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Helium cluster isolation spectroscopy is a recently developed spectroscopic method that involves the formation
of a beam of large helium clusters (lftoms per cluster), the capture by the clusters of the atoms or molecules
of interest in a low-pressure pick-up cell, and the spectroscopic study of the isolated species. Here we exploit
the unique feature of this method of allowing the selective preparation of high-spin molecular species (e.g.,
triplet dimers) over their low-spin (singlet) counterparts to measure the spectra of several alkali dimers in
their triplet manifold. By probing via laser-induced fluorescence their lowest triplet-to-triplet transitions,
Li,, Na&, K, and NaK are found to reside on the surface of the helium clusters. Since the spectroscopic
shifts induced by the helium cluster are minimal, vibrational analysis of the electronic transitions produces
transition frequencies that can be compared to previous ab initio and experimental values. Both bound
bound and boundfree transitions have been observed. Emission spectra reveal the presence of vibrational
relaxation and nonadiabatic intersystem crossings of the excited dimers that result from the proximity of the
helium cluster surface. Through this study we improve our understanding of triplet alkali dimer potential
energy curves, we test an efficient analytical model to represent them, and we provide input information for
the study of nonadditive effects present in quartet (spin-polarized) alkali trimers which can be formed using

the same method.

I. Introduction small clusters made of metal atoms, we present here a systematic
The spectroscopy of dimers has traditionally provided the study of two-body interactions between alkali atoms in the triplet
most accurate results on the negative part of the interaction manifold carried out using the same technique.
potential between atoms. Detailed mapping of the potential A, Spectroscopy of the Alkali Dimers. The singlet states
energy curves in the ground and excited states provides insightof the alkali dimers, in particular Nahave been extensively
into the nature of bonding and the intermolecular forces. The observed and characterized since the first work by Roscoe and
single valence electron structure of alkali metal atoms producesSchuster in 1874. An excellent review of the early work on
a simple bonding scheme for their dimers in that the nature of Na, up to 1981 is given in ref 5. More recent work on the singlet
the bond (covalent or van der Waals) is determined only by the states of Nahas involved the detailed, high-precision analysis
spin configuration of the single electron pair that participates of the low-lying state§. In addition, there has been much effort
in the bonding. This has allowed high-level electronic structure directed at the characterization of high-lying Rydberg states of
calculations that provide reasonably accurate potential energythe Na molecule? The study of the triplet electronic states
surfaces for the ground and excited states of these speties. has proven to be more elusive since the strongly bound singlet
However, the accuracy of the calculations falls off rapidly as dimers will preferentially form both in an atomic vapor-filled
the atomic weight of the atom increases, due to the increasedcell and in a molecular beam expansion. Access to the triplet
importance of relativistic and valeneeore correlation effects.  manifold of electronic states was first gained by spimbit
Using the technique of helium cluster isolation, the spectros- perturbations of singlet states by nearby triplet electronic states.
copy of spin-polarized alkali trimers has recently been shown Mixing of the levels makes transitions involvingS = 0
to be both feasible and useful for gaining insight into many- possible. It is through this method that much work has been
body interactions in van der Waals system#s a required  done on the mapping of the potential energy curves of the triplet
step toward developing a comprehensive understanding ofmanifold of both the homonumclear and heteronuclear alkali
intermolecular forces in general and of many-body effects in dimers. The potential energy curves for the low-lying electronic
states in the singlet and triplet manifolds of Rare displayed
in Figure 1. Fluorescence resulting from the excitation of mixed
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A rotationally resolved infrared spectrum of the same band
of Sk was recently obtained by Hartmann and co-workers.
The rotational constants of the solvated molecule were found
to differ by almost a factor of 3 from their gas-phase values,
and two possible explanations of this effect were proposed. In
the first, the change was attributed to a synchronous motion of
the Sk molecule and a shell of helium atoms surrounding it,
while in the second the effect has been associated with the in-
and-out motion of the He atoms produced by the rotation of
the nonspherical potential field generated by the rotating SF
molecule?® The intensities of the lines were found to be
consistent with a rotational temperature of 0430.05 K, which
is in good agreement with the previously calculated value of
0.4 K22for clusters ofHe. While a location of the Sfmolecule
on the surface of the cluster had been hypothesized in a previous
work?3 from our group, the data of Hartmann et?&provided
L conclusive evidence for the location of theg3iftside the large
helium cluster. Previous calculations ongStoped helium
4 6 8 10 12 14 clusters had also predicted an interior state for the dopant

R (BOHR) molecule?* which follows from the fact that the binding of a
Figure 1. Potential energy curves for the singlet and triplet manifolds helium atom to Skis much greater than the heliurhelium
of Na that correlate to the 3s3s and 3¢-3p asymptotes of N& interaction energy. The situation is different for alkali atoms.
. In this case, the interaction energy between an alkali atom and

The work presented here differs from that based on perturba-qjiun?s is much weaker than that between two helium atéfns.
tion-facilitated spectroscopy in that access to the triplet manifold «4jculations reveal that any alkali atom attached to a helium
of the alkali dimers is provided by directly preparing dimers in . ster remains on the cluster surface without becoming
the state of interest using the technique of helium cluster g, atec®” This was confirmed in a series of experiments
isolation spectroscopy. As it will be shown below, this method carried out in our laborato? The nPy.1/2 — NSy, atomic
can be used to selectively prodgce t_riplet dimers in greater {nsitions of Li. Na, and K were studied by laser-induced
abundance than the qorresp_ondlng 5'”9'¢t states. Only tWogorescence (LIF) spectroscopy. Two types of transitions were
examples are present in the literature of triplet dimer spectros- jpcared corresponding to the different orientations of the
copy carried out by excitation of the lowest triplet state prepared g itaq state alkali p orbital relative to the cluster surface.
d_|rect_ly Ina molec_:ular bearff. In a_free_ jet beam source the Excitation to states with the p orbital aligned perpendicular to
situation is opposite of that occurring in our setup in that the the surface of the helium cluster causes the desorption of the
supersonic expansion will predominantly form singlet ground alkali atom from the cluster and produces free atom fluores-
state molecules, allowing only a small quantity of triplet states cence. Excitation to a parallel configuration produces instead
to be prqduced. . a bound excited state and strongly red shifted fluorescence due

B. Helium Cluster Isolation Spectroscopy. Several meth- to a Na*—He excimer which forms when a helium atom binds
ods are currently being developed to carry out Sp.eCtrOSCOpiCnear the node of the excited-state p orbital of the sodium atom.
measurements at very low temperatures. These include pho'Identical excitation spectra can also be obtained by monitoring
toassociative spectroscopy of Iaser-coqled anql trapped dfoms, the laser-induced beam depeletion of the alkali metal atom
helium buffer gas cooling and magnetic trapping of paramag- measured with a hot wire surface ionization detector located

netic atoms and moleculé8.and the subject of .th's artlcl_e: ., downstream from the cluster beam/laser beam crossing point.
spectroscopy of atoms and molecules trapped in or on liquid o L )
Group 1A alkali dimers can exist in two states, singlet and

helium clusterg’—2! . L i :
Helium clusters are the only atomic clusters that are definitely triPI€t, resulting in a very simple bonding scheme. If the valence
electron spins are oriented in a low-spin (antiparallel) config-

known to be liquid since helium will solidify only under i - X
pressure. They attain very low temperatures (0242 and uration, a covalent chemical bond is formed between the two
atoms. A high-spin (parallel) configuration of the valence

may be superfluid (at least the larger cluste?y. Since direct | _ -
measurement of the physical properties of the pure helium €l€ctrons results instead in weaker van der Waals bonding. In

clusters has proven difficult to this point, various chromophores the case of Na while the singlet state is bound by 5942.6880
have been attached to the clusters to probe them. If a chromo-(49) cnT*,% the triplet state has a dissociation energy of only
phore is chosen such that its spectroscopy in the gas phase i$61.17 cm*.*° In a heat pipe or molecular beam expansion of
known, any perturbation induced by the presence of the helium alkali vapor, the singlet state of the akakli dimers WI|.| formin
cluster can be easily quantified. 8Fas the first chromophore far greater abundance of the triplet state due to its greater
used to this end. The low-resolution infrared spectrum of the Stability.

v3 band of Sk was studied by Goyal and co-worké&tin 1992. We have found that when alkali dimers are formed on the
The limited line-by-line tunabilty of the C{asers used in the  surface of helium clusters, triplet states are detected in greater
experiment did not allow resolution of the rotational structure abundance than their singlet counterparts, in contrast to the
of the transition. The experiment did show, however, that the situation found in a heat pipe. This can be explained by
spectroscopic shifts induced by the helium cluster medium are considering the details of the formation process. In our
small and that the lines are relatively narrow. Theband of experiments, large liquid helium clusters collect very efficiently
SFs was found to be shifted by no more than 1.5%rto the one or more alkali metal atoms by passing through pick-up cells
red of the gas-phase absorption, while the lines were found to which contain atomic alkali vapor. After the impact energy of
be no wider than 18 GHZ an alkali atom is dissipated to the cluster and the latter cools
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Figure 2. Schematic representation of the process for the formation
of an alkali-triplet-enriched helium cluster beam. The doped helium
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to 1071 Pa of the alkali of interest can be maintained. Colliding
with a gas at these partial pressures, the helium clusters have a
high probability of becoming doped with one or more alkali
atoms. Typical cluster source conditions that lead to the
production of the greatest number of doped clusters are 5 MPa
stagnation pressure and 17.5 K nozzle temperature. The alkali
vapor in the pick-up cells is supplied by two separated reservoirs
through heated tubes. The temperature of the pick-up cells is
maintained 100 K higher than that of the reservoir, avoiding
alkali atom distillation and formation of dimers inside the cell.
Dissipation of the energy following the chromophore attachment
to the clusters is accomplished by evaporation of He atoms from
the cluster. Evaporation ceases once the vapor pressure of the
helium becomes negligible, which occurs when the cluster
reaches a final temperature of less than 0. K.

A few centimeters downstream, the doped clusters cross the
output beam of a tunable continuous wave dye or titanium

cluster beam becomes enriched with triplet sodium dimers since the sapphire laser at the center of a two-mirror laser-induced

singlet species have a higher formation energy and therefore a higherf

probability of leaving the cluster surface because of the relaxation that
follows the recombination.

by evaporation, the atom will be expelled by the liquid and will
reside in a surface “dimplé” that consists of a small depression
in the smooth density profile of the helium cluster surface. Under
typical pick-up conditions, approximately 700 chof kinetic

luorescence (LIF) collector. An optical fiber bundle transmits
the emitted photons out of the vacuum apparatus. Excitation
spectra are recorded by detecting the total emitted fluorescence
with a cooled photomultiplier tube (Thorn-EMI 9863QB)
operated in photon counting mode. Emission spectra are
obtained using a monochromator (GCA/MacPherson model 700-
51) coupled to a liquid nitrogen cooled charge-coupled device

energy must be dissipated. If the helium cluster becomes dopedPrinceton Instruments model 1152UV). The laser frequency

with at least two atoms, they will eventually meet and form a

was measured using a home-built wavemeter with an absolute

dimer. If the atoms possess antiparallel electron spins and a@ccuracy of 0.001 crt, which was calibrated using the |

singlet state (4*) is formed, the binding energy that is

spectrum.

evaporation of helium atoms. Evaporation will cease once the
cluster temperature has re-equilibrated to 0.4 K. If the atoms
have parallel electron spins, the weakly bound triplet state
(13=,7) will form. Assuming that the binding of a helium atom
to a large cluster is 5 cm,3! approximately 1150 He atoms
need to evaporate after the formation of a singlet state, while
only 35 will evaporate after a triplet state is formed. The
dissipation of the greater binding energy of the singlet states

the LIF detector is used to measure the intensity of the alkali-
doped cluster beam and obtain spectra based on beam depletion
measurements. If the laser is tuned through an alkali absorption,
a decrease in the surface ionization signal correlated to the
cluster beam will be observed. In addition to fluorescence,
absorption of a photon by an alkali atom or molecule results in
either chromophore desorption from the helium cluster or
sufficient evaporation of helium atoms, which in turn produces

may cause the desorption of the alkali molecule or the spreading@n attenuation of the beam.

of the cluster beam, or even the complete evaporation of the
The helium cluster beam then becomeslll. Results

smaller clusters.
enriched on axis with clusters doped with triplet dimers over

and above the simple ehancement of 3:1, which is expected

from the spin statistics. Triplet-state alkali dimers present in a

helium cluster are expected to reside on its surface due to thet

similarity between the alkali atorrhelium and the triplet
dimer—helium interaction energies. Molecule formation via
cluster pick-up appears to be a method for the selective
preparation of weakly bound molecules over those that are
bound by strong covalent bonds. A pictorial view of the above
ideas is provided in Figure 2.

Il. Experimental Section

Helium clusters ranging in average size up td atbms per

A. Nay: Triplet-to-Triplet Transitions. Using a Ti:AbO3
and a dye laser (DCM dye) combined with LIF detection, we
have observed the’I;" — 135, " transition of Na formed on
he surface of a helium cluster (Figure 3). The LIF spectrum
consists mainly of a progression of vibrational bands originating
from they'' = O state of the dimer. While it could be expected
that effectively all dimers will cool to the lowest vibrational
level in the time span between pick-up and laser excitation, we
have found that a small proportion of clusters in the beam are
doped with sodium dimers in the' = 1 state. This indicates
that the cooling of vibrationally excited lowe#3l, " electronic
state dimers is relatively slow (tens of microseconds), while
the vibrational cooling of electronically excited dimers (see

cluster are prepared in an expansion of helium gas through abelow) occurs on the scale of several nanoseconds. The

10 um nozzle at temperatures ranging from-130 K and
stagnation pressures 030 MPa. At these source conditions,
the 1A/T dependence of gas flux leads to a heavy gas load,
which is removed by a 32 000 I/s diffusion pump. At such a
low nozzle temperature, doping clusters with a chromophore

vibrational progression resulting from transitions arising from
v" = 1is also shown in Figure 3.

Vibrational numbering of the observed bands is accomplished
by direct comparison of the band positions with the work of
Fabert et al* A cluster-induced shift of one or more

cannot be achieved by coexpansion and the use of the pick-upvibrational spacings can be ruled out by comparingAl@v)

seeding method becomes necessary. The cluster beam passesof both the gas-phase and helium cluster data. Each vibrational
through two collinear scattering cells located at a short distance band is broadened to the high-frequency side due to interaction
after a 40Qum skimmer, where a pressure in the range of10  with the helium cluster. Each peak has a full width at half-
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Figure 3. LIF excitation spectrum of the3Egt < 13%," transitions

of Na on the surface of a helium cluster displaying the transitions
from boths" = 0 andy" = 1 to thes' = 4—29 levels. The gap in the
spectrum is the result of a frequency region that could not be obtained
with the lasers employed in the experiment.

TABLE 1. Comparison of the Vibrational Band Positions
((#', ' = 0) in cm™) of the 13%4" — 1%, Transition of Na,
between the Gas-Phase Work of Fdert and This Work,
Where the Dimer Is Formed on the Surface of a Helium
Cluster (Shifts Are Given in Column 4)

V' Fabert etal. this work shift
4 12 841.0

5 12927.2

6 13 023.0

7 13114.0

8 13196.0 13 202.8 6.8

9 13 286.4 13292.7 6.3
10 13376.1 13 380.8 47
11 13 464.9 13 468.6 3.7
12 13551.5 13555.8 43
13 13 637.7 13643.3 5.6
14 137214 13727.3 5.9
15 13 806.3 13812.7 6.4
16 13887.7 13894.5 6.8
17 13969.2 13974.7 55
18 14 049.5 14 053.7 4.2
19 14 127.8 14 133.6 5.8
20 14 206.5 14211.4 4.9
21 14 283.5
22 14 360.5
23 14 435.3
24 14 508.5 14 513.3 4.8
25 14 580.9 14 584.7 3.8
26 14 652.0 14 656.2 4.2
27 14722.0 14 725.6 3.6
28 14 790.9 14 794.9 4.0
29 14 858.7 14 862.4 37

maximum (fwhm) of approximately 30 crb, which was found
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Figure 4. Emission spectrum of one of thé3,t — 135" transitions

of Na; (middle panel). The emission spectrum was obtained by exciting
the v = 10 vibrational level at the point marked EX (upper panel).
The model spectrum (lower panel) was obtained from the calculated
transitions using the RKR potential curves convoluted with a Gaussian
line-shape function while fitting the level populations. The excitation
line was not included in the simulation.

Information on the lowest triplet state of Nean be obtained
by recording the emission spectrum resulting from the excitation
of the BZ;" — 133" transition. Figure 4 displays the emission
spectra corresponding to the excitation of the= 10 vibrational
level in the 24" state. The emission lines can be assigned by
modeling the spectrum using the Rydbeifein—Rees (RKR)
potential energy curves for both the upper and lower sfat&s.
An RKR potential energy curve of the excited state was obtained
using the molecular constants obtained from ref 14 using a
standard algorith@t that integrates the RKR equations by
Gaussian quadrature. The calculated emission spectrum shown
in Figure 4 is produced by convoluting the gas-phase line
positions calculated using the RKR potential curves with a
Gaussian line-shape function of 7 chwidth that approximately

to be independent of the helium cluster size in the range probedcorresponds to the resolution of the monochromator used in
in this experiment, which corresponds to average cluster sizesobtaining the emission spectrum. The narrow line width implies

of 1000-8000 atoms per cluster. A listing of the vibrational

that emission is arising from dimers in the gas phase that have

band positions is given in Table 1. Since successive vibrational desorbed from the helium cluster surface as a consequence of
bands overlap due to the broadening introduced by the heliumthe vibrational relaxation. A least-squares fit of the intensities

cluster, the origin of each transition was determined by

of the calculated levels to the observed spectrum vyields the

deconvoluting adjacent bands. The phonon side band whichrelative populations that are displayed in Figure 5. The high
extends to higher frequencies on each band was empirically fit signal-to-noise level of the experiment allowed observation of
to a modified Gaussian line-shape function and subtracted fromfluorescence originating from" = 10 down tov" = 0. The

the band of the next higher vibrational level. This method

emission spectrum displays clearly that emission back to the

provides a true baseline from which an accurate measure of thelowest triplet state is obtained from all vibrational levels in the
wavenumber of the band origin can be derived. The comparison(c)13Z4" manifold up to the level that is excited by the laser.

to the gas-phase stuthestablishes that the overall shift due to
the interaction with the helium cluster is51 cm 2.

This can be attributed to vibrational energy relaxation of the
electronically excited molecule due to its proximity with the
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TABLE 2: Parameters of the Hartree—Fock Damped
Dispersion (HFD) Potential for the (2)13%," State of Na?

T O A O I

% of observed population
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L ]
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12
Vibrational level in excited state (v’)

Figure 5. Populations of the excited vibrational levels in th&g"
state of Na obtained by fitting the data shown in figure 4.

4]

host helium cluster. Within the fluorescence lifetime of the
excited state (which we have calculated to be 10.9 ns using the
transition dipole moment function calculated by Konowalow
and co-worker®), energy is transferred to the cold helium
cluster, leading to population of vibrational levels below the
excited level followed by desorption of the dimer from the
helium cluster surface. The data of Figure 5 are not consistent
with a simple cascade model where single vibrational quanta
are transferred sequentially to the helium cluster. We are
currently undertaking experiments to directly measure with state
selectivity the vibrational cooling rates by using picosecond laser
pulses to prepare the excited state, followed by time-correlated
photon-counting measurements of the emitted fluorescence.
B. Naz: Modeling of the Triplet State Potential Surface.
Since the perturbation induced by the helium cluster on the elec-

parameter value parameter value
A 1.010x 1¢° p2 1.7861
o 5.7348 Cs 7.0789x 1C°
Jelt 4.3736 Cs 5.3813x 1C°
A 9.6005x 10* Cuo 5.3236x 10
o2 1.7342 I 0.5261

aThe HF-SCF energy was obtained using the GAUSSIAN 92 suite

of programs, and the long-range coefficients were taken from the work
of Marinescu and Dalgarn@.Values given forR in angstroms and
V(R) in cm™.
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tronic spectrum of the alkali dimers is weak, the spectroscopic Figure 6. Potential energy curves of the excitet£]" state of Na
data obtained can be directly used to test the accuracy of potenComparison of the HFD semiempirical form (solid line) to the RKR

tial energy curves calculated for the excited state. We use
the Hartree-Fock damped dispersion (HFD) form proposed by
Douketis et aP® to model the excited-state potential energy
curves. The total interaction energy between the two atoms
(Va(r)) is split into a contribution calculated at the Hartree
Fock self-consistent-field leveNESCF) and a damped multipole
expansion that accounts for dispersion interactiah&CRR).

V,(r) = AES(r) + AE“ORR(r) 1)

AESCHr) = Are P 4 Ao X 2)

AECORYr) = — [> Cor"gu(pn)]f(pr) 3)
n=3,6,8,10,... (4)

L 2.1or  0.10973||"
gn(pr) - [1 ex% n \/F] )] (5)
f(or) = 1 — (or)"*% *"%r (6)
_ IP \0.66
P= (13.6 e\) )
2
P12 = plp_|l_p;2 ®)

The universal damping functiorindg scale withp, which
is determined by the ionization potentials of the two interacting
atoms.

We confirmed the validity of the HFD ansatz for the
description of the lowest triplet state ((8XL") of the alkali
dimers by applying the above set of equations to Mter
obtaining the HF-SCF energy using the GAUSSIAN 92 suite

g turning points (solid squares) derived from the data abE# et al+
The dotted line is the SCF calculation that includes resonant exchange

interaction but no induction effects. The dashed line is the full SCF
including polarization. The zero of energy has been referenced to the
Na (3S)+ Na (3P) asymptote.

of programs and adopting the long-rang® coefficients
calculated by Marinescu and Dalgarfio.The parameters of
the potential are listed in Table 2. As expected, the HFD
potential reproduces the experimentally observed vibrational
levels of the (a)3=," staté3Owithin 3 cnT . The bound states
were calculated using the program LEVEL 6.0 provided by R.
J. LeRoy38

It is of course interesting to test the validity of extending the
HFD hypothesis from a state like33,", where overlap
repulsion, dispersion attraction, polarization, and penetration
effects account for the whole interaction, to a state liRE;1
(og(ns)og(np)), where resonant exchange interaction leads to a
much larger binding energy. There is, however, a well-known
problem with proper dissociation of some electronic states within
the SCF method. Indeed, proper dissociation of ¥ "1state
requires a two-configuration wave function within the method
of molecular orbitals. Two forms of molecular wave functions
have been used for théEIg+ state of Na. In the first approach,
shown with a dotted line in Figure 6, only coefficients for the
o404 andoyoy configurations were determined variationally for
differentR’s, whereas molecular orbitals were always given as
linear combinations of orbitals of free atoms. This approach
allows the inclusion of the long-rang€s/R® interaction in
addition to the valence repulsion and penetration effects. In
the second approach, shown with a dashed line in Figure 6 and
listed in Table 3, we also allowed for variational optimization
of molecular orbitals, thus including polarization (induction)
terms. Given the large quadrupole moment associated with the
excited-state p orbital, these terms represent a significant fraction
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TABLE 3: Hartree —Fock Self-Consistent-Field (HF-SCF)
Energy Calculated for the (c)EX," State of N& Including

Both Resonant Exchange and Induction Effects. Coefficients
for the o404 and o0, Configurations Were Determined
Variationallqy for Different R’s, and the Calculation Allowed
for Variational Optimization of Molecular Orbitals, Thus
Including Polarization (Induction) Terms

R (angstroms)  V(r) (cm™?) R (angstroms)  V(r) (cm™)
1.85 21 069.83 4.13 -4301.47
212 11 972.59 4.23 -4241.25
2.38 5837.56 4.50 -4016.13
2.65 1608.46 4.76 -3726.53
291 -1166.82 5.29 -3084.41
3.17 -2865.59 6.35 -1951.53
3.28 -3318.04 7.94 -965.39
3.39 -3667.67 10.05 -450.55
3.49 -3929.71 12.70 -216.55
3.60 -4117.52 15.87 -108.36
3.70 -4242.77 19.57 -56.15
3.81 -4315.58 23.81 -29.83
3.91 -4344.74 31.74 -10.84
4.02 -4337.85 52.90 0.00

TABLE 4: Parameters of the Hartree-Fock Damped
Dispersion (HFD) Potential for the (c)EX,* State of Na?

parameter value (au) parameter value (au)
P 0.405 Cs 4094
Cs 12.26 Cs 4.445%x 10¢

aThe long-range coefficients were taken from the work of Marinescu
and Dalgarng’
of the binding energy and are responsible for a sizable

contraction ofRe.
Since the ¥, excited state correlates to the Na(3SNa-
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Figure 7. LIF excitation spectrum of the®Ily — 13y ,;* transition of

Li, on the surface of a helium cluster compared to the spectrum
calculated using the excited-state potential energy curve of Konow-
alow??

Na. The separated atom limit of the excited=]" state
corresponds to a spherical 3s orbital on one Na atom and a 3p
orbital on the other Na atom aligned parallel to the internuclear
axis. Since the spatial extent of the 3p orbital is larger than
the 3s, the ground-state Na begins to feel the overlap repulsion
with the p orbital sooner as the internuclear distance is
decreased, and therefore greater damping of the dispersion
energy is required than that found between two 3s Na atoms.
Instead of fittingp one can use eq 7, in which, according to the
original ansatz, the ionization potentials of46@\a) and a 3-

(Na) state are combined linearly. This calculation yields a value

(3P) separated atomic limit, the dispersion interaction does notof p = 0.4358. Using this value qf, the HFD potential energy

involve two spherically symmetric atoms. The parametef
the HFD potential, which determines the magnitude of the
damping of the dispersion interaction at short internuclear

curve that results is 150 crh(or 3%) deeper at. and the outer
turning points are approximately 0.15 A too large. The optimum
value of p that results from fitting to the RKR data (0.405 )

distances, is a measure of the spatial extent of the exponentiallyproduces even more damping of the long-range attraction than
decreasing tail of the electronic wave function and has beenthat obtained with the ionization potential of the excited state
obtained assuming as a model the interaction between two(0.4358). Since the contribution to the dispersion is, in this
ground-state (spherical) hydrogen atoms in their lowest triplet case, not the dominant one, a reasonably accurate result is

state3® Therefore, for ground-state atoms,scales with the
ionization potentials of the individual atoms. When one of the

achieved even with an imperfect knowledge of the parameter
p. The details of the extension of the HFD ansatz to excited

two atoms is in an excited state, the spherical symmetry of the molecular states with an assessment of its predictive ability will

atomic fragments is broken and the correlation with the
ionization potential may not be generally applicable anymore.
Therefore we decided to hojdas an adjustable parameter in

be discussed in a forthcoming publicati#n.
The maximum of the FranekCondon distribution of the
calculated spectrum using the RKR curve occurg'at 15,

the calculation. The fitting process was aided by using the while the observed spectrum for th&&}" — 13%," transition

spectroscopic constants determined BsbEa and co-worke?3
to produce an RKR potential curve of th&s}* state. TheCs
andCg coefficients of Marinescu and Dalgaffavere used in
the calculation. TheCg coefficient of ref 37 contains both

on helium clusters yields a maximum gt= 11. The HFD
potential predicts a maximum at = 12. This is due to the
presence of vibrational hot bands arising from transitions out
of o' = 1 in the lower state that distort the band intensities and

induction and dispersion terms. Since the HF-SCF energy thatdo not allow a simple estimation of the absorption strength by
we have calculated includes the induction energy, we neededcomparing the peak heights of the various bands in the spectrum.

to separate the two contributions to the calculdfigd Using

C. Bound—Free Transitions for Triplet Li , and K. In

the calculated value of the static quadrupole moment of the 3P contrast to the structured bountdound transitions such as those
state and the polarizability of the 3S Na, we calculated the observed for Ng excitation from the lowest triplet state of the

induction contribution and subtracted this from @wcoefficient
to obtain the dispersion contribution. The value we obtain is

alkali dimers to a repulsive excited electronic state will give
rise to a diffuse band devoid of vibrational structure. The

reported in Table 4. Using these dispersion coefficients, the repulsive #I1q electronic states of both $and K, have been

optimum value ofo was found to be 0.405, which brings the

HFD potential energy curve into agreement with the RKR data.

The value ofp obtained from the fitting procedure for théx},*
state (0.405 ) is less than that calculated for tRE,1 state

observed by initial preparation of the triplet dimer on the surface
of the helium clusters. Figure 7 displays the excitation spectrum
of the PIlg — 13%," transition of Lb as observed in our
apparatus. The band appears approximately 800 ¢mthe

(0.5261, calculated from the ionization potential of ground state blue of the atomic Li 2Ps/p 12— %Sy transition. This transition

Na atoms) and therefore provides more damping of the long-

was previously observed in a heat pipe containing 0.11 atm of

range attraction than that found in the lowest triplet state of Li vapor at 1346 K° At this gas density, the Li atomic
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Figure 8. LIF excitation spectrum of the®Ily — 133, transition of B
K2 on the surface of a helium cluster compared to the spectrum 250 — oA -
calculated using the excited-state potential energy curve of Matfjnier. | [\ LT
transition was broadened to 100 nm. The LIy — 133" 0 T | [ l | ]
transition appeared as a small shoulder on the blue wing of the : : : : *
atomic transition. In our experiment, the,l133," state is 2 4 6 8 10 12
formed on the cold helium cluster where only the lowest< R (Angstroms)
0) vibrational state appears to have significant population (s€€ g re 9. Potential energy diagram for the electronic states involved
below). in the Py 135" transition of K. The positions of the experimental

The profile of the absorption band can be modeled quantum peak positions obtained from the: knolecule residing on the helium
mechanically using the potential energy surfaces of the uppercluster are displayed as vertical bars on ykexis. The lower state is

and lower states. The program BCONT 1.4, written by R. J the RKR potential curve of ref 50 and has been shifted-2¢3 cnt*
: ) " " along with the excited state to make thie= 0 level coincide with the

Leroy, was used for_ the Calculatldh. The nuplear vv_ave zero of the energy. The wave function for thie= 0 level is displayed.
functions were determined using Numefdﬂooley integration, The theoretical excited-state potentials of Magtfigsolid line) and of
and the FranckCondon overlap integrals between the upper Jjeung et at? (dashed line) are displayed. For the potential of Magnier
and lower states were calculated. The ab initio potential energythe position of the first four quasi-bound states in fhe 0 excited-
curves for the excited state calculated by both Konowalow et state potential is also shown.

al*2and Schmidt-Mink et al.along with the RKR potential of  calculated utilizing the same method as was used for the Li
the lower stat® were used to model the transition. The results 131y — 1%%," transition. The calculated intensities using

of the calculation for a transition originating fronY = 0 are Magnier’s excited-state potential energy cdfvand the RKR
displayed in Figure 7. A Boltzmann distribution with a curve for the (a) 3=,* lowest triplet stat® do not fit the overall
temperature of 0.4 K was used to determinedfpopulations.  profile of the absorption band. The calculation reveals beund
Due to their similarity, the two ab initio potentials give almost hound transitions at 13 815, 13 844, 13 872, and 13 896lcm
identical predictions for the experimental spectrum. that result from overlap of the lower state wave function with
None of the features present in the experimental spectrumthe metastable levels of the excited-state potential well. A small
are attributable to absorption out of thé = 1 level, which is absorption centered at 13 918 chis calculated due to overlap
consistent with a triplet Li dimer that is in equilibrium with the  with aJ > 0 state above th& = 0 barrier to the excited-state
local environment of the helium cluster. Why all,Ldimers potential well. The calculated width of the bound to quasi-
are found to be i = 0 while a reasonable fraction of the bound resonances increases at higher energy due to the shorter
Na, dimers of the previous experiments were found to b&'in lifetime of the excited states (see Figure 9). The (incompletely

= 1 is not clear at this point. There are several aspects of theresolved) peaks in the experimental spectrum occur at 13 823,
pick-up process such as the temperature re-equilibration time13 852, 13 873, and 13 897 ch These experimental values
that would require, and perhaps deserve, further study. Givenhave been obtained by fitting the experimental data with
the good sensitivity of the experimental observables to the Gaussian line shapes. The experimental intensity peaks at the
potential, the agreement between the experiment and calculatiorsame position as that of the calculation. A schematic of the
in this case reveals the general validity of the potential energy potential energy curves and LIF excitation spectrum is diplayed
curves of refs 1 and 42 but leaves room for some improvements.in Figure 9. The RKR potential for the3Z," lowest triplet

An excitation spectrum of K-doped helium clusters in the state is displayed along with the wave function for tffe= 0
short-wavelength region of the Ti:/D; laser reveals a broad level. The potential well in the excited state that has been
absorption band approximately 900 chio the blue of the calculated by Jeung et #.is much too deep since it would
potassium atomic lines. This is the analogous band as observegredict the presence of 11 bounbdound transitions that would
in Li and can be attributed to an electronic transition originating occur below 13500 cri that are not observed in our

from the BX,t state of k to the excited Ty state?*47 experimental spectrum. The potential calculated by Madhier
Whereas Konowalow's theoretical potentfafor the lithium appears to possess the correct well depth in the excited state
dimer predicts a purely repulsive upper state, the potential energysince it predicts the correct number and position of the bound
curve calculated by both S. Magn&and Jeung et &f for K, levels. However, the experimental spectrum shows a significant

displays an attractive well at short internuclear separations. broadening for each peak associated with a betbwiind
Figure 8 displays the experimental spectrum with the profile transition and a broad fluorescence above 13 940 '¢hat may
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be due to the influence of the helium cluster. As we will show 0.40 T T T — T
in the section on nonadiabatic effects, the presence of the helium 035 |.v=6 8 10 12 14 16 N
cluster can induce intersystem crossings in the excited state that =L F'T1TI11r11I1nmiTimld i
may significantly alter its lifetime and the resulting excitation @ 030 - —
spectrum. Also, a phonon wing could account for the broaden- 5 025 7
ing that extends to the blue of the bourfdee spectrum. g L 4
D. Heteronuclear Alkali Dimers: NaK. Helium cluster s r N
isolation can be used for the production of heteronuclear dimers B 015 (— —
by simply adding additional pick-up cells. In contrast to the 2 o .
case where the mixed dimers are formed by coexpansion from I 0.10 » 7]
the same nozzle, each pick-up cell can be kept at a different S g05 —
temperature as required by the different vapor pressure of the 000 Ll il h | . | I l IL Ll

substances to be mixed. We have performed experiments using
two collinear pick-up cells to dope the cluster beam with mixed 11000 11200 11400 11600 11800 12000

alkali metal drimﬁrsl: In Ithe ct;)nfiguration used fquthese | Wavenumber (cm’)

expterllrr']entsl\,lt € helium ¢ us(';grt Ieamftencounter§ a prC -ur:hce Figure 10. Excitation spectrum of the (cj2 - (a)1°Z" transition
containing INa vapor immediately after emerging from e ,nax - Thick bars are the calculated spectrum using the RKR curve

skimmer. After emerging from this pick-up cell, 3 mm  of Kowalczyk et aP* Thin bars are calculated using the theoretical
downstream another cell is encountered, where an equal densityotential energy curve of Stevens efl.

of potassium vapor is maintained. If, for example, a sodium _ ) o N
pressure is maintained in the first cell such that 30% of the gﬁ%rlf—l?ofct:r?em(%?%szqrnﬁf(g%gb[Frtz;?]gﬁlio%agfdNszKSIatlons
clusters pick up a sodium atom (and therefore 9% pick up two

sodium atoms) with an equal pressure of potassium in the second _ Kowalczyk et al. Stevens etal.
cell, an approximately equal number of mixed and homonuclear _'Upper__ thiswork  RKR potential _ calculated potential
dimers will be present on the helium clusters after emerging 6 11130.8 111845 11130.8
. . . 8 11 267.6 11 306.0 11 264.0
Group 1A and IIA metals will preferentially form singlet 9 11331.8 11 366.3 11.329.2
homonuclear dimers over the heteronuclear species due to the 10 11 394.6 11 426.2 11 393.4
stronger bond in the former species. Helium cluster isolation 11 11456.4 11485.8 11 456.6
can provide direct access to the triplet manifold of NaK, with g ﬁ 5%8-8 ﬁ ggi-i ﬁ 5;8-8
little interference from the singlet electronic transitions, due to 579. : 580.
. . . 14 11 638.7 11 662.8 11 640.0
the selectivity of the method for the triplet states. Since for 15 11 696.5 117211 11 699.7
heterodimers there is no longer a parity selection rule governing 16 11 753.2 11 779.1 11 758.0
the electronic transitions, more excited states are available for 17 11810.6 11836.8 11815.3
spectroscopic investigation. Using LIF detection, we have ob- 18 11865.6 11894.1 118716
served two electronic transitions in NaK: the @2 - (a)Fx* aThe T, for the potential of Stevens et al. was increased by 310.3

and the (d)2IT — (a)1°=". The spectra can be seen in Figure cmto bring the lowest observable level & 6) into agreement with
10 and 11. Similar to the case ofsland in contrast to that of the calculated levels. The RKR potential of ref 51 for the {E)2state
Na, described above, in both spectra only features originating ©f NaK was used in the calculation of the vibrational band positions.

from v = 0 of the lowest triplet state have been detected.  potential well. In particular, thee that is predicted by the RKR
The ()22 — (a) =" transition of NaK has been previously  potential curve must be increased to agree with the experimental

studied by Kowalczyk and Sade§hiusing perturbation- line positions of the’ = 6—17 levels. This would correspond
facilitated spectroscopy. They were able to produce a non- to a potential energy curve that is narrower around the region
standard RKR potential energy curve using data fedns 20 of the minimum.

to 40 which were extrapolated t6 = 0 (unlike a normal RKR The calculations for the various vibrational levels using the

potential, where data fromi = 0 to 40 would be used). They theoretically derived potential of Stevens ef%for the (c)-
were able to unambiguously assign vibrational quantum numbers23s+ state are also displayed in Figure 10 as thin bars. The
to the observed levels. Sineé = 20 is the first vibrational  theoretical potential curves of Steveesal. were calculated
level abover = 0 in the (B)EII state which perturbs the (c)-  using full configuration interaction (Cl), employing effective
233* state, the vibrational states withh < 20 could not be core potentials. Th&, value of the theoretical potential needs
accessed. The bands observed in our excitation spectrum cano be increased by approximately 310 ¢hnto bring ther' = 6

be assigned using the numbering proposed by ref 51. It can belevel into agreement with our experimental data derived from
seen from Figure 10 that our experiment probesithe 6—18 the helium cluster isolation technique. However, when that is
levels of the transition around the peak of the FranClondon done, the shape of the potential accounts reasonably well for
distribution from thes” = 0 level in the lowest triplet state.  the measured vibrational spacings. Table 5 gives a complete
Therefore, our data are complementary to those described inlisting of our measured line positions and the comparison with
ref 51. The excitation spectrum calculated using the RKR those derived from the theoretical and RKR potential energy
potential curve of ref 51 for the (cJ2* state and that of ref 9 curves. The intensity distribution given by the FrarGondon

for the (a)£=* is also displayed in Figure 10 as thick solid factors calculated for both potentials displays reasonable agree-
bars. This calculation assumed a constant transition dipole ment with our experimental data for the dimer on the surface
momentu(R). It can be seen that the calculated level spacing of a helium cluster.

is not in exact agreement with the experiment, which can be  The (d)2I1 — (a)13=* transition of NaK as observed on the
expected since the extrapolation of the data in ref 51 may not helium cluster lies in a slightly more congested region of the
be valid all the way to vibrational levels at the bottom of the spectrum than that of ((32* — (a)13=". At the low-frequency
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Figure 11. Excitation spectrum of the (dj& — (a) =" transition of Figure 12. LIF excitation spectrum of the'E," < 1154t transition

NaK. Thick bars are the calculated transitions using the RKR potential of Na& displaying the transitions to' = 5—9. A sharp zero phonon
energy curve of KowalczyR while thin bars mark the transitions line can be seen at the origin of each vibrational band.

calculated using the theoretical potential of Stevens &t al. . . . . .
the sodium dimer, and its observation on the helium cluster was

end of the excitation spectrum, th&}" — 13%,* transition of first reported in ref 18. The excitation spectrum of #e=
Na; begins to appear. At the high-frequency end, above 15 800 5—9 bands is displayed in Figure 12. The structure observed
cm™1, a strong quartet transition of Néegins to appear. If  for each vibrational band differs significantly from that observed
the vapor pressure of Na in the first pick-up cell is carefully for each of the triplet transitions and resembles the structure
controlled, the fluorescence resulting from the NaK transition typical of matrix-isolated species. Each band possesses a sharp
can dominate in the region of the N@imer transition and the  zero phonon line of about 0.8 crhwidth which corresponds
spectrum can be extended to include the entire envelope of theto the pure electronic transition of the Néollowed by a phonon
Franck-Condon distribution. wing extending to higher frequencies than the zero phonon line.
Whereas the (cfZ* state of NaK correlates to the K(4R) High-resolution spectroscopy of these bd#tiss revealed that
Na(3S) atomic limit, the (d3T state correlates to the Na(3P) the zero phonon line is red-shifted by only 2.8 ¢melative to
+ K(4S) limit. The presence of this state has been known for the band origin of the rotational structure of the gas-phase dimer.
over 60 year® and has been studied quite extensively since it Figure 13 displays a high-resolution spectrum of the zero phonon
directly perturbs the (DM staté*55 of NaK. Kowalczylke® region of thes’ = 9 vibrational band. A strikingly similar
was able to observe the (d)2 state through the (d¥PI — spectrum was found for glyoxal inside helium clustérsy
(X)I=* intercombination transition. A definitive vibrational Hartmann et al., who successfully modeled the spectrum on the
assignment could be made by observing the isotope shifts ofbasis of the dispersion curve for He Il. The peaks in the glyoxal
the vibrational bands. Th&= 0 spectrum calculated from the  spectrum that are blue-shifted by 5.4 and 10.5%with respect
RKR potential energy curve given in ref 55 is displayed in to the zero phonon line were attributed to the coupling to the
Figure 11 as thin bars along with the spectrum obtained of the larger density of states corresponding to the roton and maxon
molecule formed on the surface of the helium cluster. The extrema in the energy vs momentum dispersion curve measured
spectrum calculated using the theoretical potential energy curvefor liquid helium by means of neutron scattering. The spectrum
of Stevens et al. is shown for comparison as thick bars. The of Figure 13 consists of three peaks at higher energy than the
potential energy curve of ref 9 for the lowest triplet state of zero phonon line superimposed on the broad background of the
NaK was used in both calculations. It can be seen that the phonon wing of the transition. The second and third peaks are
overall intensity envelope is in good agreement with the assigned to the roton and maxon peaks since they occur at the
observed transition. A direct comparison of the band positions same energy relative to the zero phonon line in both glyoxal
of the spectrum of the NaK molecule on the helium cluster with and Na. The first peak remains unassigned, although it occurs
the gas-phase work cannot be made since the broadening duat the same frequency relative to the zero-phonon line as that
to the presence of the cluster causes overlap between successivassigned to rotational excitation of the glyoxal inside the helium
vibrational bands. On the other hand, it is quite clear that both cluster. Due to the different rotational structure of the transitions
theoretical potentials are not entirely adequate to describe thein glyoxal and Na, an alternative assignment for the peak in
experimental results. Overall, the transitions in the (2,0) to the spectrum of Namust be sought. Since the sodium dimer
(15,0) range (where the notation’',¢'") is used) are clearly is located on the surface of the cluster, the peak could be due
resolved in the spectrum. Above 16 100 ¢pthe lines appear  to a coupling to the surface modes of the helium cluster.
to merge and complete resolution is not possible. The observa- The overall shape of the phonon sideband of the singlet-to-
tion of these transitions in NaK provides a clear demonstration singlet transition is very sensitive to the average helium cluster
of the helium cluster isolation technique in the study of van size in the beam. We can easily change the average size and
der Waals molecules formed from the addition of two distinctly distribution by varying the stagnation conditions. The average
separate species to the helium cluster. cluster size is most greatly affected by changes in the nozzle
E. Nay Singlet-to-Singlet Transitions. Although a greater ~ temperature as opposed to stagnation pressure or nozzle
quantity of helium clusters becomes doped with triplet sodium diamete?® The width of the phonon sideband varies from 110
dimers, the presence of the singlet species can be detected¢m™?! at a nozzle temperature of 17.5 K (larger average size) to
through the observation of thé3l,t < 113,* transition of Na approximately 30 cm! at a temperature of 22 K (smaller
if the Na vapor pressure in the pick-up cell is increased by an average size). It is interesting to note that in the same range
order of magnitude. This is the well-known+ X system of the position of the roton maximum does not shift appreciably.
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Figure 13. Expanded view of the zero phonon region of tAg,t — 15000 15200 15400 15600

13" transition of Na. The zero of the frequency scale has been taken
as the peak of the zero phonon line. The phonon sideband is clearly
visible as a broad absorption to the blue of the zero phonon line. The Figure 14. Selective excitation spectrum of thesyt — 133,*
peak labeled (R) corresponds to the energy of the roton maxima in the transition of Na obtained by monitoring exclusively the fluorescence
dispersion curve of liquid helium. The peak labeled (M) occurs at the around the K atomic lines with a band-pass of 50-&m

maxon energy. The peak labeled (?) has not been definitively interpreted

t thi int.
at this poin —|—’—,—¢Illylllllllrll|lll

It is also interesting that in the triplet spectra the zero phonon
lines are absent and the broadening of each vibrational band is
smaller (30 cm? for triplets vs 110 cm! for singlets, both
measured at a nozzle temperature of 17.5 K). In accordance
with the spectroscopy of matrix-isolated species, the intensity
of the zero phonon line decreases as the coupling to the matrix
increases, and there is a greater inelastic transfer of energy to
phonons in the matrix. The absence of a zero phonon line for
the triplet transition would suggest that the coupling of the
electronic energy with the helium cluster is greater in the excited
triplet state of Na as compared to the singlet state. On the
other hand, the smaller width of the phonon wing points toward 13000 14000 15000 16000
a smaller coupling in the excited triplet state.

F. Nonadiabatic Effects. In the course of our experiments
to probe the alkali dimer triplet states we have encountered aFigure 15. Emission spectrum obtained by exciting tHI3— 135+
number of unexpected results. In addition to the surprisingly transition of K at 13 895 cm?. The potassiumPs 12— 425y, atomic
small size of the spectral perturbations, we have observedlines are apparent near 13 045 and 12 998 cresulting from the
excitation transfer processes between alkali species attached tdissociation of the excited-state Kolecule. The B~ X transition of
the same helium cluster. The collinear pick-up cell technique ;[ir;lipotassmm singlet dimer is also detected to the blue of the excitation
can be used to dope the helium clusters with both Naand K. If
the helium clusters become doped with both, ldad K, the separated on the cluster surface far enough that they do not
emission spectrum of the3dgt — 135" transition of Na perturb the excitation spectra.
displays the presence of the KR4 1,— 4%Sy, atomic lines. We will turn now to the emission spectra obtained after
In this region of the spectrum there is no other transition of a excitation of K dimers. One would predict that an emission
potassium-containing species that could produce the K atomic spectrum obtained by exciting thélly < 13%," dissociating
lines. Paradoxically, a selective excitation spectrum of #g'l transition would only reveal atomic K resonance fluorescence
— 133," transition of Na can be taken by scanning the resulting from the dissociation of the dimer to the 4P4S
frequency of the excitation laser and monitoring the fluorescence separated atomic limit. Instead, the actual emission spectrum
by positioning the monochromator to pass only the fluorescence (see Figure 15) reveals very surprising results. In addition to
from the K #P;;1, — 4°S;, atomic lines! The resulting  the K atomic resonance fluorescence from thes4 1,— 4°Sy 2
spectrum is diplayed in Figure 14. The (30, 0) to (35, 0) transition, fluorescence is also observed to the blue (higher
transitions of the sodium triplet dimer can be clearly seen. The energy) of the excitation position. This is the well-known (B)-

K atomic resonance is at a lower energy than the molecular 1'IT, — (X)1Z4* transition of K. It can be modeled by
transitions that are being excited. This proves the presence ofcalculating the emission spectrum using the RKR potential
helium clusters in the beam that contain both triplet idad curves of the ground and excited statésThe spectrum can
uncomplexed atoms. After excitation of the triplet dimer,  be fit assuming there is population in the excited vibrational
collisional transfer of energy must occur between the dimer and levelsy' = 0—12. The appearance of this fluorescence reveals
atom on the surface of the cluster. We have searched for othera phenomenon that appears to be ubiquitous in the spectroscopy
explanations of these observations, but we had to conclude thatof high-spin alkali clusters on the surface of helium clusters.
the above should be taken as evidence that some helium clusters The observation of fluorescence at a higher energy than the
can contain more than one dopant species which remainexciting transition can only be associated with two processes,
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Figure 16. Emission spectrum after excitation of the @2 — (a)- 135+ transition of NaK revealing transitions from numerous singlet and

12" transition of NaK. The excitation frequency is marked by the arrow  yiyjet electronic states. The excitation frequency is marked by EX.
at 11 460.9 cmt. The K atomic lines are not resolved in the spectrum.
multiphoton excitation or conversion of potential energy into produces the spectrum of Figure 16. In addition to the direct
. - fluorescence to the lowest triplet state located to the red of the
electronic energy. The presence of a multiphoton process CaNexcitation frequency, a Weakpfluorescence from the K atomic
be ruled out since the laser power dependence of the LIFIines can be seen a'I0n with an unresolved Erar@tndon
intensity of the measured dimer transitions are linear across threeenvelope of a singlet n?olecular band of the NaK molecule
decades of laser power. We must conclude that mtersystemAfter intersystem crossing, a coupling to a repulsive singlet

crossing into the singlet manifold of dimer electronic states with : ) .
excited state could lead to fluorescence from a single potassium
subsequent fluorescence to the ground state causes the appear:

ance of the blue-shifted fluorescence since the well depth of atom.
. o JEpIpra .

the covalently bound singlet state is significantly deeper than Emission after excitation of the () -— (a) 12" transition
the triplet state. proEiluces fluorescence across a large spectral range, from 10 000

The presence of blue-shifted fluorescence is more easily cm to greater than 20 000 crh Thousands of overlgppmg
understood in our previous studies of quartet (three parallel lines are observed across the region. The Iarge Qensny of lines
spins) trimers of Naand Ks on helium cluster§® As in the does not allow full assignment of the entire emission spectrum.
case o e weakly ound et saesof he dimers e hfum (=136, Mol vSng e 26F poent s i e
cluster isolation technique will favor the formation of the quartet _. ; . . )
trimers which are only bound by van der Waals forces. As we Figure 17 reveals that, in add|t_|on_ to thg_resonant triplet
have shown in previous wofé laser excitation to an excited fluorescence to the red of the excitation position, the spectrum
quartet state of Ngand Ks is follbwed by a nonadiabatic spin consists of four singlet l?ands of the NaK molecuhe!l singlet
flip process that leads to the formation of the corresponding states below the potential energy of the tr|pIe_t excited level are
doublet trimer, which subsequently dissociates into an atom andErséené'teztr;;sltigg?stiae lﬁ’irli’c)(t:ﬁ:rljg\lleT_I%gget rs;a;g; The
a singlet dimer. This change in the bonding nature from the P : 1S NP : -5 prog
van der Waals to the covalent potential energy surface is calpulate .the line positions were de.rlved from refs 52. and 59.
responsible for the conversion of some chemical energy into Sp|n—_orb|t perturb_at|ons must allow Intersystem crossing frpm
photon energy with the production of blue-shifted fluorescence. ;hnee:rlplt(a)tf ttcr’];h;ns'rllgtletr&irgfcs’lti;[epgi'gé tﬂgfﬁﬁig;giﬁgﬂ
Apparently a similar change in bonding is occurring after the gy - getg . .
electronic excitation of the triplet dimers. the lowest triplet state allows the producUop of blue.-sh|fted

The (B)ZI1, and (d)2T1, states of I correlate to the K 4P fluorescence. The appearance _of the atomic potassium fluo-
+ 4S separated atomic limit and possess the same long-rang escence r_esults from the coupling to nearby repulsive states
behavior. If the dissociation of the3l, state produces hat dissociate to an excited K atom and a ground state Na. An
separatea K atoms. it is difficult to understgand how they would excitation transfer mechanism between NaK and K atoms which
recombine on the Helium cluster to form a (B)I, state since may "’.IISO be _separ_ately present (similar to th‘.""t observed in the
at 8.1 A this state possesses a barrier of 295cabove the experiments involving N& could also occur. It is assumed that
asymptoté” If the cluster contains a third (uncomplexed) K the unusual appearance of singlet transitions resulting from the
atom. the .observation could be explained. However, at this excitation of the triplet excited states of NaK is a result of the
point,’ the mechanism of the formation of thé singlet dim'er state Presence of the helium cluster in the spectroscopic probing Qf
from the dissociation of the triplet state cannot be considered the alkal! dimer chlromophore.. Further.study of these qlkah

systems is needed if the properties of helium clusters that induce

fully understood. these spin-changing effects are to be elucidated
Moving on to the heteronuclear dimers, emission spectra P ging )

recorded by excitation of the NaK transitions would be expected
to provide the detailed level structure of the lowest triplet state.
In addition to this, we again observe the unusual feature of Helium cluster isolation spectroscopy of electronic molecular

emission lines ocurring at a greater energy than the excitationtransitions was originally introduced as a diagnostic tool to study
position. Unlike the i1y — 13%," transition of K, the NaK the structure and dynamics of helium droplets in view of their

bands under observation here possess bound excited statesature of finite size superfluid systems. As a result of the recent
Dispersing the fluorescence of the 82 — (a)13=Z* transition work both in our laboratory->8and in Gdtingen2%21the great

IV. Conclusions
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potential of helium clusters for providing a weakly interacting,
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Examples of this type of work are théllq states of Li and

cold environment for the formation and spectroscopy of unstable K, and our comparison of measured NaK band positions with
molecules has been established. The investigation of five triplet values calculated from various theoretical potential energy

and one singlet transition in the alkali dimers,INa, K,, and
NaK reported in this paper directly supports this conclusion.
While the study of previously known bourdbound transitions

curves.
In large aggregates, many-body effects are important. They
can be accounted for and precisely modeled if the two-body

helped to describe and understand the method itself, the newlypotentials are well-known. Our identification and vibrational

recorded boundfree transitions provide the first experimental
data for determining the potentials of some of the repulsive
states. Our findings are summarized in the following.

1. The influence of the helium droplet on the spectral position
of molecular bands is rather small. Vibrational bands of known
Na, transitions experience spectral shifts of only 2.8 &ro
the red ((A)£=," — (X)1'=4") or 5 cnm 2 to the blue ((c)=4"

— (a)3Z,;") on the cold cluster compared to the gas-phase
values. In rare gas matrix isolation spectroscopy, the obs&rved
and calculate® spectral shifts for the (A}E," — (X)11Z4"

and (B)EIT, — (X)1=4" systems of Naare much larger,
ranging from—400 to 520 cm? in the case of a solid Kr matrix.
Takahashi et &2 observed a 700 cmi blue shift for the (B)-
1T, — (X)11=4" transition of Na in liquid helium. Clearly,
the surface of large clusters of 0.4 K internal temperature

analysis of quartet spectra of Na combination with the triplet
two-body potential has revealed the considerable contribution
of three-body forces to the overlap repulsion component of the
interaction potential of this trimer. Since noble gases, for which
the three-body overlap energy is small, and the alkali metals
are at the opposite ends of a “hardness” scale for atoms, the
stage is now set for a more complete and quantitative look at
this area of molecular science. The need for a more complete
picture of many-body interactions is still the bottleneck for a
better understanding of condensed matter and in particular,
solution chemistry.

5. Establishing different concentrations of dopant atoms or
molecules in the pick-up region, the size of product aggregates
on the helium droplet can be varied. Also, the approximate
size of an aggregate giving rise to an unidentified spectrum may

represents an almost nonperturbing substrate for the spectrosbe determined by measuring the intensity dependence of this

copy of molecules that are not solvated by the cluster.

While the vibrational constants of the triplet dimers obtained
from the spectra will be slightly altered from their gas-phase

values, the spectroscopic shifts are small enough that the dat
can be used to test the validity of theoretical potential energy
curves or extend the body of data previously derived about the

state. Therefore, we have attempted to model #ajgtlexcited
state of Na using the semiempirical Hartre¢ock damped
dispersion (HFD) form. The successful extension of this method

from systems such as the noble gas dimers to the alkali dimer 4 i : )
dechnique for the study of medium size atomic clusters.

excited states, where resonant exchange interactions are prese

provides a simple model that can be used to describe potential

spectrum on the partial pressure of dopants in the pick-up zone.
We succeeded in identifying Nand Kz quartet spectra using
this procedure. Visticot et &.doped argon clusters with atoms

4n a similar pick-up arrangement. In a detailed study of size

distributions of molecules formed by these atoms, they varied
the pick-up partial pressure over a large range and found that
the product sizes followed a Poisson distribution. Bartelt and
collaborators have recently succeeded in collecting more than
10 atoms of Ag and In in the same helium clusterHelium

cluster isolation spectroscopy appears to be a promising

energy curves for a larger class of systems if the long-range V- Future Directions

coefficients are known. The universal damping functions for
the correlation energy appear to work equally well in both types
of systems.

2. The vibrational bands of the singlet molecules are
accompanied by a phonon wing extending to the blue of the

Small metal clusters and metal-containing aggregates are
usually generated in molecular beams with internal temperatures
of several hundred Kelvin. At about 300 K, not even the
vibrational structure can be spectrally resolved for alkali
cluster§® and alkali oxide or halide complex@&<ontaining four

origin of the transition. A more detailed study of this phonon 1 tan atoms. Ellert et & showed a significant improvement

wing and its dependence on the cluster size should provide

information about the surface and bulk excitations of the helium
droplet along the line of the work on glyoxal by Hartmann et
aI.21

changes produced by altering the cluster size.
3. Inthe cold cluster environment, weakly bound molecules

in resolution when the species were cooled to about 30 K. Small
nonstoichiometric alkali halide and oxide clustéras well as
small alkali/water clusters attached to helium droplets of 0.4 K

with the advantage that a species located on the clusteriemneratyre will be cold enough to exhibit vibrational structure
surface should be more sensitive than an interior species to

in their electronic spectra, which so far have not even been
resolved for NgF. Similar advances should be possible for the
spectroscopy of large organic molecules embedded in the helium

are formed from deposited atoms as proven by the experimentc|ysterss?

on NaK carried out with separate pick-up regions for sodium

Atoms or molecules residing on the 0.4 K cluster form new

and potassium. Moreover, smaller bond energies yield higher complexes only if there is no reaction barrier involved.

survival probabilities for the species formed on the helium Theoretically predicted barriers can be tested by depositing the
cluster. Helium cluster isolation spectroscopy is therefore a reaction partners with the use of separate pick-up cells and
method that favors the accumulation of unstable species, andprobing the products with spectroscopic methods, allowing the
the investigation of their spectra is not obscured by more study of phenomena that are important in low-temperature
strongly bound molecules that in other experiments may kinetics. Metastable states of reactive molecules and radicals
preferentially form. The availability of a large population of could also be spectroscopically probed. While alkali metal
triplet alkali metal dimers provides an alternative to perturbation- gtoms are one-electron systems and show relatively simple
facilitated spectroscopy to gain access to the triplet manifold electron spin configurations when forming small aggregates,
of electronic states. clusters of elements with partially filled p or d shells may occur

4. The measurement of nearly unperturbed spectra of weaklyin weakly bound novel spin states with different bonding
bound molecules over a large wavelength range allows rigorousschemes that can only be formed and studied in the cold helium
testing of theoretical potentials for van der Waals systems. cluster environment.
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Our experiments have revealed some interesting relaxation gllg Li Li; Rice,| S.F,; Fiekl)d, Rk. WJ. Chem. Phys1985 82, 1178F1
i iati ; 12) Yiannopoulou, A.; Urbanski, K.; Lyyra, A. M.; Li Li; Ji, B.; Bahns,
p_roce_ssesi. l\flore _mvesftlgatllonslare neer?led Ito shed I|?ht on theJ_ T. Stwalley. W. CJ. Chem. Phys1995 102 3024,
V|prat|ona relaxation of molecules on the cluster surface, on ™ (13) im, 3. T.; Wang, H.; Tsai, C. C.; Bahns, J. T.; Stwalley, W. C.;
spin conversion processes, on change of bonding nature, andiong, G.; Lyyra, A. M.J. Chem. Phys1995 102, 6646.
on unimolecular dissociation in the presence of the helium 19514)22':31%32, g-_: KOChUJ;:glatz, TJ %enjmh VV\\//-gEem- EEYS- tett-
droplet. Many of the planned investigations will be carried out 199?1 172 2gg, lomen M Bress, &, be der, W.Chem. Phys. Lett
in the time domain using short laser pulses. Another interesting (15) Lett, P. D.; Julienne, P. S.; Phillips, W. Bonu. Re. Phys. Chem.
question concerns the equilibrium of different degrees of 1995 46, 423. o _
freedom. Double-resonance experiments involving LIF-detected Geﬁﬁgh?/g{'gé;-s’\zﬂ-;Zgi'gd”d" B.. Kim, J.; Patterson, Bhys. Re. A:
radio frequency and microwave absorption or IR absorption ™17 Stienkemeier, F.; Emst, W. E.; Higgins, J.; Scoles,JGChem.
spectroscopy with bolometric detection can be used to probe Phys.1995 102, 615. o
the population distribution of electron spin states and rotational ~ (18) Stienkemeier, F.; Higgins, J.; Emst, W. E.; ScolesP@ys. Re.
or vibrational levels Lett. 1995 74, 3592. o
T . . (19) Stienkemeier, F.; Higgins, J.; Ernst, W. E.; ScolesZ@Phys. B:
It must be emphasized that the helium clusters provide a condens. Matted 995 98, 413.
unique opportunity to study the spectroscopy of small to  (20) Hartmann, M.; Miller, R. E.; Toennies, J. P.; Vilesov, Rhys.
relatively large molecules in an environment that can produce R&: Lett. 1995 75, 1566. , . o ,
Itracold sample, with a lower temperature beyond what ma (21) Hartmann, M.; Mielke, £.; Toennies, J. P.; Vilesov, A. F.; Benedek,
an ultrac ple, witr p yona'! Y G. Phys. Re. Lett. 1996 76, 4560.
be obtained by conventional molecular beam expansions. Due (22) Brink, D. M.; Stringari, SZ. Phys. D: At., Mol. Cluster§99Q
to the low internal cluster temperature, product molecules are 15, 257.

: : : : ; o : (23) Goyal, S.; Schutt, D. L.; Scoles, Bhys. Re. Lett.1992 69, 993.
rotationally and vibrationally cold, which simplifies their spectra. Goyal, S.: Schutt, D. L.. Scoles, @. Phys. Cheml993 97, 2236.

In a cluster beam appraratus, all molecular beam spectroscopy (24) Bamett, R. N.; Whaley, K. BJ. Chem. Phys1993 99, 9730.
methods may be applied. Helium cluster isolation spectroscopy (25) Pascale, JTechnical Report, Seice de Physique des Atoms et
therefore permits infrared absorpti#t?3optical-optical, laser des Surface¢C.E.N. Saclay, Gif sur Yvette-@ex, France, 1983).

. . (26) Anderson, J. B.; Traynor, C. A.; Boghosian, B. M.Chem. Phys.
microwave, or lasefradio frequency double-resonance tech- 199399 345.
nigues, photoionization with mass selective detection, or light  (27) Ancilotto, F.; Cheng, E.; Cole, M. W.; Toigo, Z. Phys. B:
or particle scattering. Due to this versatility, it should become Condens. Matted995 98, 823. o _
an established method complementing the traditional matrix At.(zﬁ)ol?gﬁ?;i?;%egré%é”é%%'.”s’J"Ca”ega”' C.; Scolesz(hys. D:
isolation technique. We are aware that these goals cannot be (29) Jones, K. M.: Ma]ecki, S.: Bize, S.: Lett, P. D.: William, C. J.:

achieved quickly, but the prospects are exciting and full of Richling, H.; Knockel, H.; Tiemann, E.; Wang, H.; Gould, P. L.; Stwalley,

promise. Helium cluster isolation spectroscopy may open the
door to a new chapter of low-temperature chemistry on the

microscopic scale.
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