Experiments were performed both at Cornell University and
copy*2 electron energy loss spectroscépy® and nonresonant  at the University of Puerto Rico, Rio Piedras. In the Cornell
multiphoton ionizatiort®17Lalo et al. have investigated the gas- experiments, a 10% Sf\r mixture was expanded through a
phase photochemistry at excitation wavelengths of 116.5, 123.6,pulsed piezoelectric nozzle at a backing pressure of 2 psig. The
and 147 nni819 molecular beam was collimated by a 50® diameter skimmer

The VUV region can also be accessed by absorption of two mounted about 0:51.0 cm from the nozzle orifice. The
photons in the UV region. Although two-photon absorption and dissociation and probe lasers propagated in opposite directions.
dissociation in the 248311 nm range, which includes excitation ~ The molecular beam was crossed downstream by the laser beams
of the G Rydberg state at 248 nm, has been studied by many at a right angle. In this experiment, $®@as dissociated in the
groups29-23 a similar two-photon study of thid Rydberg state wavelength region from 224 to 232 nm. The dissociation laser
has not yet been reported. THeRydberg state has been studied was focused with a 10 in. focal length lens. The dissociation
in one-photon absorption by Suto et al., who used synchrotron laser produces an ion signal corresponding to the SO fragment.
radiation in the 106133 nm range to measure photoabsorption Both the SO+ O and St O, channels were studied by detecting
and fluorescence cross sectidAsThe observed fluorescence the O@P,) or S{D,) atom from dissociation of SQusing
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resonance enhanced multiphoton ionization. Velocity mapped
ion imaging was used, and the ions were imaged onto a position
sensitive detector comprising a double-chevron microchannel
plate (MCP) assembly (Galileo) coupled to a fast phosphor
screen. The image on the detector was recorded by ax640
480 pixel CCD camera (Xybion). Both the MCP and the camera
were electronically gated on the mass of interest in the time-
of-flight spectrum to record signal corresponding to the par-
ticular fragment. The magnification factor of the electrostatic
lens was measured by dissociation efadd detection of GP,)
fragment at the REMPI wavelength of 225.65 nm in a single- x5
color experiment. Both single-color (only dissociation laser) and ®)
two-color experiments (dissociation and probe lasers) were LA SR LI B LI B L BN L R
carried out. In the single-color experiment, the SO fragment 43000 43500 44000 44500 45000
was imaged, because an ion signal corresponding to the SO Wavenumber, cm

fragment was observed in the mass spectrum. In the two-colorFigure 1. Yield spectra from multiphoton dissociation of $@ the
experiment, the O or the S fragment was imaged. Signal levelsrange 42 70645 000 cmi®: (a) SO'; (b) S*.

were kept below 300 ions per frame to ensure accurate ion
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counting and centroiding. Rydberg state) reached by absorption of two photons followed
The ion signals for $ and SO were also recorded at the DY nonresonant ionization of the product S or SO.
University of Puerto Rico, where a homemade WitdycLaren The ionization threshold of SOs 12.3 eV. The energy of

linear time-of-flight spectrometer (TOF) was employed. A 1 three photons in the 224232 nm range (16.0316.60 eV) is

in. diameter microchannel plate (Hamamatsu) mounted on agdreater than the ionization threshold of $@o it might be
Teflon base was used to detect the ions, and the distancePlausible that the observed S®ignal arises from fragmentation
between the ionization region and the detector was 0.25 m. Of the parent ion Sg. However, SQ" was not observed in
Commercial SQ(AGA Products) was expanded from a pulsed the time-of-flight mass spectrum over the 22282 nm region
valve with nozzle orifice 0.1 mm. The Optimum expansion inVeStigated in this Study. Weiss et al. have studied fragmenta'
condition for acquiring the action spectra was pure, 30a tion of SO prepared in state-selected vibrational levels in the
backing pressure 150 Torr. The frequency-doubled output of €nergy range of 15.844 to 16.674 &VThe threshold photo-

an excimer-pumped dye laser (Lambda Physik) induced the electron-coincident photoio.n mass spectra in the 16.189 to
multiphoton processes in $OThe mass distributions were ~ 16.441 eV energy range, which can be accessed by three photons
displayed on a 300 MHz oscilloscope (LeCroy 9361C). Action in the current experiment, show peaks corresponding to"SO
spectral data acquisition was performed by a personal computerThe time-of-flight for the S@" ions was around 3%us,
(Macintosh G4) linked to a boxcar system and other devices indicating that the lifetime of the SO ions must at least be 35
through a Labview GPIB interface (National Instruments). The #S. On the basis of the voltages in the electrostatic lens in the
positions of the Xé& produced by a (21) ionization via ion-imaging apparatus, the time-of-flight for $Oin our
(5p°)P32°(7p)[5/2]1=2 at 88 352.20 cmt and (55)Ps(7p)[3/ experiment is calculated to be less thanu$5Thus, the absence

2]3—» at 88 687.020 cm* were used to calibrate the laser Of an SQ ion peak in the time-of-flight spectrum indicates
frequency. that absorption of three UV photons in the 22282 nm

wavelength range leading to formation of 8@nd subsequent
fragmentation is not a dissociation pathway.

An alternative explanation to account for the observation of

3.1. Single-Color Yield Spectrum of SO and S*. The yield SO* is that it arises from two-photon dissociation of SO
spectrum for the SO fragment was obtained by photolyzing a give SO + O near a total energy of 11 eV, followed by
1% SQ/Ar mixture in the wavelength region from 224 to 232  nonresonant ionization of SO. {Snight then be produced by
nm using a dissociation laser focused with a 10" focal length further absorption by SO©followed by dissociation.) There is
lens. The time-of-flight mass spectra showed peaks correspond-certainly support in the literature for dissociation of S®this
ing to SO and § ions. The ion signal from SOwas then  energy region. First, Dujardin and Leach used a photoion-
monitored while the dissociation laser was scanned. The yield fluorescence photon coincidence technique to study radiative
spectrum for SO fragment in the 224232 nm wavelength  and dissociative processes inS@cited by line photoexcitation
range showed distinct bands corresponding to progressions forsources in the range 16:21.2 eV2% With the Ne(l) excitation
the C1B; electronic intermediate state. Figure 1 shows the ion at 16.8 eV, the main emission was found to be from neutral
yields from both $ and SO as a function of the dissociation  species. Comparison with the emission spectra at H(l) (10.2
wavelength along with the assignments for th&Bg electronic eV) and Ar(l) (11.62 eV) excitation energies, which are below
intermediate state. The SGragment was then detected in a the ionization threshold for SQrevealed that the emission was
single-color experiment and an energy dependence study wasrom neutral SO A 3[1) and SO B 3X") electronic states. It is
performed with the laser tuned to one of the peaks in the band possible that excited Rydberg levels of neutrab®@ accessed
observed at 231.7 nm. A plot of the logarithm of the total'SO by the Ne(l) excitation. Second, Suto et al. observed the
ion signal versus the logarithm of the energy was linear with a fluorescence yields from photodissociation of @ing syn-
slope of 3.1, indicating a multiphoton pathway. chrotron radiation in the 106133 nm range, which accesses

3.2. Origin of SO™ and St. At least two possible pathways theH Rydberg state of S£}2 The fluorescence yield indicated
should be considered in the multiphoton excitation of, 3O that both SOA S°I1) and SOB 3X°) are produced in the
the 224-232 nm wavelength range, either dissociation from a dissociation of thed Rydberg state. It thus seems likely that
state of S@" reached by absorption of three photons or two-photon excitation of SEwill produce SO electronic states
dissociation from an excited state of $Qperhaps theH that are sufficiently excited so as to be ionized by absorption

3. Results and Discussion
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Figure 3. Raw image of O{P,) from two-photon dissociation of SO

Figure 2. Total translational energy distribution obtained for dissocia-
tion via intermediate (0, 0, 6) band of théRj3 state by analyzing the

image for SO. 7000  SO(BL)+O(CP,

of a third 224-232 nm photon. The S@(II) state can just be - S o 3 3

ionized with a photon at 5.5 eV. 6000 | ‘ ‘ SO(ATI) + O(P,)
The SO produced in our one-color experiment was imaged, - oe

and the image analyzed to obtain the energy distribution for ' so000 |- gOD 8%

SO produced in excitation through the (0, 0, 6) band at 224.457
nm (5.52 eV). The results are shown in Figure 2, which also
provides the energetic thresholds for the 8GII) + O(CP)

and SOB 327) + O(P) channels assuming two-photon excita-
tion. Note that the energy distribution does not extend beyond
the energetic threshold for the SIOUT) + O(CP) channel; most

of the intensity appears to be associated with theBSQ() +
OEP) channel. The ground vibrational state in the3Il 1000
electronic state is 5.54 eV below the ionization threshold for L o%%
the SO radical. Thus, although vibrationally excited SO radicals 0 S L

in the A 3I1 electronic state might be ionized by absorption of 0.0 0.5 1.0 1.5 20 25

one photon at 224.457 nm (5.52 eV), electronic states of SO E; (eV)

lower in energy than thé\ °I1 state cannot be ionized by Figure 4. Total translational energy distribution at 225.65 nm obtained
absorption of one photon. Nonresonant two-photon ionization by imaging OfPy).

of electronic states below th& SIT state is unlikely.

Further qualitative evidence for this interpretation comes from mum allowed total translational energy for the SO[I) + O
a two-color experiment in which the two-photon excitation laser (°P) channel in this case would be 6.18 eV. The maximum total
is tuned to an SEC state intermediate resonance and a 355 translational energy observed experimentally is close to 2.25
nm laser is fired following a delay of-8500 ns. A second SO eV. This would imply that the SO fragment in ti#e®I1 state
peak is observed at the corresponding delay, due to the facthas a vibrational excitation of at least 3.93 eV. Elks and Western
that the strong 355 nm laser can more efficiently ionize/&O(  studied theA ST —X 32 transition in SO radical by laser
or SOK) in a two-photon process whereas predominantlyBO(  induced fluorescence and resonant multiphoton ionizétion.
is ionized by the tunable laser in a one-photon process. Their study indicates that the dissociation limit for tA€IT

The energy distribution in Figure 2 was analyzed by fitting state of SO lies betweert = 13 andv' =14, at about 0.5 eV
it with two Gaussians corresponding to the generation of the above the lowest vibrational state. Thus, the minimum vibra-
SO 3I) + ORP) and SOB 3=7) + OCP). The fit suggests  tional excitation of 3.93 eV in tha 3I1 state of SO, implied by
significant vibrational excitation in the SO fragments. Because the three-photon pathway, is far higher than the dissociation
the ionization efficiency of SGY 3I1) depends on vibrational  limit for the A 3IT electronic state. Consequently, if SOUT)
level, it is not possible to quantify relative yields for the two is a major product, as suggested from fluorescence studies, it
channels. The fact that the energy distribution does not extendis unlikely that the dissociation is the result of a three-photon
beyond the energetic threshold for the 8G{I) + O(P) pathway.
channel lends further support to the thesis that SO and O Alternatively, a two-photon process seems likely. The ener-
products are produced by two-photon dissociation of SO getic thresholds for S@(3IT) + O(P) and SOB 3=-) + O(P)

3.3. O@P) Image. Oxygen atoms were imaged in a single- channels, based on the two-photon dissociation pathway, are
color experiment at 225.65 nm. The resulting raw image is shown in Figure 4. Although some intensity in the total
shown in Figure 3. At this wavelength, the oxygen fragment translational energy distribution lies above the energetic thresh-
from the dissociation is resonantly ionized. The energy distribu- old for the SOA 31) + O(P) channel, it is possible that it is
tion obtained from the image is shown in Figure 4. due to contributions from channels involving the coincident

The energy distribution in this figure is difficult to rationalize  production of OfP) with electronic states of SO that are lower
if the dissociation follows a three-photon pathway. The maxi- in energy than S@ °II). The lowest two singlet electronic
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states, SG(*A) and SO =), if produced in coincidence with

the OEP) fragment, would give limits on the maximum total
translational energy of 4.99 and 4.18 eV respectively. If the
channels corresponding to generation of the lowest two singlet
electronic states of SO are present then a minimum vibrational @
excitation of 2.74 and 1.93 eV in the SDYA) and SOb =)
electronic states, respectively, is calculated. The well depths 2
for the SOA'A) and SOb 1=1), calculated from RKR potential
energy curves presented elsewh&rare 4.8 and 4.18 eV
respectively. Hence, it is possible to observe the calculated
vibrational excitation in the S@Q(A) and SOb 1=*) fragments.

On the basis of the vibrational frequencies reported by Ornellas
et al.2? the minimum vibrational energy correspondsite- 20

and v = 14 in the SO4 'A) and the SOf =) fragments,
respectively. In the two-photon dissociation of Sf@tween 248
and 291 nm, the SO fragment in thé A andb 1=* electronic
states was observed to have high vibrational excitéfon.
Effenhauser et al. have studied the two-photon dissociation of

Intensity (arbitra

SO, at 248 and 308 nrf The three internal energy thresholds Figure 5. Total translational energy distribution obtained for dissocia-
tion via intermediate (1, 0, 0) band of tk#B, state by analyzing the
image for S{D,).

observed experimentally at 28500, 29100 and 30400 evere
assigned respectively to SOE™), SO@A' 3A), and SOA” 3=)
states generated in coincidence witlf@)( These channels are
energetically feasible on the basis of the experimental total
translational energy distribution shown in Figure 4. The
maximum translational energy threshold for the §&{~) +
OEP) channel at 225.65 nm is at 1.946 eV. This is close to the
maximum observed total translational energy in Figure 4.

3.4. StD) Image. Quantitative information on the internal
energy distribution of the ©fragment in different electronic
states can be derived if the S fragment from the &, channel
is resonantly ionized and imaged. In a two-color experiment, a
10% SQJ/Ar mixture was dissociated at 229.647 nm via the (1,
0, 0) intermediate band, and'Bg) was resonantly ionized at
288.22 nm by a 21 ionization scheme. The ion signal from
St was imaged by gating the detector on the mass of sulfur.
The image is corrected for individual backgrounds from the
dissociation and the probe lasers. We discuss these briefly before
describing the image.

The dissociation wavelength contributes to thesgnal, and
it was minimized by defocusing the dissociation laser. The likely
source for the observed"Signal is from the dissociation of
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Figure 6. Models for rate equations approach: (a) two-photon scheme;
(b) three-photon scheme

SO by absorption of one photon. On the basis of the heats of tion of the ion signals explains the experimentally observed

formation for SO and S calculated by Liston et af photon dependencies. The model is schematically depicted in Figure

of 5.56 eV energy can dissociate S@n the current investiga- 6. Figure 6a shows the scheme for generation of 8ad $

tion, identical peaks were observed in the ion yield spectra for via a two-photon excited-state denoted as*SDhe one-photon

both S" and SO, as shown in Figure 1. This observation is intermediate resonance is assumed to be saturated and the

consistent with dissociation of SCas the origin of S. absorption cross-section to reach the two-photon dissociative
The dissociation of SEby two-photon absorption at 288.22 ~ state is denoted byi. The absorption of a third photon could

nm also contributes to a background in the two-color experi- occur with a cross-sectias from the two-photon excited state.

ment32 The image was thus corrected for the backgrounds from The rate equations for the two-photon dissociation model are

both the dissociation and the probe lasers. The energy distribu- d[SO]

tion extracted from the corrected image is shown in Figure 5. = —0,[SO)]

On the basis of energy and momentum conservation and the
dissociation threshold for the $ O, channel (5.9 eV), the

dt

*

maximum energy distributed inLs 3.75 eV, consistent with dISG;T] = —0,I[SO,*] — k,[SO*] + 0,I[SOy]
S(D,) generated in coincidence with,@ the X 3% (0 eV), a dt
IA (1 eV), andb 1= (1.6 eV) electronic states. d[SO]

3.5. Intensity DependenceThe translational energy distribu- “at 1[SG,*] — 05l[SQ]
tions obtained in the current investigation support the dissocia-
tion mechanism via théd Rydberg state. To confirm the d[sO] _ "
interpretation presented earlier, the dependences of the ion yields da 04l[SO] = g,l[SO]

for S" and SO were studied as a function of the laser intensity.
A model for the dissociation process based on a rate equations
approach was used, and the equations derived for the concentra-

d[S']
dt

= 0,I[SO" (1)



1774 J. Phys. Chem. A, Vol. 109, No. 9, 2005

3.5

3.0 ]

2.5 [ ]

2.0

Ton signal (arbitrary units)

0.5 1

0.0 ° . ® o0

T T T T T T
1000 1200 1400 1600 1800 2000

Intensity (arbitrary units)

Figure 7. Ion signals from SO and S as a function of the laser
intensity at the most intense band in the action spectrum.

The steady-state approximation was made fop*S@hereas

Dixit et al.

the slope of a plot of Svs intensity should increase with [SD

as shown in the data, where Screases roughly linearly with

I, whereas [9$] increases as a stronger power. We conclude
that the intensity data are consistent with a two-photon dis-
sociation but not with a three-photon dissociation.

4. Conclusions

The multiphoton dissociation process in S@llowing
photoabsorption in the 224232 nm wavelength region was
studied, and possible two-photon versus three-photon dissocia-
tion pathways were considered. The total translational energy
distributions measured by product imaging techniques strongly
suggest a two-photon dissociation pathway, as does the intensity
dependence of the SGand S products. The study by Suto et
al. indicates that théd Rydberg state in the range 11015
nm is dissociative, and it seems likely that this Rydberg state
is the two-photon intermediate. The role of the intermed@te
1B, state of SQ@ in this study is to enhance the two-photon
transition to theH Rydberg state when the wavelength is
coincident with a resonance in the intermediate state, as shown
in Figure 1. When the two-photon excitation wavelength is not
resonant with the SPOC—X transition, direct excitation té
Rydberg state can still be observed as a background in'the S

the other equations were derived exactly. The concentrationsSO" yield spectra, but this nonresonant two-photon process is

for SO" and S are then given by the expressions

—U4|t _ —U3|t —04“ _ —Ulh
[SO] = A[(e © ) - (e ° )]
03— 0y 017 04

—oylt —o3lt
S+ = oA l1—e ) _ ( 1—e ) _
51=0 (04(03 —0y) 05(05 — 0y)
1— e*o4lt 1-— e*01|t
+ 2
(04(01 - 04)) (ol(ol - 04)) @
where
03K,04[SO,],

"k + o) 0y — 09

The time,t, corresponds to the laser pulse duration of 10 ns.

A similar approach was applied for the three-photon dis-
sociation model shown in Figure 6b. The expressions for the
SO' and S concentration as a function of laser intensity are

1— e—(k2+k3)t) (1 . e—aln)
S'1=k,B -
[S1=k [( k, + Kg oyl

1— e—(k2+k3)t B 1— e—Uﬂt (3)
Kk, + kg ol

[SO' = k3B[(

where

B 0,l0,1[SO,],
B (ky + a3l) (o] — Ky, — ko)

The experimentally observed ion signals fromSand S
as a function of the laser intensity are shown in Figure 7. For

the three-photon dissociation, eq 3 predicts that the concentra-gg

tions of SO and $ should have the same intensity dependence,

considerably weaker.

Product imaging of the GP,), S(D,), and SO products
suggests that following dissociation of @0 is produced in
the A andB electronic states. 30,) is produced both from two-
photon dissociation of S{o give StD,) + O, and by single-
photon dissociation of SO In the former process, based on
energy and momentum conservation and the dissociation
threshold for the S- O, channel (5.9 eV), the maximum energy
distributed in Q is 3.75 eV, consistent with production of the
S(Dy) in coincidence with @in the X 3= (0 eV),a A (1 eV)
andb X (1.6 eV) electronic states (see Figure 5).

The overall scheme can thus be summarized by the following
processes (see also Figure 6a):

SO,%) =~ [SO, (€ 'B,)] SO, (M)
two-photon absorption
SO, (H) —~ SO@ M andB®:") + OCP)  dissociation
SOA°MandB®Y") + hw—SO" +e  ionization
SO"+h—S"+0

—S(¢D) + 0"

dissociation

dissociation

SO, (H)— S(D) + 0, (X%, a'A, andb 'S) dissociation
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