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Photoionization and Photofragmentation of Sk in Helium Nanodroplets’
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The photoionization of He droplets doped witheS¥as investigated using tunable vacuum ultraviolet (VUV)
synchrotron radiation from the Advanced Light Source (ALS). The resulting ionization and photofragmentation
dynamics were characterized using time-of-flight mass spectrometry combined with photofragment and
photoelectron imaging. Results are compared to those of gas-phasedieules. We find dissociative
photoionization to SF to be the dominant channel, in agreement with previous results. Key new findings
are that (a) the photoelectron spectrum of thg ®Rhe droplet is similar but not identical to that of the
gas-phase species, (b) thesSkhotofragment velocity distribution is considerably slower upon droplet
photoionization, and (c) fragmentation to Skand SkE* is much less than in the photoionization of barg.SF
From these measurements we obtain new insights into the mechanisng ph&®Bionization within the
droplet and the cooling of the hot photofragment ions produced by dissociative photoionization.

1. Introduction At speeds higher than the Landau critical velocitypg m s1)

) o ion—helium collisions can create high-energy excitations di-
This paper presents a study of the photoionization of He rectly, and the ion experiences friction.

nanodroplets doped with $Rnd the photofragmentation and
photoelectron dynamics resulting from this process. This work
is motivated by our desire to understand the interaction of

charged particles with the weakly interacting but relatively dense and molecules traversing the droplet,but the information

solvent atoms in a He droplet. While there have been many .. direct. Dispersed fluor nce expariments have shown that
infrared and electronic spectroscopy experiments that have's ect. ispersed fluorescence experiments have sho a

probed the interaction of neutral particles with He nanodropiéts, Itrinsic impurities can traverse an_d escape t_he_ droplet.
the stronger interactions expected for charged species (eithelr epent study greateq moving neutral |mpur|t|e§ within t.he droplet
ions or electrons) produced in droplets remain largely un- with we]l-defmed k|neft|c .ene.rgy_and gave direct evidence of
explored and certainly not well understood. For example, translational energy dissipation in the dropfét.
photoe|ectron |mag|ng experiments performed on pure He The above experiments were conducted with neutral impuri-
droplets at energies below the ionization potential of atomic ti€s, where the interaction between the dopant and surrounding
He showed exceedingly slow photoelectrons, with an averagehelium is expected to be weak. With ions, the situation may be
energy below 1 me\?wh”e ana|ogous experiments on dr0p|ets different. In the bU”(, ions are well-known to make “snow-
doped with aniline yielded photoelectron kinetic energies that balls”**~> The snowballs are comprised of the ion core and a
were higher than those seen for bare anifitéence, the two dense shell of helium atoms. The snowball is created primarily
experiments show evidence for significant but very different because of the ion-induced dipole attraction between the ion
electron-solvent interactions. The experiments presented here and neighboring helium atoms:
offer further insight into the dynamics of charged particles in
droplets. _ —o€

The motion of particles and dissipation of energy in liquid v = 32,72 24
helium has been of interest for many years. Experiments in bulk '
liquid helium have shown that impurities moving below a critical
speed can do so with little energy dissipation. The low-spee
motion of ions in bulk liquid helium is well understodd® At
liquid temperatures below 0.8 K and small drift velocities, ions

In helium droplets, despite great interest, there is a dearth of
experimental studies on translational motion of impurities.
Crossed-beam scattering has revealed some details on atoms

d with o being the polarizability of the helium atoms andeing
the density-dependent dielectric constant. In bulk, most of the
experiments on the motion of ions measure the motion of the

under the influence of an electric field move with a speed €Ntre snowball, not that of the bare ion, (%nd only small
proportional to the electric field, with low-energy phonon differences are seen between different ion cétégne ion is

scattering being the dissipation mode. At slightly higher liquid eitrler injecied into the liquid, or for intrinsic impurities (i.e.,
helium temperatures<(L.5 K), ions with low drift velocities ~ 1€ or H&"), created with a fast-moving charged projectile.
scatter against thermally excited rotons in the fluid, and the The details of the initial ionization and excitation have very

mobility becomes inversely proportional to the roton density. Iittlg effect on the final state, however, as th.e macroscopic quui.d
helium environment can completely dissipate any electronic
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those of the microscopic dopant, and the snowball has time to
form and be equilibrated to the bulk temperature.

For very large droplets{10° atoms), the ions can equilibrate,
and the situation is like that of the bulk8For smaller droplets
(<10 atoms), the finite size may significantly alter the
formation of the ion and alter the dynamics of ion motion. In
most droplet experiments, ions are formed from neutral species
inside the droplet, typically the result of an excitation transfer
between He (or other Hg™ species) and the dopaht?-22 For
static ions, that is, ions formed with little initial kinetic energy,
experiments using electron impact ionization or photoionization
see results consistent with the stronger-tbelium interac-
tion.2021.23|n many of the mass spectra from doped droplets,
X*+He, ions are common. In some experiments,-Me;, ions
are prominen&-24this ion complex corresponds to the dopant
ion surrounded by a completed F. C. C helium shell. The
excitation transfer leading to ionization of the dopant is highly
exothermic, and for small to medium size droplets(x 10*
atoms), the resulting energy release usually results in the partial
destruction of the dropletone sees only smaller cluster ions.
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Figure 1. Helium droplet machine schematic.

The fragmentation process requires energy, and is associate(é Experimental Section

with some cooling within the droplet. Recent experiments in
the Miller group on the cooling of the triphenyl methanol ion
following electron impact ionization allowed for a more
quantitative study of the coolin§y. They fit their gas-phase
breakdown pattern with RRKM theory and were able to estimate
a rate constant for unimolecular dissociation of the ion. The
rate plateaued near ¥0s™! for the highest electron impact
energies. For the helium droplet to be effective in suppressing

A schematic of the machine is illustrated in Figure 1. The
helium cluster beam was produced by expanding high-pressure,
high-purity (99.9995%) helium through an diameter orifice
mounted on the second stage of a closed cycle helium
refrigerator (ARS 204-FF wit 6 K option). The helium gas
was filtered through a 0.am sintered filter and precooled to
77 K by circulating it around a Z 10° cn? liquid nitrogen

fragmentation, they noted that the cooling rate should be at leastcooled shroud that also served to shield the nozzle and cryopump

of comparable magnitude.

Similar results on the cooling of ions were indicated in earlier
studies of Skdoped droplets by Toennies’ grolfiExperiments
using electron impact ionization of $8oped helium droplets
indicated a strong suppression of the smalleg"SBns, with
preferential production of SF. A small amount of S§ ion
was also apparently seen. It was assumed that the appearan
of this ion was the result of very efficient cooling of the SF
ion within the droplet along with possible steric interference
caging—of the outgoing fragments. On this observation and the
relative ratio of SE"/SKs™, the authors calculated an effective
cooling rate in the droplet estimated to bel0' K s
However, later experiments in the same group failed to detect
any Sk* from Sk-doped droplets® calling the cooling results
into question.

In this paper, the photoionization of He droplets doped with
Sk was investigated using tunable vacuum ultraviolet (VUV)
synchrotron radiation from the Advanced Light Source (ALS).
The resulting ionization and photofragmentation dynamics were
characterized using time-of-flight mass spectrometry combined
with photofragment and photoelectron imaging. Results are
compared with a similar study of bare &folecules. We find
dissociative photoionization to $Fto be the dominant channel,
in agreement with Toennies. Key new findings are that (a) the
photoelectron spectrum of the iR the droplet is similar but
not identical to that of the bare ion, (b) thesSPphotofragment
velocity distribution is considerably slower upon droplet pho-
toionization, and (c) fragmentation to $Fand SE* is much
less than in the photoionization of bare ¢SFrom these
measurements we obtain new insights into the mechanism of
Sk photoionization within the droplet and the cooling of the
hot photofragment ions produced by dissociative photoioniza-
tion.

the source chamber. Droplet size was controlled by adjusting
the temperature and pressure of the source; the experiments
described here were conducted with 60 bar backing pressure
and~16 K nozzle temperature, resulting in droplets wilti]

~ 10 000. The source chamber was pumped by a 3200'L s
magnetically levitated turbopump (Osaka TG 3213EM). With
no helium flowing, the base pressure wak x 1078 torr; under

ce

typical beam conditions the source region pressure was 1
10~ torr (IG uncorrected).

The pickup region contaikea 5 cmlong pickup cell with
2.5 mm apertures. The pressure was controlled by a variable
rate precision leak valve and monitored by an ion gauge directly
mounted to the pickup cell. A beam flag could block the droplet
beam before the gas cell's entrance aperture. The pickup region
was pumped by a 400 L-$ magnetically levitated turbo pump
(Seiko Seiki TMP400) backed by an oil-free scroll pump. In
addition, a 300 crhliquid nitrogen cooled cryopanel located in
this chamber removed residuai®ior any other volatile species.
The helium cluster beam exited into the main chamber through
a 2 mm skimmer (Beam Dynamics). When the cell was not
being used and the helium beam off, the base pressure of the
pickup chamber was % 1072 torr.

In the main chamber, the helium beam crossed the VUV
photon beam on the axis of our time-of-flight (TOF)/imaging
spectrometer. The interaction region and the lower portions of
the spectrometer were surrounded by a liquid nitrogen cooled
cylinder (total surface area 14 10° cn?) with four 1 cm holes
around the perimeter, which allowed the helium beam and the
VUV beam passage. For offline diagnostics, a residual gas
analyzer (SRS RGA 200) intersected the helium beam 30 cm
downstream of the interaction region. The base pressure in the
main chamber was-5 x 1079 torr. The expected probability
of the cluster inadvertently picking up an impurity along its
path was<1%.
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Three types of experiments are reported here: time-of-flight ' ' ' ' '

mass spectrometry, mass-selected ion photofragment imaging, _2 glﬁs: 4
and photoelectron imaging. The electron optical setup for + SFy

photoelectron imaging has been described previctBly: the
time-of-flight mass spectrometer measurements (TOF-MS), the
ion optics consisted of a WileyMcLarer?’ style lens stack
composed of a repeller mesh, an accelerator mesh, and a - :

I gas phase SFg 4

grounded mesh. The repeller plate was puls&D0 V above g AN
the accelerator to extract the ions and provigeThe 0.8 m 3 : , .AﬁM:/A_AATAAA_
flight tube contained two matched pairs of deflection plates and o | o SE*

an Einzel lens for optimal steering and focusing of the ion packet A SFx10

onto the detector. The detector assembly was a resistance- | + SFg'x10

matched pair of 40 mm microchannel plates coupled to a conical

anode. A high-speed multichannel scaler recorded the TOF | g
spectrum (500 ps per bin, FASTComtec P7886). Typical mass 1920 21 2 2

spectra reported here were accumulated f8rt@ 223 sweeps SFe in droplet

with mass resolutionM/AM) = 400.
For the mass-selected ion imaging results, a similar pulsing y
scheme was used but with a WilelicLaren stack coupled to 16 18 20 22 24 26
a velocity-mapped imaging lens system. The complete system photon energy/eV
comprised a pair of electrodes with flat 93% transmissive grids Figure 2. Normalized ion yield of (top) gas-phase sulfur hexafluoride,
to perform the initial ion extraction, immediately followed by ~ SFeg and (bottom) sulfur hexafluoride doped in helium dropletsagF
a conventional velocity map lens system. This hybrid arrange- " FE.?. droT;?]Iet_ data, Lhe Sk hand Sk 6;"?1 shown s;:aledlgy 1(2);0; v
ment was necessary because pulsed extraction using only the"™ lity. The Inset shows the zoom ofthe region from 19 to 23.5 €V.

velocity map system led to poor TOF resolution. The additional ishing the effective dynamic range of the experiment. This is
velocity map lens system allowed for significant removal of especially important when examining species from helium
the spatial blurring present in a typical WitejicLarenimaging  droplets, when there may be small amounts 6fbe, next to
setup. A small spoiling field was also used to prevent any |arge X signals, such as in the experiments described here. At
buildup of ions withviap near zero, which could skew our  the Chemical Dynamics Beamline, a fast chopper was installed
observations. The ions were detected by an 80 mm MCP to address this problem. It consists of a custom-built in vacuo
detector assembly coupled to a phosphor screen (Burle APDmotor capable of rotation speeds up to 1000 Hz, coupled to a
3075FM). The MCP bias voltage was pulsed high for 200 ns 12 5 cm diameter wheel with slot patterns photoetched near the
to gate on the ion of choice. The phosphor screen was imagedouter rim. During our experiments, the chopper provided light
with a 1 megapixel CCD camera (DALSA 1M30) and integrated pulses with 16-90% rise times of less thanis, a 96-90%
on a PC. The images, 2-D projections of the full 3-D product time of 12us, and a repetition rate 6f32 kHz. Because some
ion distribution, were reconstructed with well-established to- of the flight times in the experiment were greater thalgndd
mographic method&:2°The spoiling field and pulsing scheme  we chose to extract the ions only on every other light pulse,
unfortunately do not provide perfect imaging conditions and rather than slow the wheel, which would lengthen the rise and
introduce some uncertainty in the absolute velocities derived fall times. The ion extraction pulse was triggered to coincide
from the images; however, we estimate these uncertainties towith the falling edge of a light pulse in the ionization region.
be <15%, and they do not affect the interpretation. The mass  Qur gas-phase spectra were taken by blocking the helium
resolution in the ion imaging experiments was30. The  cluster beam before the pickup cell, and then increasing the
photoelectron images were acquired with a standard velocity pickup cell pressure to a high value, with the cell then acting
map imaging lens systeffi. as an effusive source. Doped spectra were taken under a variety
VUV light was provided by Terminal 3 of the Chemical of pickup cell pressures from 2 107 to 2 x 10~ torr. The
Dynamics Beamline at the ALS, a third-generation synchrotron majority of the TOF-MS results for doped droplets shown here
light source. At the Chemical Dynamics Beamline, an undulator were recorded with 1.6 10~° torr in the pickup cell, which
provides ~10' photons s! (2.5% bandwidth) of linearly provided nearly maximal absolute count rates for the singly
polarized light from 7 to 30 eV Terminal 3 consists of a 3m  doped helium droplet signal without interference from multiply
off-plane Eagle monochromator fitted with a 600 lines/mm doped droplets. Scrutiny of the data with other results taken
grating and a best possible energy resolutiBME) ~ 3000. with pickup pressures a few times higher than the ones reported
For these experiments, an Ir-coated master grating blazed forin this paper indicated no apparent differences in the ions related
16 eV was used, and the monochromator was set to provideto single Sk pickup, either in the mass spectra or the images.
E/AE ~ 600, yielding 182 photons s! in the range of 2626
eV. The light is pseudocontinuous, with a repetition rate of 500 3- Results

MHz. Previous detailed studies of the photoabsorption and subse-
In both TOF and imaging measurements, further modulation quent dissociation of gas-phase sulfur hexafluorides§spfn

of the light beam was required. Simple pulse extraction methodsthe VUV have been conducted both in this group and by

give satisfactory, but not ideal, results when the light beam is others’?-38 so the results for Sfg, will only be briefly

nearly continuous. lons formed late in the voltage pulse do not summarized. The upper panel of Figure 2 shows the ion yield

leave the extraction region before the field collapses, giving for dissociative photoionization of $fp from 15 to 26 eV,

rise to an energy spread in the ion packet. The TOF peaks thenobtained by integrating the appropriate peaks in the TOF mass

have long tails extending to later flight times, potentially spectrum as a function of photon energy, and is consistent with

obscuring small, nearby higher mass peaks and greatly dimin-previous measuremer§The dominant ion seen at all energies
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is SFs*, with smaller amounts of the $Fand Si* fragments. T T ]
The SE" ion appears at15.5 eV and rises steadily unti18 25x10° F . ]
eV, where it levels off. At 21 eV, SF production increases [ N, a
again—the leading edge of a broad peak centered near 24 eV. 20 3 SFs" 7
The onsets of SF and SE™ occur at 18.5 and 19.0 eV, f%) : ]
respectively. At 20 eV, Sf production matches SF, and the g 15 : B
branching ratio and absolute amounts of the two ions remain S [ 0," ]
nearly constant until 22 eV. Here, the sSFon yield increases 10 3 ]
sharply, while the SF signal remains relatively constant. : ]
The ion yield curves for sulfur hexafluoride doped in helium 05 3 B
droplets (Skarop are shown in the lower panel of Figure 2. The - J T e
data shown for SF and SE* are scaled by a factor of 10 in 0'00 50 100 150 200
order to be visible. As in Sf,, SFs' is the prominent ion, but
the ratio of SE* to the smaller SE fragments is much higher. mass/amu
The curve measured for §Fis very similar to the curve T T T T ]
measured earlier for $F from Sk-doped helium droplets by 300 3 SF;* 3
the Toennies grouff It shows a very strong peak near the He 250 F SF,’ SF.* b ]
2P atomic absorption, while $Fand SE* change very little [ ]
(inset, lower panel of Figure 2). The measured'S€urve is 200 | SF," He, ]

also similar in structure to the fluorescence excitation curves
for pure droplets of similar size, measured by the group of
Moller.39-41 The SK' ion increases again at 22 eV. Near 23
eV, the threshold for ionization of pure helium droplets, the _
signals of all SE" fragment ions rise, but with a very clear 50 |
preference for S production. .
Examining the ion channel branching ratios fosgExcited
at 21.8 eV, one finds SE/SKR™ = 9.5, SEY/SKRT = 9.2. At

counts

T

100 |

0
80 100 120 140 160 180 200

25.5 eV excitation, SF/SF" = 12, SR*/SF;" = 5.7. For mass/amu

Sksarop at both 21.75 and 25.5 eV, the ratio of s3SRo both : S : : :

SK* (k = {4,3}) is near 100:1. At energies where there is no 120 | . .
appreciable pure droplet photoabsorpfiérfl ~22—23 eV, the f SFsH,0 C ]
fragment ion branching ratios appear only slightly different from 100 - ]

the gas-phase results; the sSFsignal decreases, while the
smaller Sk" peaks remain essentially constant. Note that the
data shown in the lower panel of Figure 2 are not background-
subtracted. Thus, the actual ratio recorded for the droplet signal :
depends strongly on many mundane experimental factors, such 40 |
as the background $f, and should be considered only as a
guide. Individual background-subtracted TOF-MS indicates that
virtually all of the Sk* (k= {4,3}) ions seen at 21.8 eV in the POl AL AL s P
doped spectra are from the effusivesgfbackground and not 140 145 150 155 160 165 170
associated with Sfgop This means that at 21.8 eV there is a mass/amu

very large increase in $F while the droplet beam is on and  Figure 3. TOF-MS following 21.8 eV excitation of SFoped helium
almost no change in either $For SKs*. The corrected spectra  droplets. (a) A large Sf peak is seen with little SfF or SR*. The

at 25.5 eV show similar effects, but at this energy, some of the N2 and Q signals are from background gas in the ionization region

detected S and SE* fragments correlate with $Fop and do not depend on the droplet beam. (b) A close up look of the
cl S f the individual TOF-MS . Sk-dependent region. After the §Fa progression of SF -He, is
oser examination of the individua - spectra in seen. (c) SE-He, and SE*H,O" but no SE*.

Figures 3-5 yields additional information. The highest mass

shown in these figures is 200 amu, but the recorded spectrafor helium, shows no sign of enhanced intensity compared with
extended to 1200 amu, and the presence or absence of featureitss Am =+ 4 neighbors. Figure 3c shows that there are clear peaks
in this extended range will be noted when applicable. Partsa  at 145 (SE-H,O", 34SFs*+Hey) and 147 amu¥{Sk-H,O", SK*

of Figure 3 show TOF-MS spectra of &kp at 21.8 eV at Hes), but there is no detectable signal at 146 amus{EFNVith
various levels of detail. In Figure 3a, the peaks at 8%;(BF increasing pickup pressure, SFHSF), cluster ions are seen
and 108 (SF") amu are dwarfed by the peak at 127 £SF as well.

amu. Figure 3b shows that toward heavier masses there is a Excitation at 25.5 eV leads to similar results, with some
progression of peaks with mass 1274n (SK*+He,), contrary additional features observed (Figure 4). The largest ion signal
to earlier studies where no $FHe, was detected, presumably is mass 4 (H€), and is followed by a series of peaks of mass
owing to lower resolution and lower signal-to-noise in the earlier 4n. Similar differences at the two photon energies were seen in
experiments$?26 This progression decreases in intensity as it the photoionization mass spectra of droplets doped with rare
extends toward higher masses and is present in the extendedjas atomg# In Figure 4, SE" is still the dominant heavy ion.
mass spectra ta = 25, after which the S/N is too low for  Again, there is a series of peaks corresponding te*$fe,
definitive assignment. There is no evidence of any'Sfe, extending the length of the figure (in the full TOF-MS, the,He
for k = {4,3}. A small peak is seen at 164 amu 3H,0"). peaks are visible ta ~ 80 while the SE"-He, peaks continue
The peak at 175 amu (§FHey,), the expected “magic number”  to n > 40). With the stronger overall signal, peaks related to

80: | .

60 |

counts

20 |
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Figure 4. TOF-MS following 25.5 eV excitation of SFdoped helium
droplets. (a) A large SF peak is seen with little SFF or SR™. (b) A
close up look of the SFdependent region. Now the pure helium cluster
ion signals are seen. After the SFa progression of SfF-He, is seen.
(c) SK™He, and SETH,O" but no SE'.

34SKT-He, and33SK;t-He,, are also visible, although the latter
is very weak. The peak at 164 amu (8,0") is slightly higher
than itsAm + 4 neighbors. The peaks at 145 and 147 amu are
now even more prominent. A very weak signal is present at
146 amu, possibly S, though its intensity is Ix 1C° times
less than that of mass 127, and may be attributabl&3g&F{
H,O™). At 25.5 eV excitation, with increasing pickup pressure,
in addition to SE™+(SF),, cluster ions, the smaller $F(SF)n
ions are also seen.

Figure 5 shows a detail of the TOF-MS around thg'SFeak
at 25.5 and 21.8 eV. At the higher energy, a progression of
peaks is seen at masses-89n, corresponding to SfF-He,. It
continues clearly up to SF-Heg, after which the signal is
obscured by the strong signals related*®F". As pure helium
cluster ions overlap with the 9FHe, ions, we cannot directly
confirm the presence of $FHe, ions, though they are likely
present.

Figure 6 compares peak widths of SFons from TOF-MS
of bare and clustered $lt 21.8 and 25.5 eV. At 21.8 eV the

. Phys. Chem. B, Vol. 110, No. 40, 20089949

T T T
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SF;'tHe
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o) S tegacptomby
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mass/amu
Figure 5. Upper solid trace shows the formation of :3fHe, from
the Sk-doped droplet beam following 25.5 eV photoexcitation. The
SK*-He, peaks are absent in the lower dashed trace, which is from
the Sk-doped droplet beam following 21.8 eV excitation.

counts

o

mass/amu

Figure 6. TOF narrowing. The spectra are all normalized, so the effects
can be clearly seen: black circles, 21.8 eV gas-phase&fFtriangles,
21.8 eV Sk in droplets; green crosses, 25.5 eV gas-phasg IS3&e
diamonds, 25.5 eV SFin droplets. The SF spectra at 25.5 eV
excitation are corrected by subtracting the estimategtt®ntribution.

relative width of the SE" droplet peak is narrower than in the
gas-phase spectra, while not surprisingly, the widths of masses
89 and 108 are unchanged. At 25.5 eV excitation, however,
the peaks of all of the SF ions from droplets are narrowed
relative to those of Sdgp, with SKs* showing the largest effect.
This modulation of peak width is useful and will be used later
as an aid in the interpretation of the dynamics of fragmentation
and escape of the ions.

Figure 7 displays representative photofragment images SF
produced from Sggp and Skarop Each image is independently
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3

C

Figure 7. Normalized SE" ion images. (a) SF from gas-phase SF
at 25.5 eV excitation. (b) SF from the helium droplet at 25.5 eV. (c)
SK* from the droplet at 21.8 eV. (d) Log-scale image ofsSfom
the droplet at 22.8 eV. All of the SFopimages show similar behavior
and are slowed markedly compared to those of thg Gffesults.

scaled for display convenienc¢he total integrated intensity
of each image is close to what is expected from the ion yields.
Image a is the SF fragment ion following dissociative
ionization of gas-phase &t 25.5 eV. Images b and c are the
corresponding droplet images following excitation at 25.5 and
21.8 eV, respectively. The next image, d, shows'SHter 22.8
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Figure 8. Fragment speed distributions: Skopand Sk'qp following

25.5 eV excitation. The dashed line shows the gas-phase results, while
the solid line shows the droplet data. The results for 21.8 eV are
identical within the resolution of the experiment.
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Figure 9. Electron kinetic energy spectra following 21.8 eV excitation.
Spectra are normalized to the total integrated intensity. The dashed
line shows the gas-phase &$pectrum, and the solid line shows the
spectrum from Sgdoped helium droplets.

report the fragment speed distributioRés) instead. Figure 8
displaysP(s) distributions for the S§& fragments following 25.5

eV excitation with the droplet beam on. It is shown with a eV excitation. Within the accuracy of the experiment, no
logarithmic intensity scale, as the signal is very weak and almost significant differences were seen in the speed distributions from
not visible with a linear intensity scale. Photons of this energy the Sk*qop images at different photon energies, so only the
sit in the “absorption gap” of pure helium droplets, where the distributions following 25.5 eV excitation are shown. The'SF
pure helium droplet absorption has a miniméfm this image, speed distribution peaks far from zero, with an average speed
because the Sy contribution is weak, the signal from the  [3C= 310+ 20 m st and a most probable speed slightly higher,
Sk*gp background is of comparable intensity, and a direct at~3504+ 20 m s*. The distributions are quite different for
comparison of the Sfgopand SE*g, can be made. The Skop the SE'4rop The ions are traveling much more slowly, with an
image does not have the same center agFa consequence  average velocity of 115 10 m s and a most probable speed
of the entrainment of the Skop in the helium beam, which  of 86+ 6 m s*. Quantitative fitting of the angular distributions
has a well-defined laboratory velocity, versus thegback- to the familiar expression for dissociation following absorption
ground, which has an average lab velocity near zero. One of linearly polarized light®—f(0) = (1/(47)){1 + P»(cos6)} —

immediately sees differences between the'gFand SE*grop
images. The radial extent of an image is directly related to the
speed of the ion, so it is clear that Sf, ions are much faster
than the SFqop iOns. In addition, the SFy, images are
anisotropic, while the Sfqop angular distributions are isotropic.
Additional images (not shown) were collected at other photon

givesf§ = 0.8 for Sktgp and = 0 for SK*grop

We also recorded velocity-mapped photoelectron images.
Photoelectron spectra of §f and Skqrop taken with 21.8 eV
excitation energy are shown in Figure 9. The machine config-
uration in this experiment precluded the collection of full
coincidence spectra, so the 3k, spectra are carefully back-

energies, both above and below the helium droplet absorptionground corrected. An image is taken withgSR the pickup

threshold. At all energies, the overall appearance of thg SF
related to the droplet is similar to the ones shown.

In molecular photodissociation, one typically reports center-
of-mass kinetic energy distribution®2(Ex), derived from

cell with the droplet beam on. Next, an image is taken while
the cell is left on with the droplet beam blocked. Last, an image
is taken with just a pure droplet beam. The two background
images are then subtracted from the “all on” image with

photofragment images, but in the droplet, some of the nearby appropriate weighting. The pure droplet image is necessary
He atoms may play a role in maintaining momentum conserva- because after excitation at 21.8 eV, the droplets fluoresce in
tion. As a result, momentum matching is not straightforward, the VUV. Some of these VUV photons directly strike the MCP

and Ex cannot be determined unambiguously. Therefore, we or impinge upon metal surfaces within the spectrometer and
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eV SF,' SF'+F's in the droplet in the Gaind Dstates, states known for baresSF
A to result in extensive fragmentation to,SFk = 3,4,543 This
[ poses the question of what effect helium environment has on
[~ 24 the fragmentation process, and as a corollary, how the helium
[ Ei (L) dissipates energy and at what rate.
k Additionally, the ion imaging results give direct evidence that
I &l the SKE*' ion is interacting strongly with the droplet. The
I D(T) SF, +3F's departing SE* fragment is significantly slowed as it escapes.
L 18 C (’E) SE2bs Also, most of the SF coming from the droplets is bare, with
I AB (°T,/'T,) only a small fraction leaving with attached helium atoms. The
I m images also show the $Fis slowed similarly in the droplet
L 15 I SF;+F for all excitation energies, raising the issue of what role, if any,
N the initial excitation plays in the escape dynamics. As excitation
T~ and subsequent transfer of energy to the dopant is the first step
in all of the processes described above, we will begin the
5 SF, discussion here.

4.A. Excitation Transfer Processesln most optical studies

Figure 10. Energy level diagram for SF. Also shown are the ; 445 ; ; ;
thermodynamic thresholds for the formation of smallek'Skins, on doped helium dropleﬂs‘} the helium environment is

assuming atomic F losses. The gray bars indicate the two excitation COMPIetely transparent to the incoming photon. Photoabsorption
energies used in this study, 21.8 and 25.5 eV. of the droplet itself does not occur at excitation energies below

~21 eV, so any absorption in this regime must arise from the

generate electrons, giving rise to a low-level dc background dopant. Above 21 eV, the helium is no longer transpar¢mé
signal. Comparison of the TOF mass spectra taken with the droplet environment undergoes electronic excitation which can
helium beam on and off indicate exclusively SE€lated then migrate to the dopant. In this section, we will examine the
differences, so we believe this procedure is robust and accuratelydifferent processes responsible for dopant ionization within the
reflects electrons from the cluster. Photoelectron spectra abovedroplet.
the ionization energy (IE) of the helium atom were also recorded For excitation below 23 eV, the apparent threshold for
and appeared nearly identical to the pure droplet spectraionization in He droplets® neutral species are the only possible
collected by the authors, reflecting the fact that He ionization energy carrier. In our experiments, we excite the droplet
is much more likely than direct dopant ionization. optically, injecting a well-defined amount of energy. Although
In the 21.8 eV photoelectron spectrum ofsgf-the fastest there is strong broadening and some symmetry breaRing,
electrons comprising the small feature centered at 5.5 eV arisethe simplified picture of 21.8 eV irradiation is that photo-
from ionization to the Xstate of SE*. The dominant feature,  absorption is a perturbed atomi6—P excitation. In time-
with electron kinetic energie®Kg) centered near 4.5 e¥Ke, resolved fluorescence work on both bulk liquid helium and
arises from ionization to the /8 states of S§". The next two helium droplets'® strong VUV emission was seen from the
features, centered at 3.5 and 2.0 Kk, arise from ionization droplets within 10 ns, implying fully allowed radiative transi-
to the Cand D states, respectivefp:43 All four features are  tions.
seen in the photoelectron spectrum ofsdafs Within experi- This inference is important, because in the Penning process
mental resolution, peak positions are the same in the two spectraleading to dopant ionization, two transitions can be active: one
The intensity pattern is quite different, however, with the peak involving electron exchange, the other an optical-like electronic
corresponding to the /8 states considerably less distinct for  dipole interactiorf’48In “traditional” Penning processes, a high-
Sksarop Overall, there appears to be an underlying continuous energy, long-lived metastable state is created and collides with
contribution to the Skarop Spectrum that is particularly visible  a partner, leading to ionization. A prerequisite for “long-lived”
below 1.2 eV. However, it does appear that the states accesseds that the excited molecule or atom does not have a dipole-
by photoionization of Sy, are all accessed by photoionization allowed transition to its ground state. As such, the dipole
of SFsarop We note that previous work by Loginov etahowed component of these reactions is very weak, and electron
that the photoelectron spectra of droplets doped with aniline exchange dominates.
were shifted by about 0.1 eV toward highete compared to If the excitation carrier remains in a state that has a dipole-
those of bare aniline. We do not see such a shift, but a shift of 5)owed transition to the ground state, the cross section for
this size would be difficult to observe in any case owing to the Penning ionization by the dipotedipole mechanism will be

broad nature of the features in Figure 9. considerably larger than by electron exchaffjEhe distinction
) ) between the two ionization mechanisms is relevant to our
4. Discussion experiment, because electron exchange usually results in the
The data from Sgdoped helium droplets show many formation of ions with a distribution of final states different
interesting features. First, the ion yield spectra fog'Sffom than from optical excitatioA? For ionization via the dipole

droplets show strong features not present in the gas-phase SFmechanism, the nascent ion distribution should resemble that
spectra. The spectra appear to match the absorption spectra ofreated by direct photoionization. Our photoelectron spectrum
pure helium droplets, indicating strong coupling of excitation for SFsarop at 21.8 eV (Figure 9), which shows only minor
and/or ionization of the droplet with the SBopant, similar to  differences when compared to that of bare;,SRus supports
what was seen for droplets doped with rare gas af§i8scond, Penning ionization of the Sflopant via the dipole mechanism.
the modification in the shape of the ion yield comes about as a For excitation with photon energies above the ionization
result of greatly increased $Fsignal with almost no concomi-  energy of atomic helium, the most probable initial event is
tant changes in SF and SE*. The photoelectron images from ionization of a helium atom within the droplet. Fast resonant
SFKs-doped droplets show, however, thatsSks being created charge hopping subsequently occurs, with the excitation migrat-
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ing through the droplet. The charge either localizes, forming the translational dynamics appear unchanged with varying
molecular helium ions, or it encounters the dopant and undergoesphoton energy, as in the gas-phase @Bsociative ionizatiod?
charge transfer, ionizing the dopant. The efficiency of charge the excess energy left after the electron departs must be
transfer to the dopant has been previously examined in thedeposited into S& internal excitation. This is critical for
groups of Jand&??and Miller®® for droplets doped with rare interpreting the changes in the fragmentation dynamics, because
gas atoms and HCN, respectively. The results from Lewis et if the excitation greatly favored directly producing &Hon in
al.> using a novel experimental method combining state any of its three lowest lying states, with the electron removing
selective infrared spectroscopy and electron impact ionization, the all of the excess energy, only SFcould be produced, so
suggested that the overall efficiency of the process is affectedthe lack of the smaller SF ions would not be surprising. The
mainly by the electrostatic potential between the dopant and helium droplet would have affected tipeoductionof the ions
the migrating charge. As the droplet size increased, the directly, and nocooling would be necessary.
likelihood of charge transfer decreased; there is an increased From the ion yield curve in Figure 2, we know that droplet
chance for the migrating charge to localize first to,Heafter photoionization at 21.8 eV results primarily in SFproduction,
which the droplet is expected to fragment explosively. For with very little SR+ and SE* observed. Further insight into
droplets of~10* atoms, the charge-transfer probabilities were the ion fragmentation dynamics can be gained from the TOF-
estimated to be 2640% for the dopants studied. MS data in Figure 6. At 21.8 eV, the §Fpeak from droplet

In the charge-transfer experiments of Ruchti et?althe photoionization is much narrower than that from photoionization
efficiencies were slightly lower but followed the same trend of gas-phase SF This result reflects the much slower speed
with droplet size. The overall efficiency of charge transfer also distribution of SE* produced from the droplet, as discussed in
appeared to increase with the polarizability of the dopant. In more detail below with reference to the photofragment imaging
our experiment, we can estimate the efficiency of the charge- results. No such narrowing is seen for,Sfr Skt at 21.8
transfer process with a few (perhaps crude) assumptions. FirsteV; we take this to mean that this photoionization signal does
we estimate the ratio of pure to doped droplets from the expectednot arise from droplets at all but instead originates from
droplet size distributions generated from our beam source andbackground SEin the ionization region. Fragmentation of SF
the known pickup conditions in our gas cell. Next, we assume is thus nearly completely suppressed in our droplets at 21.8 eV.
that all of the helium droplets that absorb a 25.5 eV photon At 25.5 eV excitation, the situation is slightly different, in
ionize and fragment into species that we detect with equal that the TOF-MS peaks for $F and SE* when the droplet
efficiency (<1200 amu andiag < 10us), regardless of whether  peam is on also exhibit narrowing, indicating they are indeed
they contain a dopant. By dividing the total ion counts for formed from photoionization of doped droplets. The presence
He,-related signal by the total ion counts for thesSElated of the SK*-He, progression (Figure 5) at 25.5 eV (but not at
signal, and comparing this to the ratio predicted above by our 21 8 eV) directly supports this conclusion. Hence, there appears
source conditions, we find charge transfer is quite facile, with to be more (but still very weak) fragmentation of:Sft 25.5
efficiencies of 70+ 30%. Further studies are underway in our eV than at 21.8 eV. Two factors contribute to this observation.
group to investigate charge transfer in other systems andThe firstis simple energetics. At 21.8 eV, the maximum possible
experimentally refine the assumptions used in the estimating available energy for S is 6.5 eV En, — IEqopan), While at
the charge-transfer probabilities. 25.5 eV the available energy is given Byai = IEne — |Egopant

4.B. Sk Fragmentation. In our TOF-MS results at 21.8 eV~ = 9.3 eV. The extent of energy removal needed to suppress
we see a large enhancement ofsSFwith no apparent effect ~ fragmentation is less, because the thresholds for formation of
on the production of smaller ions. With photon energies of 25.5 SK* and SE* are~3.2 and~3.6 eV above the Sffonization

eV, there is also a very large preponderance foySfFeation, energy, respectivel8254Hence, the droplet environment must

but some smaller SF ions are created within the droplet. Here, dissipate~3.3 (2.9) and~6.1 (5.7) eV internal energy for

we examine the apparent suppression qf $&ns in more detail excitation at 21.8 and 25.5 eV, respectively, to suppress

and attempt to understand the underlying causes of the differ-fragmentation to SF (SR™).

ences in fragmentation in these two energy regimes. From both the images and the TOF data, the departing SF
Before examining the changes in fragmentation of SEithin has similar speeds at 21.8 and 25.5 eV, so it does not appear

the droplet at these different energies, it is helpful to recall the that the additional energy at 25.5 eV is going into translation.

energetics and fragmentation dynamics ofsggFFigure 10 In the gas phase, none of the valence excited states gf SF

shows the energy levels of the 8Fon and the thresholds for  decay radiatively, so it does not seem probable that this

the SK™ (k= {5,4,3) assuming sequential loss of F atoPh8? mechanism is prominent in the droplet. The energy must go

Excitation into all of the S§* ionic states leads to dissociation, into the internal energy of the $F At 25.5 eV, for SE*

with the X, A, B states producing S only. These states (X production to be dominant, and the othegSte be completely

A, B) are purely repulsiveat the Xstate threshold;-1 eV of suppressed, over 6 eV of energy must be dissipated to the local
translational energy is deposited into the departing fragments environment. The appearance of the smaller ions may then
leading to ejection of a fluorine atom on a subpicosecond time reflect the greater difficulty of removing this excess energy
scale323438The Cand Dstates result in three fragment ions: quickly enough.

SK*, SR, and Sk*, with the SE* dominating the yields and The second contributing factor is that at 25.5 eV excitation,
the smaller fragment ions thought to result from the unimolecular charge transfer can populate theefectronic state, which in
decomposition of internally excited $Ffragments” The E the gas phase leads exclusively to;SBroducts. In gas-phase
state appears to lead exclusively tosSfragments3 measurements following Etate excitation, the SF fragment

We first point out that the droplet photoelectron spectrum at has substantial kinetic energy, and the dissociation is thought
21.8 eV shows that states of baregSknown to decay into to be direc®? If the E state were populated, direct formation of
smaller SE" fragments are being created in the droplet. SRt in the dropletis expected to occur, and its detection would
Regardless of any possibility of altered electronic dynamics, be inevitable. Note that in the TOF spectra, the width of the
all of the possible Sf states produced will fragment. Because SR* peak, though narrowed compared to the gas-phase width,
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‘e‘,;ai:,‘ o ' L A siml_JIations to describe thg coIIi_sion _dynamics of moving
2 o B o o fromDroplet ] particles, both neutrals and ions, in helium droplets.
2 LR 1 The angular distributions derived from the simulations do not
) ° 40 fit the experiment as well as the speed distributions. If we use
= 8 ‘® ] the gas-phase anisotropy value as an input parameter, the output
D [ o distributions are not isotropic, with the simulated images
N, $ ] remaining slightly anisotropic for the higher speed fragment
g [a ?%. ] ions. This behavior is consistent with both theoretical and
] _—Z ’Qég‘ B experimental work that show that the angular anisotropy should
c ok “.‘“ relax more slowly than the kinetic energfés®® However, we
P L L M feel that the lack of agreement between the recorded angular
g 100 200 300 - 400 500 distributions and those of the simulation does not indicate that
speed/ms the model is poor. Instead, the disparate results probably arise
Figure 11. Comparison of measured Skop Speed with the result of ~ from the indirect nature of the dopant ionization mechanism.
the Monte Carlo simulation witlr ~ 50 A2. The Sk does not interact with the ionizing photon, but instead,

with either He* or He created by that photon. It is therefore
reasonable to expect memory of the light polarization to be lost
as the excitation or charge migrates through the droplet.

A priori, it was not obvious that the Monte Carlo simulations
would give reasonable results for SF In the CRl system
studied by Braun and Drabbé,the resulting interaction
between theneutral CF; and He is expected to be weak, the
result of a dipole-induced dipole interaction. This weak interac-
tion supports the use of a simple collision theory to model the
escape of the photofragments. In our system, photoabsorption
results in the formation of S which then dissociates on a
rsubpicosecond time scale intosSFand F. The S& fragment
is charged and will have a much stronger interaction with the
local helium environment. Theoretical studies of ions in liquid
helium indicate the formation of a “snowball”; the strong
electrostriction leads to a great increase in helium density, frozen

is not as noticeably narrowed as thes§Fand it is tempting to
speculate that the different TOF width reflects the different
dynamics involved in the production of $F

4.C. Sk Escape.On the basis of the results for &f the
SFKs* fragment is formed withHsO~ 300 m s1,32 well above
the Landau critical velocity. For Skop the average velocity
of the escaping S fragments is alse~2 times greater than
the Landau velocity. For these fast moving particles in the
droplet it is unlikely that the more esoteric properties of the
fluid play significant roles in the escape dynamics. We can then
ignore any subtleties of the $Fhelium interaction and analyze
the escape process using a simple collisional energy transfe
model as a first-order approximation to the system.

The results of Braun and Drabb®18>0on the escape of neutral
photofragments from the interior of helium droplets were
interpreted using a classical Monte Carlo simulation. The core o . . .
of this simulation relies on the scattering of hard spheres, but it around the ionic core. If the outgoing particle were dragging

adds several opportune features. First, the broad size distributior{nag};. hf.“um f;_attogs”_vz!th i, W?. Wolljld expectth sgggcslnst
of the clusters is taken into account, as is the initial position of modification ot 1ts ballistic properties. However, the .

the dopant and the evaporative loss of helium atoms from the results show that most of the SFescapes bare, with no helium

droplet following pickup. Additionally, from the best fit of the attached,d anld '_[Ped.smcl:l?tlon _grlr\]/_es ;esults thdat mat(t:h the
model to the experiment, an effective hard-sphere collision cross Measured velocity distributions. 1 1is, of course, does not mean

section is determined and can be critiqued for physicality. The Lhall_t there :S tr;10 tattltqrac(:jtlve p(_)tentlfal betwegn ttt?'@fs'ﬁt]d thet
experimental results of Braun and Drabbels were simulated ''€"'UM. only that th€ dynamics o éscape in this hinite system

successfully by this proceduts.We have used the same do not allow the overall system to relax and reach equilibrium
simulation program to examine our data. with the environment before it escapes.

The Monte Carlo simulation does a reasonable job of fitting ~ 4-D. Cooling ProcessThe combination of TOF-MS and ion
our experimental results. The speed distributions fit quite well, imaging gives crucial information for directly determining the
with an effective collision cross section 50 & 10 A? (Figure rate of cooling in the droplet. The highly repulsive initial
11). The simulations also give the collision number and escape dissociation event is likely still very fast 1 ps, so ion escape
time distributions for the fragments, as well as an overall from the droplet determines the time scale of dropleh
probab”'ty for escape' For fragments Starting with the gas_phaseinteraction. The Monte Carlo simulations of the escape then
mean velocity, the collisional distribution gives a maximum 9ive the average time spent in the droplet by the"SEATqrog1]
number of collisions of~60 with an average number of From the Strongly altered ion branChing ratiOS, internal energy
collisions of ~30. The average escape tinid\gog) is ~25 [E]ostDﬂust. be dissipated in thg droplgt tq prevept fragmentation;
ps. The simulations indicate the probability of escape for the this value is known from the discussion in section 4.B. A lower
SR" fragment is<99.99%, consistent with the absence o' SF  limit to the cooling rate is then given B¥os{ A Tgrop I~ 3 x
in the mass spectrum. If the SFand the F were both trapped  10*> K s™%. The actuatotal rate of energy dissipation in the
in the droplet, the pair would be bound by the ion-induced dipole helium droplet is slightly higher, because the translational energy
attraction. In our experiments, though we observe ng Ske of the Sk and F are not included, though the maximum
observe SF+He, a system that is expected to be more weakly Possible translational energy that could be deposited frogh SF
bound because of the lower polarizability of helium. We dissociation is~1.5 eV and does not significantly alter the
conclude that all ionization events lead to prompt fragmentation, results.
and to the escape of at least one of the fragments, so that no This cooling rate is consistent with the ones that can be
recombination can occur. The simple hard-sphere collision estimated from suppression of unimolecular decomposition of
model thus agrees with the experimental observations, both inthe SE™. At 25.5 eV excitation the dissociation rate is expected
our ionic dissociative ionization results and in the neutral to be~10%to 10''s™1. From this value, the cooling rate in the
dissociation results of Braun and Drabb¥ & his agreement  droplet must be on the order ofxd 10'>K s~1. A similar value
lends strength to the validity of using the Monte Carlo was estimated by Lewis et al. based on another ion, triphenyl
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methanoP® Note, however, that the cooling rates calculated from can be modeled using a Monte Carlo simulation based on binary
the rate constant suffer from a large uncertainty because of thecollisions between the $Fand droplet atoms. The suppression
difficulties in estimating rate constants in these systems. Thus of SKk* fragmentation in the droplet is attributed to extremely
the “direct” method is much more robust. rapid cooling, with a rate estimated to be!18& s™1.

With energy transfer rates of10' K s™1, the cooling of
ions is quite efficient in helium droplets, with multiple eVs of ~ Acknowledgment. This work was supported by the Director,
energy being dissipated in picoseconds. Theoretical predictionsOffice of Science, Office of Basic Energy Sciences, Chemical
for the cooling of vibrationally excited Hé are also quite high, ~ Sciences Division of the U.S. Department of Energy under
up to an order of magnitude higher than those reported®éfe. ~ Contract No. DE-AC02-05CH11231. D.S.P. gratefully acknowl-
In neutral species, vibrational relaxation has been seen to beedges Marcel Drabbels for providing the source code for the
about 1 order of magnitude slower for static spetiésand Monte Carlo simulations. J.H.K. gratefully acknowledges the
appears even slower for photofragments formed with significant Korea Science and Engineering Foundation (KOSEF) for a
recoil velocity5s One effect altering the cooling rates for neutral  postdoctoral fellowship. D.M.N. is very grateful to Charles B.
species versus ions in helium droplets is that, for the neutral, Harris for sharing many stimulating lunches over the last 20
the strongest possible interaction between the droplet and theyears.
dopant is a dipole-induced dipole attraction, and this is only
possible for polar species. For the ion, the ion-induced dipole References and Notes
interaction is the weakest attraction, and this already is typically (1) callegari, C.; Lehmann, K. K.; Schmied, R.; Scoles JGChem.
much stronger and of longer range. It may simply be that for Phys.2001 115 10090.

the ions, the much stronger interaction with the droplet  (2) Miller, R. E. Faraday Discuss200], 118 1.

environment induces much faster relaxation. 54 é?i) Toennies, J. P.; Vilesov, A. F.; Whaley, K. Bhys. Today001,
The actual mechanism for the droplet to dissipate the energy (4)' Peterka, D. S.; Lindinger, A.; Poisson, L.; Ahmed, M.; Neumark,

is still not conclusively known and would benefit greatly from D. M. Phys. Re. Lett. 2003 91, 043401.

more theoretical work. For droplets of our siZ&@Catoms), 163250)1'-°9i”°"' E.. Rossi, D.; Drabbels, Mhys. Re. Lett. 2005 95,

>80% of the atoms would be evaporated if the cooling were () garrera, R.; Baym, GPhys. Re. A 1972 6, 1558.

an equilibrium process, i.e., if each He atom evaporated with  (7) Gunther, H.; Foerste, M.; Putlitz, G. Z.; Schumacheriz. Nizk.

nearly zero translational energy. It would be difficult to reconcile Tem(g.)ligﬁ ZtZ 13!9'(3 her. H.: Riedier. 0. Wiebe. J.- Putiitz. G. 7
H H H oerste, M.; Guenther, R.; Riediger, O.; Wiebe, J.; Putltz, G. £.

our escape results _W|th a process involving several thousandzl Phys. B: Condens. Matt&997 104 317,

individual evaporation events, as the number of fragment (9) scheidemann, A.; Schilling, B.; Toennies, J. P.; Northby, J. A.

collisions is low and the time spent in the droplet small. Physica B199Q 165 135.

Additionally, preliminary data in our group indicates little (10) Harms, J.; Toennies, J. Phys. Re. Lett. 1999 83, 344.

. . - P (11) von Haeften, K.; Laarmann, T.; Wabnitz, H.; Moller,Ahys. Re.
change in the branching ratio of the ionic fragments for smaller | . 5005"gg 233401.

droplets, where the energy loss required to suppress fragmenta- (12) Braun, A.; Drabbels, MPhys. Re. Lett. 2004 93, 253401.

tion exceeds the nominal heat capacity of the droplet given by  (13) Cole, M. W.; Bachman, R. APhys. Re. B 1977, 15, 1388.
thermal evaporation. This suggests that the energy dissipation 9%41)2 Buzzacchi, M.; Galli, D. E.; Reatto, Phys. Re. B 2001, 64,
mechanism is far from atherma_ll process, a_nd large amounts of? (15) Atkins, K. R.Phys. Re. 1959 116, 1339.

energy are taken away by relatively few helium atoms. Similar  (16) Gunther, H.; Foerste, M.; Kunze, M.; Putlitz, G. Z.; vonStein, U.
results have been seen for static ions in the Miller grSuphere Z. Phys. B: Condens. Mattér996 101, 613. _

they found that the cooling rate in the helium droplets was (1,\2”%2[]5&'\2;93?%9'9‘;-? Samelin, B.; Toennies, JZPPhys. D:
extremely nonlinear with droplet size, with the first few thousand i18) Farnik, M.. Samelin. B.: Toennies, J.P Chem. Phys1999 110,

atoms lost removing the bulk of energy. 9195.
(19) Scheidemann, A.; Schilling, B.; Toennies, JJA?hys. Chen1993
97, 2128.
(20) Callicoatt, B. E.; Forde, K.; Ruchti, T.; Jung, L.; Janda, K. C.;

. . P Halberstadt, NJ. Chem. Phys1998 108 9371.
We have investigated the photoionization and photofragmen- (21) Ruchti, T.; Callicoatt, B. E.: Janda, K. Bhys. Chem. Chem. Phys.

tation dynamics of He nanodroplets doped with singles SF 200q 2, 4075.

molecules using tunable vacuum ultraviolet radiation from the  (22) Ruchti, T.; Forde, K.; Callicoatt, B. E.; Ludwigs, H.; Janda, K. C.
Advanced Light Source. We have measured mass spectray- Chem. Phys1998 109 10679. _ .
photoelectron spectra, and photofragment images resulting fromChgn‘T’l). F(,:ha;ys'igagté’ fdgﬁ'igfég?' K.; Jung, L. F.; Ruchti, T.; Janda, KJC.
droplet photoionization. The photoion yield spectra show that  (24) Kim, J. H.; Peterka, D. S.; Wang, C. C.; Neumark, D.MChem.
dopant ionization occurs indirectly via excitation or charge Phys.2006 124 214301.

; ; ; (25) Lewis, W. K.; Applegate, B. E.; Sztaray, J.; Sztaray, B.; Baer, T.;
exchange from the surrounding He atoms, in agreement with Bemish, R. J. Miller. R. EJ. Am. Chem. So@004 126 11263,

5. Conclusion

earlier measureme_ms by Toennies’ gr%ﬁqm this SySte_m and (26) Frochtenicht, R.; Henne, U.; Toennies, J. P.; Ding, A.; Fiebererd-
more recent work in our grodpon droplets doped with rare  mann, M.; Drewello, T.J. Chem. Phys1996 104, 2548.
gas atoms. The mass Spectra show that no pareéﬂ BF (27) Wiley, W. C.; McLaren, |. HRev. Sci. Instrum.1955 26, 1150.

; ; (28) Whitaker, B. J. Image Reconstruction: The Abel Transform. In
produced, that S is by far the dominant fragment, and that Imaging in Chemical Dynami¢cSuits, A., Continetti, R. E., Eds.; American

further fragmentation to SF and SR* is suppressed in the  chemical Society: Washington, DC, 2001; Vol. 770, p 68.
droplet. This suppression is more complete at 21.8 eV and less (29) Heck, A. J. R.; Chandler, D. WAnn. Re. Phys. Chem1995 46,

SO at25.5 ev. 33?é0) Eppink, A.; Parker, D. HRev. Sci. Instrum.1997, 68, 3477
ppINK, A.; Parker, D. &. SCI. Instrum A 3 .
The photoelectron spectrum of Séfoped droplets at 21.8 (31) Heimann, P. A.; Koike, M.; Hsu, C. W.: Blank, D.; Yang, X. M.;
eV is similar but not identical to that of gas-phase,3fdicating Suits, A. G.; Lee, Y. T.; Evans, M.; Ng, C. Y.; Flaim, C.; Padmore, H. A.

that the same set of $Fstates, all of which are dissociative, Rev. Sci. Instrum.1997 68, 1945.

; ; ; (32) Peterka, D. S.; Ahmed, M.; Ng, C. Y.; Suits, A. Ghem. Phys.
are accessed in the droplet. Photofragment imaging of tee SF Lett, 1999 312 108.

fragment shows significant slowing in the droplet compared t0 (33 Creasey, J. C.; Jones, H. M.; Smith, D. M.; Tuckett, R. P.; Hatherly,
the photoionization of bare $FThe measured speed distribution P. A; Codling, K.; Powis, IChem. Phys1993 174, 441.



Photoionization of SiDoped He Nanodroplets

(34) Creasey, J. C.; Lambert, I. R.; Tuckett, R. P.; Codling, K.; Frasinski,
L. J.; Hatherly, P. A.; Stankiewicz, M. Chem. Soc., Faraday Trark991
87, 1287.

(35) Yencha, A. J.; Thompson, D. B.; Cormack, A. J.; Cooper, D. R.;
Zubek, M.; Bolognesi, P.; King, G. @Chem. Phys1997, 216, 227.

(36) Mitsuke, K.; Suzuki, S.; Imamura, T.; Koyano,Jl. Chem. Phys.
199Q 93, 8717.

(37) Ono, M.; Mitsuke, KChem. Phys. Let003 379, 248.

(38) Ono, M.; Mitsuke, KChem. Phys. Let2002 366, 595.

(39) Joppien, M.; Karnbach, R.; Moller, Phys. Re. Lett. 1993 71,
2654.

(40) Joppien, M.; Muller, R.; Moller, TZ. Phys. D: At., Mol. Clusters
1993 26, 175.

(41) von Haeften, K.; Laarmann, T.; Wabnitz, H.; Moller,Fhys. Re.
Lett. 2001, 87, 153403.

(42) Zare, R. NMol. Photochem1972 4, 1.

(43) Berkowitz, JPhotoabsorption, Photoionization, and Photoelectron
SpectroscopgyAcademic Press: New York, 1979.

(44) Hartmann, M.; Miller, R. E.; Toennies, J. P.; Vilesov, Rhys.
Rev. Lett. 1995 75, 1566.

(45) Stienkemeier, F.; Vilesov, A. B. Chem. Phy2001, 115 10119.

(46) von Haeften, K.; Laarmann, T.; Wabnitz, H.; Moller, J..Phys.
B: At. Mol. Opt. Phys2005 38, S373.

(47) Miller, W. H. J. Chem. Phys197Q 52, 3563.

(48) Ukai, M.; Yoshida, H.; Morishima, Y.; Nakazawa, H.; Shinsaka,
K.; Hatano, Y.J. Chem. Phys1989 90, 4865.

(49) Ohno, K.; Tanaka, H.; Yamakita, Y.; Maruyama, R.; Horio, T.;
Misaizu, F.J. Electron Spectrosc. Relat. Phena200Q 112 115.

J. Phys. Chem. B, Vol. 110, No. 40, 20089955

(50) Lewis, W. K.; Lindsay, C. M.; Bemish, R. J.; Miller, R. . Am.
Chem. Soc2005 127, 7235.

(51) Evans, M.; Ng, C. Y.; Hsu, C. W.; Heimann, B.Chem. Phys.
1997, 106, 978.

(52) Fisher, E. R.; Kickel, B. L.; Armentrout, P. B. Chem. Phys1992
97, 4859.

(53) Hitchcock, A. P.; Vanderwiel, M. J. Phys. B: At. Mol. Opt. Phys.
1979 12, 2153.

(54) Cheung, Y. S.; Chen, Y. J.; Ng, C. Y.; Chiu, S. W.; Li, W. K.
Am. Chem. Sod 995 117, 9725.

(55) Braun, A. Photodissociation Studies of £tnd CFRl in Fluid
“Helium Nanodroplets. Ph.D. Dissertation, Ecole Polytechnique Federale
de Lausanne, 2004.

(56) Shizgal, B.; Blackmore, RChem. Phys1983 77, 417.

(57) Cline, J. |.; Taatjes, C. A.; Leone, S. R.Chem. Phys199Q 93,
6543.

(58) Chapman S.; Cowling, T. Gthe Mathematical Theory of Non-
Uniform Gases3rd ed.; Cambridge University Press: Cambridge, 1970.
(59) Scifoni, E.; Bodo, E.; Dellepiane, G.; Gianturco, F.Eur. Phys.

J. D 2004 30, 363.

(60) Seong, J.; Janda, K. C.; Halberstadt, N.; Spiegelmanh,&hem.
Phys.1998 109, 10873.

(61) Lindsay, C. M.; Miller, R. EJ. Chem. Phys2005 122 104306.

(62) Scheele, I.; Conjusteau, A.; Callegari, C.; Schmied, R.; Lehmann,
K. K.; Scoles, GJ. Chem. Phys2005 122, 104307.



