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Multi-photon pumped, exciton mediated charge transfer reactions in NsO and F1 doped liquid Kr are reported. Irradiation of 
F&r solutions with I 300 fs pulses at 320 nm leads to three-photon induced emission from KrsF(4 ‘F). Based on transmission 
measurements, a three-photon cross section of 2x lo-si(*t) cm6 s2 is extracted, and attributed to access of Kr( n=2, j= 3/2) 
exciton. Irradiation of NzO/Kr solutions, at 320 and 225 nm leads respectively to three-photon induced and two-photon induced 
emission from KJC (2 ‘X ). Cross calibration of these signals, and using known two-photon cross sections for reaching Kr excitona, 
yields a three-photon cross section of 8 X 1 O-*’ cm6 s*. 

1. Introduction 

The reactivity of excited Rydberg states of rare gas 
atoms, Rg, is well catalogued in gas phase studies 
[ l-41. Based on their reduced ionization potentials 
Rg” atoms can be regarded as pseudo-alkalis. As such, 
charge transfer initiated harpoon reactions, which 
characterize the reactivity of alkaline atoms, is also 
common to Rg*, viz.: 

Rg*tMX+[Rg+MX-]jRg+X-tM, (1) 

where X most commonly denotes a halogen or chal- 
cogen. The charge transfer reaction cross section, the 
probability of the entrance channel in eq. ( 1 ), is de- 
termined by the crossing point between neutral and 
ionic intermolecular potentials, and therefore de- 
pends on the ionization potential of Rg* and vertical 
electron affinity of MX [ 11. The electron transfer 
can be regarded to be sudden. Therefore the exit 
channel efficiency, formation of the rare gas exci- 
plex, is determined by the instability of MX- and 
the gradient of the MX- surface at the geometry of 
the neutral MX. 
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In a recent paper the solid state analogue of ( 1) 
was demonstrated [ 5 1. In N20 doped solid Xe, it 
was shown that two-photon access of Xe excitons 
leads to formation of Xe+O-. Analysis of the solid 
state reactions requires extensive kinetic modeling, 
due mainly to the fact that the volume of interro- 
gation is static, and photoproducts interact strongly 
with the radiation field used for the generation of the 
excitons. In this Letter we demonstrate the same 
principle in liquid solutions of FJRr and NzO/Kr. 
Both two-photon and three-photon access of Kr ex- 
citons is demonstrated to yield the krypton exci- 
plexes. This mechanism of photogeneration of ex- 
ciplexes is important to elucidate aspects of the 
significant body of work in condensed phase laser- 
assisted harpoon reactions [ 61. It also represents a 
possible scheme for generating intense deep UV 
radiation. 

2. Experimental 

The experiments are carried out in a three-window 
cryocell, attached to an all monel gas handling man- 
ifold. The cell is constructed of Be:Cu and electro- 
plated with rhodium. Sapphire windows, sealed with 
indium gaskets, are used on all three sides. A closed- 
cycle He cryostat (CTI-22 ) is used to cool the cell. 
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Temperature is measured with a thermocouple, and 
regulated to within 0.1 IL To fill the cell, an appro- 
priate amount of either Fz or N20 is introduced at 
room temperature; the cell is then cooled and filled 
with krypton. Kr of 99.999% purity (Spectra Gases) 
and NzO of 99.8% purity (Matheson) were used. Fz 
(Matheson) is purified by flowing it through a liq- 
uid nitrogen cold trap. The cell was passivated prior 
to use by overnight exposure to fluorine. 

Two lasers were employed. Studies at 225 nm were 
carried out with 12 ns pulses, generated by doubling 
the output of an excimer pumped dye laser (Lambda 
Physik, EMG 101 MSC/FL2002). The three-photon 
studies were carried out at 320 nm using the doubled 
output of a 200 fs YAG pumped dye laser (Coher- 
ent, Antares/Satori). The pulse width in this case 
was measured prior to doubling by collinear auto 
correlation, and the pulse width of the doubled ra- 
diation is measured by difference generation to have 
a fwhm of 300 fs. No corrections are made for group 
velocity dispersion or self-phase modulation effects. 
Typical incident light intensities, as measured with 
a Joule-meter (Gentec EDlOOA), were approxi- 
mately 10 and 50 p.I at 320 and 225 nm, respec- 
tively. The light from either laser was focused into 
the cell with a 10 cm focal length lens. The minimum 
beam waist reached in the center of the cell, was 
measured by scanning a pinhole at the focal plane. 
fwhm values of 55 and 60 pm were obtained for the 
320 and 225 nm beams, respectively. Accordingly, 
peak fluences of 1Or2 W cm-* are reached at 320 nm, 
and 10’ W cm-2 are reached at 225 nm. A variable 
attenuator (NRC) was used to adjust the incident 
light intensity, and a calibrated photodiode was used 
to measure it. Transmission measurements were 
made by collecting the light into a second photo- 
diode at the exit window. Corrections are made for 
reflection and scattering losses by measuring the 
transmitted intensity at low fluence. The fluores- 
cence was measured at 90” to excitation with an op- 
tical multichannal analyzer (EG&G, 0MA3 ) . 

3. Results and discussion 

Irradiation of F2/Kr solutions at 320 nm leads to 
fluorescence at 450 nm from the triatomic charge 
transfer exciplex, KrZF. A typical emission spectrum 
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is shown in fig. 1. This emission has previously been 
assigned to the triatomic 4 *F+ 1 *I’ transition, in the 
gas phase [ 71 and in solid [ 81 and liquid Kr [ 91. 
The narrower emission at 305 nm in fl. 1, is due to 
XeF(D+X). Xe is a common contaminant of Kr. 
The KrZF fluorescence dependence on pump inten- 
sity is cubic, as illustrated by the log-log plot in the 
inset to fig, 1. Simultaneous transmission measure- 
ments show that at the highest fluence levels achieved 
in the cell, 0.6 TW cm-*, the transmission deviates 
from linearity, i.e. the process begins to saturate. This 
behavior was only observed in initial studies. We at- 
tribute the uncertainty in reproducibility to the fact 
that we are only at the very edge of observing sat- 
uration. At these fluences self-phase modulation and 
self-focusing become important in Kr [ lo]. Despite 
the uncertainties caused by these considerations, the 
transmission data can be fit to three-photon 
absorption: 

in which N= 1.8~ 10Zz cmm3 is the number density 
of Kr at 120 K, u is the three-photon absorption cross 
section, and I is the active length at the beam waist 
which is estimated as 0.1 cm based on the fluores- 
cence image. From the lit shown in fig. 2, 
a=2~10-*‘~*‘~ cm6 s* is extracted. The largest 
source of uncertainty in this determination is the es- 
timate of 1, and potential effects due to temporal and 
spatial distortion of the pulse in the high intensity 
limit. Measurements at low fluences, by the cross- 
calibration method described below, are therefore a 
preferable approach for extraction of this cross 
section. 

Several related measurements were conducted in 
order to assign the primary photoprocess to three- 
photon excitation of Kr excitons. The radiation used 
is resonant with the dissociative F2( ‘IIt ‘E) ab- 
sorption continuum. However, sequential processes 
(e.g., dissociation followed by charge transfer) do 
not contribute to the observed signal. This was ex- 
perimentally verified by splitting the 320 nm pulse, 
and monitoring the emission intensity as a function 
of delay between the two pulses. No enhancement of 
signal under the delayed pulse could be observed, 
which leads us to conclude that the observed emis- 
sion is strictly due to coherent excitation within the 
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Fig. 1. Typical emission spectrum of F&r solution irradiated at 320 nm. The 450 nm band is due to Kr2F(4’T- I *r), while the 305 
nm band is due to XeF(D+X). The Xe is a contaminant in these samples. A log-log plot of fluorescence intensity versus incident fluence 
is shown in the inset. The data are well fit to a straight line with a slope of 3.1( f 0. 1 ), implying that the process is driven by threphoton 
excitation. 
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Fig. 2. Dependence. of transmission on input radiation intensity 
in a 0.1 M solution of F2 in liquid Kr. The data can be tit to threc- 
photon absorption, eq. (2) of text. 

300 fs laser pulse. The first charge transfer transition 
between F and Kr peaks in the solid state at 275 nm 
[ 111. Therefore, at 320 nm, direct excitation of F/ 
Kr is energetically not feasible. Minimally three pho- 
tons are required to generate the exciplex. Given the 

dilution factor of 1 04, and the absence of strong mo- 
lecular intermediate state resonances, it becomes 
clear that the observed three-photon absorption in 
transmission is due to the solvent and not Fz. This 
was further verified by measuring the concentration 
dependence of transmission: an increase in F2 con- 
centration by a factor of 10 produced no detectable 
change in transmission. Three photons at 320 MI 
would be resonant with the n = 2, J= 3/2 excitonic 
transition in liquid Kr [ 121, to which we assign the 
observed absorption and subsequent exciplexic 
emission. 

Irradiation of N20/Kr solutions at 320 nm leads 
to emission from KrCJ (2 ‘Z+ ). A typical spectrum 
is illustrated in fig. 3. This emission has been pre- 
viously characterized in Kr gas [ 13 1, and in solid Kr 
[ 14-l 91. The upper state of the transition correlates 
with the neutral species: O( ‘S) +Kr( ‘S) while the 
terminal state correlates with O(‘D)+Kr(‘S). In 
tight sites of solid ti, the lower state undergoes crys- 
tal field splittings which could explain the observa- 
tion of a doublet structure in matrices [ 14-181. At 
temperatures relevant to the liquid phase, kT is larger 
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Fig. 3. Typical emission spectrum of N20/Kr solution irradiated at either 320 nm or 225 nm. Inset, log-log plot of emission versus 
excitation intensity, shows the two-photon dependence of fluorescence when irradiated at 225 nm. The data is tit with a straight line of 
slope2.l(fO.l). _ 

than the binding energy of O(‘S)+Kr(‘S) [20]. 
Thus, a broad interatomic distribution between 0 
and Kr, determined mainly by the repulsive wall of 
interactions, is to be expected. As a result, a broad 
spectrum caused by collision induced transitions over 
surfaces that correlate with the diatomic 2 IX+ + ‘l-I 
and 2 ‘Z+ 4 1 ‘Z+ transitions, is to be expected. The 
ITI state is mainly repulsive while the 1 ‘C+ potential 
should be attractive at large internuclear separations 
[20] - hence the observation of both blue and red 
shading about the atomic 0( IS) -PO( ‘D) transition 
at 557.7 nm. 

No emissions from the ionic Kr+O-(‘Z) states 
are to be expected, since these states should be 
strongly predissociated by the neutral potentials [ 2 11. 
Given the convenience in detection of the 2 ‘): emis- 
sion, no search for the Kr’O- (3D) state, which flu- 
oresces in the gas phase at z 180 nm [ 2 1, was made. 
The power dependence of the observed KrO fluo- 
rescence is illustrated in the inset to fig. 3 to be cubic. 
Note that there are no absorptions in N20 at 320 nm 
[22-241. Two photons at 320 nm can lead to 
N,O ( ‘TI), which however could only produce 0 ( ‘D ) 
[23,24]. Direct three-photon excitation of NzO lo 
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11.6 eV could in principle lead to generation of 0( IS) 
via the dissociative 2 ‘C+ surface [ 23,241. However, 
due to the absence of strong intermediate state res- 
onances, we do not expect three-photon excitation of 
the solute to compete with that of the solvent which 
is in 1 OS-fold greater abundance. Moreover, in solid 
state studies of NzO doped Kr using synchrotron ra- 
diation, direct excitation of N20 above 10 eV is 
shown to be negligible [ 14,191. Finally, direct three- 
photon access of NzO should also lead to formation 
of N(2D,) which would be observable by its char- 
acteristic emission at 521 nm. No such emission is 
observed. We conclude that KrO is formed via a spe- 
cific channel: charge transfer from self-trapped ex- 
citons. This conclusion is in complete accord with 
solid state studies of exciton mediated dissociation 
of NzO in rare gas solids [ 5,14,15,19]. The main dif- 
ference in the liquid phase, at the dilutions used in 
the present experiments, is that free excitons are not 
expected to play any significant role in the observed 
chemistry. A detailed discussion of the roles of free 
and self-trapped exciton initiated chemistry in solid 
rare gases can be found in ref. [ 19 1. 

The KrO (2 ‘Xc) emission is also observed by two- 
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photon excitation of N,O/Kr solutions at 225 nm. 
The dependence of the fluorescence intensity on the 
225 nm laser power together with the 320 nm data, 
is shown in fig. 4. At this wavelength, the absorption 
cross section of N20 is z 1 x 1 O-22 cm2 [ 161, and 
the KrO charge transfer transitions cannot be reached 
from the ground state atoms. The latter is verified in 
Kr solids doped with atomic oxygen [ 25 1. As such, 
we do not expect sequential two-photon contribu- 
tions to the observed emission. Moreover, direct two- 
photon excitation of NzO at these wavelengths could 
only produce O(*D). Resonantly enhanced inter- 
molecular charge transfer transitions [ 61, are in 
principle possible. However, given the very weak ab- 
sorption of N20 at 225 nm, the contribution from 
this channel may be quite small. Under the assump- 
tion that the observed process is due to the two-pho- 

ton access of Kr( n= 1, j= l/2) exciton, estimates of 
the three-photon cross section can be obtained. 

By maintaining nearly identical excitation and flu- 
orescence collection geometries, the two-photon and 
three-photon KrO signals are put on a common or- 
dinate in fig. 4. With the assumption that in both 
cases the fluorescence intensity is controlled by ac- 
cess of Kr excitons, and using the known two-photon 
excitation cross section of Kr (3.7X 10m4* cm4 s 
measured in solid Kr at 248 nm) [ 261, a three-pho- 
ton cross section of 8 x lo-*’ cm6 s2 can be extracted 
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Fig. 4. Cross calibration plot. A log-log plot of KrO emission in- 
tensity versus irradiation fluence at 225 nm (open circks), and 
320 nm (open squares) is shown. By maintaining identical exci- 
tation and collection geometry, the fluorescence fmm these two 
different sources can be put on the same ordinate. 

from the common plot. Given the uncertainties in- 
volved, this cross section is in fairly good agreement 
with the value extracted from the FJKr data. We 
therefore infer the validity of the conclusion that in 
all cases multiphoton access of Kr excitons is the 
dominant controlling channel for the observed 
chemiluminescence. 

The condensed phase excited state dynamics of rare 
gases differs somewhat from that of the gas phase. It 
is well known that rare gas excitons self-trap on a pi- 
cosecond time scale to form the lowest energy rare 
gas excimers, Rg,( ‘X: ) [ 12,271: 

Kr+nhv-tKf, (3) 

KP+Kr+Krf ) (4) 

in which, for n=2 at 225 nm, Kr*=Kr(n= I, j= 
l/2); while for n=3 at 320 nm, Kf=Kr(n=2, j= 
3/2). Given the short lifetimes of these free exci- 
tons, the observed charge transfer products can only 
be attributed to IQ =I& (‘C: ), which in the pure 
liquid relaxes by radiation on a time scale of lo-’ s 
[ 27 1. In the case of F,, the formation mechanism of 
the charge transfer complex, by diffusion controlled 
encounters between self-trapped excitons and Fir is 
direct: 

w+Fz+[Kr;F~]+Krz+F-+F. (5) 

In the case of N20, the charge transfer complex must 
undergo further chemistry. A possible mechanism in 
this case is 

KI$ tN20+[Kr;N20-+Kr:O-+Nz] 

+Ki-O*tKrtN2. (6) 

The above inferred steps, (4)-( 6), can in principle 
be followed by following the WV emission from the 
Kr excimer, which however, is beyond the trans- 
mission window of our apparatus. The present mea- 
surements only identify the initial excitation chan- 
nel, and the final emitter. 

Twephoton induced harpoon reactions in con- 
densed rare gases have in the past been investigated 
concentrating on direct access of intermolecular 
charge transfer states: Rg +MX- [ 61. Such states un- 
doubtedly contribute to the multi-photon resonances 
involved in the entrance channel of the observed 
photochemistry. However, the extent of their con- 
tributions cannot be directly discerned in one color 
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experiments. At 320 nm, the contribution of such a 
resonance does not seem important. This conclusion 
is based on failed attempts to enhance the saturation 
of the three-photon process by increasing the F, con- 
centration in the solution. Conversely, in multi-pho- 
ton intermolecular charge transfer transitions, the 
excitonic mechanism should also be operative. In gas 
phase studies, due to the sharp atomic transitions, 
such contributions are easier to detect. However, in 
condensed phases, due to the breadth of both exci- 
tonic resonances and intermolecular charge transfer 
resonances, separation of these distinct contribu- 
tions requires very careful analysis of spectral data. 

4. Conclusions 

Under intense irradiation of F1, and NzO solu- 
tions in liquid Kr, at 320 M-I, three-photon forma- 
tion of Kr,F( 4 *F) and KrO( 2 ‘2) are observed. KrO 
is also formed by two-photon excitation at 225 nm. 
In all cases the primary excitation is ascribed to mul- 
tiphoton access of the Kr excitons, and the products 
are ascribed to the well known harpoon reactions of 
excited rare gas atoms. This excited state chemistry 
is well documented in the gas phase [l-4] and has 
recently been demonstrated to be operative in the 
solid state [ 5 1. The present work extends the mech- 
anism to the liquid phase. The main variation in the 
three phases is the primary excitation carrier. In low 
pressure gases, the reaction is due to atomic Rg* in 
its different Rydberg states. In the solid state, the ob- 
served kinetics is consistent with reactivity of the Rg’ 
free exciton. In the liquid phase, the excitation car- 
rier is necessarily the Rgt self-trapped exciton (the 
rare gas excimer). 

At the available laser fluences, the three-photon 
cross sections could not be reliably extracted from 
the transmission in F&r. As such, we resolved to 
cross calibration, using the known two-photon ex- 
citation cross section of Kr. The extracted cross sec- 
tion of 8x lo-*’ cm6 s*, is consistent with our con- 
clusion that at the highest available fluences of k 1 
TW cm-*, we are only at the threshold of saturation 
of the three-photon excitation. We note that the in- 
tensities used in the present work are an order of 
magnitude below the threshold for ionization of rare 
gases [ lo]. However, even if ionization were reached, 

256 

in the liquid phase, rapid electron-ion recombina- 
tion and relaxation to form the Kt$ excimer is to be 
expected. The present approach, combined with VUV 
detection capabilities should enable the study of high 
lying electronic states in condensed rare gases, and 
could serve as a possible pumping scheme for the 
generation of coherent VW radiation in such 
solutions. 
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