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Rare-gas clusters produced in a supersonic expansion into vacuum are doped with alkali-metal atoms using
the pickup technique. We give here a detailed description of our experimental apparatus, which is suitable
for electronic spectroscopy of any desired gas clusters doped with low-temperature melting metals. Potassium-
doped Ar clusters (average sikex 2000) are investigated by beam-depletion (BD) spectroscopy as well as
laser-induced fluorescence (LIF) spectroscopy. The observed BD spectra are strong and exhibit several broad
peaks within the scan range of the Ti:sapphire excitation laser; only one weak band is observed instead in
LIF spectra. This situation resembles the one previously observed for K-dopelddters [Callegari et al.,

J. Phys. Chem. A998 102, 4952] where it was argued that fluorescence is either quenched or strongly
red-shifted by the cluster. We investigate BD spectra as a function of the potassium vapor pressure in the
pickup cell, and we perform an extensive analysis of the pickup process, necessary to separate the overlapping
spectral contributions of different species. We tentatively assign parts of the spectra to the monomer, singlet
dimer, and doublet trimer, of potassium residing on the surface of the cluster. To support our trimer assignment,
we perform complete active space self-consistent field (CASSCF) calculations to determine the lowest 12
electronic spin-doublet states of free KVe find several candidate transitions in the region of interest. Although

a definite assignment is not possible because the energy shifts due to the perturbation by the Ar cluster are
not known, our theoretical and experimental data compare favorably with existing spectra, and with simulations,
of the closely related Namolecule, upon suitable scaling of its energy-level structure.

I. Introduction capture a certain mean number of atoms inside the cell, through
gollision. It is generally accepted that successive pickup events
can be treated as independent, which results in a Poisson
distribution of the numben of dopant species per cluster.
. o - Possible corrections are discussed in ref 10; note that for alkali-
investigation, or the probe of the cluster itself, because pure - o -

g ' P : PUT® etal atoms on He droplets, a different description of the pickup

rare-gas clusters have no transitions in the visible. rocess has been propodéih which successive pickup events
Among all rare gases, argon clusters have a special place:p prop pickup

van der Waals forces between Ar atoms are strong enough thaf"® significantly correlated and a different distribution rof
only modest cooling is necessary to produce large clusters in aresults. L o o

supersonic expansion, yet weak enough to result in a low cluster 1€ cluster dissipates the kinetic and binding energy of the
temperatureT = 35+ 4 K,5 and in a weak perturbation of the captureq species _by evaporation of atom_s. Because the energy
spectra of dopants. Theoretical simulations too benefit from the 0 b€ dissipated is large, and because in general there is no

weak, well-known interactions, which can be treated classically '€aS0n to expect the existence of large barriers, one normally
and, to a reasonably good approximation, as a sum of pair 8Sumes that the energetically most favorable configuration is
potentials® always formed. Exceptions occur for He droplets, where cooling

The dependence of the structure of Ar clusters on their size S SO fast that dopants end up in local minima, either because
has been widely investigated. It is found that clusters smaller different spin multiplicities do not interconvéttor because
than 100 atoms are amorphous, then the icosahedral structuré®ng-range forces drive the system into that local minimum,
is prevalent up to a few thousand atoms, where it is supersededVhich is easier to reach when a monomer component is added.
by a mixed hcplfcc structufe’ The clusters produced in a  1Ne latter has been observed for chains of HE&hd HC-
supersonic expansion are not monodisperse. Instead, their siz&CN:* CHsOH tetramers? and HO hexamers?

N follows a log-normal distributio,whose width and mean As far as the final location of a single dopant is concerned,
value are of the same order. Thus, one can expect doped clustergiolecular dynamics (MD) simulations shétthat it is strongly

to yield inhomogeneous spectra, due to different cluster dependent on the properties of the clusters, as well as on the
structures, or to different trapping geometries. pickup process, possibly giving rise to metastable trapping sites

Dopants are attached onto a cluster by the “pickup” techhique Whenever local melting of the cluster by collision is followed
where the cluster passes through a heatable cell kept atby rapid cooling. In such a case, it is hard to predict where on
temperaturd.. The pickup cell contains the dopant species at the cluster the dopant will be located. A simple criterion to
a set vapor density. Depending on the value @f the clusters decide on the most favorable location, based on extrapolation
of MD results for a set of dopant molecules, has been proposed
T Part of the “Giacinto Scoles Festschrift”. by Perera and Ama# It is quantitative and appears to be reliable

Rare-gas clusters have been used in spectroscopy as
microscopic matri¥;2 drawing from the rich field of matrix
isolation spectroscop$# dopants may be the very object under
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for cases that are far from borderline. According to it, potassium,
being much larger than argon and having a weaker interaction
with Ar than Ar with itself, should definitely reside on the

surface (see also section IIIC). source chamber i M- =

Many spectroscopic experiments have been performed on
doped rare-gas clusters; the results are reviewed in several nozzle
monographs covering broader themes in cluster scithée. L cold shicld / hii“—d::ln
Ongoing fields of experimental research utilizing Ar clusters ; <M e LN I
are the investigation of the dynamics in chemical reactféfs, L ] E 9 LT-detector
as well as probing solventsolute interactions by photodisso- AR & g Vet Remie)
ciation of molecules infon rare-gas clustét8> Theoretical 1 1
aspects concerning solvatiein particular nonadditive effects _ ‘U' _~B' -3 ==
and open-shﬁell dopantsre addressed by Biag Hutson, and T W el E‘:[Ti;m,o, —
co-workers26-30 prompted in part by recent experimental results 2

of Nauta and Miller! . Figure 1. Schematic of experimental setup.

We have measured the spectra of potassium-doped argon
clusters, with the intent of adding to the series of potassium signal at zero delay between pump and probe (acquired at
spectra already acquired in He dropténd H/D clusters®  yarious photon wavenumber) can be taken as a coarse excitation
As mentioned above, one can expect to observe a dlStI’IbUtlonspeCtrum_ Otherwise, spectra have only been measured in He
of many different dopant species; many factors determine which droplets and are limited to the quartet spin multipliéty2No
spectra are observed, and with the present knowledge it is notcg|culations exist of the level structure of; kn either spin
always trivial to predict their outcome. Thus, these factors are multiplicity. It was suggeste®? however, that the level structure
interesting to study in their own right. In this manuscript we of the lowest-lying states of Nand Ks should differ essentially
discuss explicitly the number of dopants per cluster, their py g scaling factor. A reasonable choice for this scaling factor
location (surface vs inside), and spin state (high vs low). is the ratio of the lowest atomic excitation energy. High-

In the course of this investigation we faced the need to resolutiof356 and extended->8excitation spectra of gas-phase
separate and assign spectra that strongly overlap: for thisNa; have been measured, and the corresponding level structure
purpose we devised the novel procedure reported here. We foundtalculatec?® We test the applicability of such scaling by
that our spectra contain significant contributions from partially comparing our experimental spectra atuinitio calculations
resolved bands that may be electronic transitions ph&ver of the electronic structure of theskloublet trimer with existing
observed before, and we performed a sethoinito calculations data on Na

as a test. This manuscript is organized as follows: in section Il we
Although there exists a considerable amount of published describe the experimental setup in detail. In section Il we
work on potassium-doped Ar matric#s36 the only experi- present the results of our work, further subdivided into (Il1A)

mental work on alkali-atom-doped argon clusters are the LIF experimental beam-depletion spectra, and their separation into
spectra of Na-doped clusters measured by Higfime found monomer, dimer, trimer contributions; (I11B) experimental LIF
only a weak monomer transition, dominated by two broadened spectra; (I1IC) molecular dynamic simulations of the monomer
(30—40 cn?) lines at the position of the gas-phast® 12 absorption spectrum; (IlID)ab initio calculations of the

— 33y, lines. More data exist for the alkaline-earth-metal atoms electronic structure of K In section IV we discuss our findings,
and molecules: electronic spectra of Ba on Ar clusters were separately for the monomer (where we further address the issue
taken by Visticot et al¥® of Ca and Caon Ar clusters by of spectral shifts and splittings), dimer (where we address the
Gaveau et al?#® Those authors find LIF spectra that are issue of spin multiplicity), and trimer. Section V contains a
broadened and shifted from the free-atom/molecule case by asummary of our manuscript.

few hundreds of cmt, and they succeed in reproducing them

with a model based on pair potentiflspmbined with either  1l. Experimental Section

classical molecular dynamics or Monte Carlo methods. The cluster beam apparatus we set up in Graz is primarily

Theoretical work on alkali-doped rare-gas clusters exists in designed to investigate helium droplets. We want to give here
greater abundance; it should be noted, however, that mosty detailed description of it, irrespective of whether it is used to
publications dealing with the simulation of absorption spectra produce He droplets or Ar clusters; we will remark on the few
of alkali-metal atoms and molecules in rare gas clusters addressxisting differences when appropriate. The general principles
the case of dopants in highly symmetric environmentsde of excitation and emission spectroscopy of alkali-metal atoms
the clusters!*2and/or only in the presence of a small number ang molecules in He droplets have been described in detail in
of Ar atoms?3 The latter authors treat also the case of Naon a (gf 12. A thorough analysis of the pickup cells’ behavior turns
close-packed [111] argon surface. out to be very important for spectral assignment.

Spectra of singlet and triplet potassium dimers have been The apparatus consists of two large vacuum chambers (Figure
measured in helium nanodropléfssome features in the spectra  1); the first is identified from now on asource chamberthe
of potassium-doped matrices have been assigned to the singlefatter is further divided by an internal septum into two
dimer? Information on the geometric and electronic structures differentially pumped chambers, from now on referred to as
of matrix-isolated alkali-metal trimers was obtained from the pickup chambernddetector chamberespectively.
Ramar}> and ESR® 8 spectroscopy; the first record ever of  The source chamber is pumped by a baffled oil-diffusion
K3 are ESR spectra in an Ar matriX. pump (Leybold DI 6000/10 B, 6000 L/s nominal pumping

Electronic spectra of gas-phase potassium trimers only existspeed) with water-cooled baffles (Varian 330, 3550 L/s nominal
(to our knowledge) as pumfprobe photoionization measure- conductance), backed by a rotary/roots stack (Edwards EH1200/
ment8° probing the vibrational dynamics of doublet.KThe E2M80). The base pressure in the chamberi0=® mbar
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without a beam and-10-3 mbar when a beam is present (all pumping is maintained. Doped clusters are excited by crossing
values as read by an ionization gauge, Granville Phillips GP274, the supersonic beam at right angle with the well collimated beam
controller GP307, uncorrected for ionization efficiency). (1—3 mn? cross section) from a cw Ti:ADs ring laser
The pickup and detection chambers are separately pumped[Coherent 899-01, with short-wave (119004200 cn1) and
each by a turbomolecular pump (Alcatel TMP5400, 400 L/s Mmidwave (105068-12500 cnt?) mirror sets], pumped by an Ar
nominal; Leybold TMP361, 400 L/s nominal), backed by its laser (Coherent Innova 200) power-stabilized at 15 W multiline
own rotary pump (Alcatel 2012A and Leybold D16B, respec- visible. The Ti:ALO; laser is operated in broadband mode
tively). Base pressures in these chambers are, as measurednominal line width: 8-12 GHz), with the birefringent filter
<107 mbar; they increase by less than an order of magnitude as the sole tuning element. The wavenumber is scanned by
when a beam is present or when the alkali-metal ovens are inrotating the birefringent filter with an electrical motor attached
their stable operation condition. to a reducing gearbox, at typical scanning speeds eff¢hr!
Argon clusters with an average sidé= 2 x 10° atoms s™L. The absolute \{vavenumbéis measured with a commercial
(estimated through scaling laffs are formed in a free-jet wavemeter (Bu.rlelgh WA 1500,. specified Iim_it acguraﬁg_z X
expansion of argon gas (AirLiquide, Alphagaz 2, grade 6.0) with 1077); the readlngs.fluctuate within the nomlna}l line Wldth of
a stagnation pressure of 60 bar through au@0nozzle held at ~ the laser. The typical output power, which is not actively
a temperature of 250 K. The nozzle is cooled by a continuous stabilized, depends on the_m|rror set as well as on the tuning
flow cryostat operating on liquid N a gold plated shield cooled ~ Curve of the crystal and varies between 200 mW and 3 W. The
by the return vapor reduces radiative heat transfer. The nozzle'€lative laser power across a scan is measured with a photodiode
is actively stabilized to the desired temperatut® @ K) with calibrated against a commerm_al power meter (_Coherent Lab-
a resistive heater; the temperature is measured at the nozzle tigh@SterE, LM-2-VIS head) and is used to normalize the spectra,
with a silicon diode thermometer (Lakeshore DT-471, range Which we verified not to be saturated.
12) connected to a temperature controller (Lakeshore Model Windows at Brewster angle, baffled entrance, and exit tubes,
330). For helium nanodroplets the average size randé s along with spatial filtering in the collection system, minimize
103—10* He atoms, generated by expansion of helium gas the scattered light reaching the detector [typical® (ddunts/
(AirLiquide, Alphagaz 2, grade 6.0) with a stagnation pressure S)/W at 1.4 kV photomultiplier voltage], whose effect is further
of 60 bar, through a @m nozzle held at a temperature in the reduced by mechanically chopping the droplet beam and
14—20 K range. The cooling fluid is liquid heliuf. performing a differential measurement of the photon count.
About 1 cm downstream of the nozzle, the beam IOassesLaser-induced fluorescence is collected by a lens system with
through a 40Qum conical skimmer (Beam Dynamics, model 10% collection efficiency and suitably re-imaged to fill the

2) and enters the pickup chamber. There it is chopped for gated@ctive area of a Peltier-cooled photomultiplier (housing, Products
detection and doped. The pickup chamber contains two steelfor Research, TE210TS-RF; tube, Hamamatsu R943-01 with

cells. Each is 4 cm long, is filled with abbti g of thedesired ~ GaAs photocathode). Single-photon pulses go through a fast
alkali metal, and can be independently heated by a resistor; itsPre-amplifier (Ortec, 9301) and amplifier/discriminator (Ortec
temperature is monitored by a cladded thermocouple (Type K, 9302) and are then counted by a homemade 15-bit counter,
Omega Engineering, Inc.) and actively stabilized by a temper- operated in 2-channel mode. The droplet beam is chopped .at
ature controller (Omega, Models CN77323 and CN76020, 22-7 Hz, and the counters are gated for exactly 20 ms. This
respectively). The cell mounts are designed to minimize heat 9ating time is intentionally shorter than the chopper half period,
leakage to the chamber, as well as cross-talk between cells; weS0 &S to eliminate counts at the modulation edges. Data acquisi-
observe that, under vacuum, the temperature of the unheatedion is controlled by a personal computer running LabVIEW.
cell will increase by less than 8C when the other is heated For emission spectra, the photomultiplier is replaced by an
from room temperature to operational temperature. We usedoptical fiber bundle funneling the light into a 0.35 m spec-
quartz cells in earlier experiments, with no notable difference. trograph (McPherson EU/700) equipped with a liquid-nitrogen-
The Ce“ Conta|n|ng K meta' |S Operated between 140 and Cooled CCD detector (Princeton |nStrumentS, LN/CCD'llOOPR/
240°C, where the tabulated equilibrium vapor pressure of pure VIS/IR/PB-1). Although in principle the detector is suitable for
K is between 10% and 16 Pa (103—10- mbar)®! In principle, hour-long acquisition, and long integration is desirable to
the vapor pressure and density inside the p|ckup cell can beminimize readout nOise, in praCtice Signal contamination from
determined via the temperature of the cell, assuming thermo-COSMic rays is a major limiting factor. Spectra of 30 s each
dynamic equilibrium. In our case this appears to be a poor (resultingin 1 or 2 cosmic ray events per spectrum) are acquired
approximation, probably because of large entrance and exit holes" binning mode; pixels containing a cosmic ray event are
(5 mm diameter), a large surface/volume ratio of the molten discarded, and then as many spectra as necessarnpQ}@re
metal inside the cell, and the fact that part of the metal may be averaged together to achieve the desired signal-to-noise ratio.
covered with a layer of oxide. We observed that the pressure in A surface ionization, or LangmuiTaylor (LT), detector is
the pickup cell must be kept higher by a factor~ei5 for Ar located further downstream to detect the depletion of the doped
clusters, as compared to He. We estimate that the differentbeam signal upon excitation. It consists of a resistively heated
average cluster size in the two experiments is sufficient to (current mode, 1.4 A typical) rhenium ribbon (anode) surrounded
account for this factor. MD simulations (see below) do not seem by a collector shield (cathode) made of solid copper, with
to indicate a sticking coefficient significantly smaller than 1 entrance and exit holes for the cluster beam. Alkali-metal atoms
for collisions between K atoms and Ar clusters. Another impinging on the hot ribbon are ionized with probability close
observation we made is that alkali-metal consumption causedto oné? and accelerated toward the collector (the bias voltage
the vapor density in the pickup cell to decrease, despite constantbetween anode and cathode is established with a commercial 9
oven temperature, by ¥20% per experiment, as monitored V battery), where their recombination currdpt is detected
by a surface ionization detector (see below). with a picoammeter (Keithley 414S, response tim@.14 s).
Doped clusters enter the detection chamber through a second Assuming, as is reasonable, that excitation of alkali-metal
skimmer (5 mm diameter, homemade) such that differential atoms/molecules on the surface of a rare gas cluster always
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| Figure 3. Beam-depletion spectra of K atoms and molecules on argon
clusters over the entire laser range. Upper panel: high pickup pressure
6 (I.t = 65 nA). Lower panel: low pickup pressuré«{ = 0.2 nA).
Vertical bars indicate wavenumbers at which signal growth is analyzed.
Cluster source conditions: 240 K, 60 bar.

(=]

0.1 electric-dipole polarizability of the host atom/molecule (Ar, 1.64
rTrrrryrrrrrrrrrprrror1 A3, D,, 0.79 A, ref 61), i.e., to be approximately a factor of 2
12000 12500 13000 13500 14000 larger for Ar clusters (also compare the well depths of theHs

and K—Ar pair potentials: 16 and 40 cr, respectivel§*69.

i . BD spectra were measured at a set of different pickup
Figure 2. Beam-depletion spectra of K atoms and molecules on argon conditions. The full wavenumber rande was covered with two
clusters at increasing vapor pressure in the pickup cell. Upper panel: ’ 9

Scan with laser midwave optics. Lower panel: short-wave optics. Note S€ts of laser optics; note that because substitution of a set is
the logarithmic vertical scale. Cluster source conditions: 240 K, 60 quite a time-consuming operation, the series shown in the two
bar. panels of Figure 2 have been taken in different experimental

runs. For the sake of presentation clarity, the raw data have

been smoothed considerably, on the basis that no finer structure
results in their photodetachment, a depletion of the overall beamis observed in the spectra.
signal will be detected; the resulting beam-depletion (BD) e also acquired a few continuous spectra with the slower
spectrum can be considered a faithful representation of the approach: the two portions of each full spectrum were
overal_l a_lbsorption spectrum. Phase-sensitive detec_tion is necessequentially measured, at fixed pickup conditions, then spliced
sary: itis done by chopping the laser beam and using a lock-in py scaling the traces to overlap in the common scanning range
amplifier (Ithaco Dynatrac 391A or Stanford SRS510). The large 11900-12400 cnrt (Figure 3).
D e Come o) ek, O mmediately nolces the ovenvhelring breadh o
results in less-than-optimal noise suppression Detector’pen‘or-md'vIdual pgaks, as wgll as the complex eVOIUtIO.n of the yvhole
mance is limited by the output noise of the piC(.)ammeter at low spectrum Wl.th increasing pickup pressure. We. will now discuss
oven temperatures and by the large dc component of the ionthe separation of the spectrum into its atomic and molecular
current (from the high alkali-metal background in the detector components. .AS the c_eII tempera_t@'r@was found not to be a

stable indication of pickup conditions, we chose to take the

-1
wavenumber [cm ]

chamber) at high oven temperatures. surface-ionization-detector currdpt to describe the conditions
L. Resul in the cell, an approach which we will work out in more detail
- Results during this section.

A. BD Spectroscopy.The search of an unknown spectrum Panel a of Figure 3 shows the BD spectrum takeh at=
always proceeds from reasonable guesses based on knowf.2 nA, which will be referred to as tHew-density spectrum
systems similar to the one being investigated. We initially relied (LDS). This value ofl .t corresponds to the lowest alkali-metal
on the beam-depletion spectra of K atoms prclisters®® There, atom vapor pressure at which a spectrum could be measured
two main peaks were observed: the firs200 cnt! wide and with sufficient signal-to-noise ratio. One can observe three broad
<100 cn1? red-shifted from the gas-phase position of the-4S (=500 cnT?) peaks at 11250, 11950, and 13950 ¢nPanel b
4P multiplet; the second twice as broad and blue-shifted by shows the BD spectrum &tr = 65 nA, which will be referred
~400 cnrl. No spin—orbit splitting (57.706 cm?, ref 63) was to as thehigh-density spectrurfHDS). The absorption signal
resolved. As the host-dopant interaction is of the van der Waals has grown by about 2 orders of magnitude, and its shape has
type, we expected the shift values to scale roughly with the changed completely. The HDS shows several overlapping peaks
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at about 11700, 12500, 13000, 13500, and 14100cmnd 4
another one can be inferred at the red end of the scanning range 5]
of the laser. A

The decomposition and assignment of spectral features is 3
considerably more complicated than in studies of He clusters, 43
where one has sharp intense spectra, which seldom overlap.
There, it is easier to assign the spectra even in the presence of
several different species. As the perturbation induced by the 10° =
helium is smaller, assignment can be achieved by combining E (b)
the pressure dependence of signals, and the associated change
of capture probability for a given number of atoms, with some
knowledge of related gas-phase spectra.

As discussed in ref 10, the contribution ofmers to the
overall signal intensity at wavenumbey which we will call
S\(7), depends on the partial pressyren the pickup cell (a
convenient, if slightly inaccurate, substitute for the dengijty
in a manner determined by the probability for successive capture
of n atoms:

normalized depletion signal
=)
[
1

(p/py)"
n!

S@@p O exp(—p/py) @) 10" 3
p1 being the pressure at which the probability of a single pickup 5]
is the largest. -1
Usually the cell temperatur€&; is used to calculate via a E
known parametrized function: 41

log(p/atm)= A, + B//T (2) 2

with A, = 4.402 andB, = —4453 K for potassiurfit Equation 43
2 describes the equilibrium vapor pressure of the substance, and 5]
deviations can be expected for a cell opened into a vacuum. As 3 ,
mentioned, we observed that on different days diffeflertere 2 3 456 2 3456 2 3 456
necessary to obtain comparable pickup conditions. Besiges, 1

is an inconvenient control parameter in that the variable to be detector current [nA]

controlled, the pickup probability, is a strongly nonlinear Figure 4. Decomposition of spectral contributions at (a) 12000, (b)
function of it and also exhibits a considerable time lag.is a 14100, and (c) 13500 crx circles, experimental data; thick line, best
desirable control parameter: first, it is fast reacting; second, fit (eq 5); thin solid line, monomer fraction; dashed line, dimer fraction;
one expects it to be approximately linear with the pickup dOttef'_ ”t?e’ trimer g?ﬁﬁ%”- tlrf]'t(b) the m_on%mef ?t‘rr]‘ft’ht”gﬂef ff?Cti?_”S
probability, and to give good reproducibility. Ideallyand!, t are strictly zero, and the best fit curve coincides with the dimer fraction.
should be both good estimators of the pickup probability, that The best-fit value of common parametersis 0.725,l, = 18.08 nA.

is, they should only differ by a scaling factor. Upon aslow and ~ To process and separate the spectra using a model based on

careful scan of the cell temperature, we found thatllaghas egs 1 and 4, it was necessary to get data points at as many
the same inverse linear dependenceTpas p: different pickup pressures as possible. We reckoned that for
the analysis to be meaningful, all the data had to be acquired in

log(l t/nA) = A + B/T, 3) one run. The normal procedure, that is, to set a cell temperature,

to wait until the system has equilibrated, and then to acquire a
with By = —6104 K; A, ~ 15 varies between experimental runs. full spectrum, would imply a prohibitively long time. We thus
The most general dependence betwpeand I 1 that can be chose to cyclically sampl&#,I. 1) at 11 representative wave-

derived from egs 2 and 3 is a power law: numbers (indicated in Figure 2 by vertical bars, and corre-
sponding to peaks and valleys in the LDS and HDS) while the
plp, = (ILT/I1)k 4) cell was being heated argr was slowly increasing from 0.25

to 56 nA. The sampling time was 4%0 s per data point. For
with k= By/B; = 0.73, and1 the current at which the probability ~ practical reasons this first series was taken using the short-wave
of a single pickup is the largest (also varies between different optics set. After equilibrium was reachedlagt = 65 nA, we
runs). switched to the midwave optics set, then Tetdecrease, and

We tested this power-law dependency on the well-resolved sampled 8 further wavenumbers.

spectra of Rb on He droplets and found that, in the temperature To rule out hysteresis effects between heating and cooling,
range 146-220°C, eq 4 withk = 0.717 gives a good description ~ we comparedy#,I.1) at 12000 cm?, where both mirror sets
of the pickup probability. This value is also close to the value, work. The two series overlap nicely, showing that provides
0.725, we extract from the spectral separation procedurea good estimator of the pickup probability even for dynamic
described below. We note that the formula for the flux out of pickup conditions. A systematic error intrinsic to this method
an effusive sourd&& would predictl 1 O pT, Y2 that isk = 1 is the variation of pickup pressure during one measurement
if we neglect theT, %2 dependence, on account of the small cycle. This is setting a limit to the sampling time per data point,
temperature range. as well as to the number of sampled wavenumbers.
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1.5 - Figure 6. Black line: LIF excitation spectrum of potassium-doped
] argon clusters measuredlat = 3 nA. Vertical bars near 13000 cth
i mark the positions of the gas-phase atomic D lines. Histogram, arbitrary
= - scaling: MD simulation of the absorption spectrufradk atom on a
< 1.0 ] cluster of 190 Ar atoms.
i the predicting abilities of the model described by eq 5, we
0.5 — calculatedS(#;,I 1) atl .t =250 nA, a value 4 times higher than
e the largest included in the fit. We compare this simulation with
i an experimental spectrum taken in an early run at corresponding
0.0 — pickup conditions (upper panel). The good agreement between
11000 12000 13000 14000 _model and experiment gonvm(_:lngly demonstr_ates the ap_p_llcabll-
r ity of growth analysis in a wide range of pickup conditions,
wavenumber [cm ] which makes assignment of spectral contributions unambiguous.

Figure 5. Results of decomposition procedure (eq 5). Lower panel: ~ B. LIF. In the entire investigated spectral range (10700
A7) factors representing spectral contributions from potassium 14100 cnt 1) the only feature showing fluorescence above the
monomers (squares), dimers (circles), and trimers (triangles). The linessensitivity limit of the PMT was a band starting from 13300
are spllr_le interpolations, meant as guides to the eye. Upper _panel:cmﬂ and extending to the blue beyond 14300 énFigure
(s:i?nrﬂgi‘ggogngf (f‘en d esxqplf;r;nse)ng EDzssger?Xu?hi(grsge::rt?S? V"\)’gg @ 6). Dispersed fluorescence revealed that within the sensitivity
measured with the midwave optics set only. of detection the emission originates from free K atoms onI_y_.
The presence of further emission, broadened below the sensitiv-

A least-squares fit was applied simultaneously tal, 1) ity limits, cannot be excluded. We note that the gas flow (atoms/

growth curvesi(= 1.19), with a function derived from egs 1 S) correqunding to our source conditions is approximately the
and 4 same as in He experiments; however, the integrated LIF

spectrum here is about 50 times weaker.
3 . No growth analysis could be performed for the LIF spectrum,

5 - 5V - and it is noteworthy that its shape has no resemblance with any
i) A"(V')n!eXp( ) ®) of the spectral features observed in BDS or predicted by
decomposition analysis. We are not in the position to further
X = (|LT/|1)k (6) characterize this spectrum experimentally; therefore its assign-
ment can only be tentative. A few arguments in favor of the
monomer will be made by comparison with MD simulations.

C. Modeling of K on Ary. To estimate qualitatively the
electronic excitation spectrum of the monomer, we carry out a
simple classical MD simulation combined with pairwise-additive
potentials, similar to the approach described in ref 38. Numerical
integration of the equations of motion is done with a homemade
code implementing the leapfrog algorithm (eqs 7 and 8) where
explicit calculation of velocities allows coupling to a thermal
bath®7.68

n=

with the amplitude®\.(¥), |1, andk as free parametert; is a
common parameter shared by all growth curves; we recall that
its best fit value (18.08 nA) should be interpreted as the value
of It for which the pickup probability of one dopant per cluster
is the largest, and that the best fit valukadd 0.725. The factors
An() represent the intensity of themer spectrum at wave-
numbery;.

Figure 4 shows the results of the decomposition procedure
for three selected wavenumbers: in panel a the slowest relative
increase in beam-depletion signal is observed, indicating a major E ®
monomer contributioni{= 12000 cnT?). The decomposition - At _ [ At T s
is, however, able to reveal that non-negligible contributions from U‘(t+ 2) Z}'(t 2) AL +oar) (7)
larger oligomers are also present, which emphasizes once more
the strong overlap of all spectra. Panels b and c display growth = - - At B
curves with pure dimer contributiorv (= 14100 cntl) and Fi(t+ AD =70 + Aw‘(t +7) + (A (8)
significant trimer contributioni{ = 13500 cnT?), respectively.

Figure 5 shows the best-fit values Af(7;) with n = {1, 2, The positiorT; and velocityz; of theith atom, of massy, under
3}, which we identify as the spectra of K,Kand Ks. To test the action of the forcé are computed evenit =3 fs. F; is



12392 J. Phys. Chem. A, Vol. 111, No. 49, 2007

TABLE 1: Lennard-Jones Parameters for the Ar—Ar
Potential and Morse Parameters for the M—Ar Pair
Potentials De, we in cm1; Re in A)2

X B AIl
De Re We De Re We De Re We
Arb 97.8 3.75 —
K¢ 59 5.13 10.28 34 726 7.32 440 3.41 56.93
Ca' 87.0 486 1831 36.1 5.69 10.11 87.8 4.62 14.70
Ba® 73 555 16 12 10.6 3 90 5.40 16

aThe X values for K-Ar are for comparison only, as the potential
of ref 65 is used instead in the molecular dynamics simulation.
b Reference 69 Reference 70¢ Reference 71¢ Refrerence 72.

computed as the sum over all atoms of the derivative of the
appropriate two-body interaction potential: a 6-12 Lennard-
Jones potential for ArAr (from ref 69); the HFD potential as
given in ref 65 for K-Ar ground state. Morse potentials, without
spin—orbit coupling, are chosen for excited states (from ref 69);

the related parameters are reported in Table 1. The ground-

state minimum of K-Ar occurs at an atomic distance where
the excited BX state is strongly repulsive, thus poorly repro-
duced by the Morse potential: for the?B potential only, at
distances <11 A, we choose to use an interpolation of
experimental dafd instead of the Morse formula.

Clusters containindN = 190 argon atoms are used in the
calculation. To achieve an average cluster temperatuie35
K, velocity scaling® is applied at each time step unfil=T:

T (t+AU2) — y,(t+AU2) (9)

with the scaling factor

y=(@m"

where the actual temperatuTeis calculated from the kinetic
energy of theN argon atoms in a cluster:

(10)

2 N my?
k(GN-6)& 2

T

(11)

Simulation of the collision process of these clusters with a K
atom (head-on collision, at a relative velocity of 1000 m/s)
showed a capture probability of 100%; further, the atom did
not penetrate the cluster, in agreement with the findings of ref
18. After collision, the system is allowed to evolve for 5000

Nagl et al.

Gaus’* His work contained several 2-dimensional scans of the
ground electronic state of Manear the equilibrium position,
notably vs the normal coordinat€s andQy, (symmetric bending
and asymmetric stretch), as well as scan@ysf excited states,

at the CASSCF level (complete active space self-consistent
field).

Scans of the ground-state electronic surface gfuking a
density functional approach were performed by Martins &t al.
Equilibrium structures of smalln(< 6) alkali-metal clusters
were investigated by Spiegelmann and Pavolini at the CASSCF
level.’®

We performed two-dimensional scans, ov@, Q) (breath-
ing mode and symmetric bending mode) a3, (Qy), of the
ground-state electronic surface of kKt the UCCSD(T) level
of theory (unrestricted coupled cluster calculations with single,
double and non-iterative triple excitation), as well as scans of
the first 12 electronic states ové&dy near the equilibrium
position, applying the CASSCF method of Werner and
Knowles7~8% as implemented in the MOLPR®Opackage. The
details of the calculation will be published separately. In short,
we used the relativistic small-core ECP (effective core potential)
basis set ECP10MDF of the Stuttgart/Cologne gféLaug-
mented with three additional diffuse functions (s,p,d), using the
even-tempered scheme implemented in MOLPRO. The even-
tempered exponent for these additional functions is based on
the ratio of the two smallest exponents in the original set. Using
the basis set in its fully uncontracted form leads to the scheme
(12s,12p,6d,3f).

We gauge the accuracy of the basis set by a series of test
calculations on atomic K, and on,Klimers. At the UCCSD-

(T) level, we reproduce the atomic polarizability = 290.7
(experimentd&f o = 290.2+ 8), the singlet-K equilibrium bond
length re = 3.93 A, and binding energp. = 4299 cn!
(experimentd¥ ro = 3.93 A andDe = 4450 cntl). The dimers’
results are corrected with respect to the BSSE (basis set
superposition error) using the counterpoise correction of Boys
and Bernard?® At the CASSCF level, including second-order
perturbation corrections (CASPT2, ref 86), we reproduce the
4s—-4p, 4s-5s, and 453d electronic excitations of the atom
within respectively+5, —73, and+76 cnt! of the spin-orbit
averaged experimental valu&s.

The ground-state UCCSD(T) scan with further geometry
optimization finds the absolute minimum forskat an obtuse
isosceles geometnCh,, 2B, symmetry), with bond length =
4.322 A and bond anglé = 74.C° (corresponding t@s = 4.59

time steps (15 ps) to ensure complete thermalization of the K A, Qx = —0.61 A Qy = 0). For comparison, the density
atom. At each subsequent step, until a total time of 0.3 ns hasfunctional calculations of Martins et &find b = 4.0 A and¢
elapsed, the instantaneous excitation energies of the K atom= 77°. At fixed Cp, symmetry, we find a relative minimum

are computed and binned in a histogram.

The ground-state energy of the K atom is simply given by
summing the K-Ar ground-state pair potential over all Ar
atoms. A similar sum over excited-state pair potentials, with
the perturbation approach presented in ref 43, yields>a 3
Hamiltonian; its diagonalization at each time step gives the

165 cnt! above the absolute minimum, at bond length=
4.783 A and bond anglé = 51.8, which turns out to be a
saddle point on the three-dimensional energy surface. Martins
etal. findb=5.4 A, 0 = 41°, and an energy difference between
absolute minimum and saddle point of 160¢m

A [3,23]-CASSCF scan over thg coordinate withQs fixed

instantaneous energies of the three excited states. To rule outo its global minimum value of 4.59 A shows a level structure
metastable behavior, a set of 26 clusters has been preparedvery similar to that calculated by Gatfsand by Cocchini et

Figure 6 shows the histogram of the calculated excitation

al. > for Nag. We estimate the error due to a finite active space

energies, which is the representation of the absorption spectrumthrough the observation that the trimer's electronic states
The result shows, as expected, a triplet peak structure, with thecorrelating to the 4P atomic asymptote (scan over @he

center-of-gravity of the band shifted to the blue of the atomic
gas-phase lines by 330 cf

D. CASSCF Calculations. Extensive electronic structure
calculations on (pure and mixed) trimers and tetramers of Li
and Na, and on several lithium hydrides, were performed by

coordinate up t®s = 30 A, atQ,, Q, = 0) converge to a value

of 11550 cn1?, that is 1493 cm! lower than the spirorbit
averaged experimental val&&We force consistency with the
experimental asymptotic value by adding the above difference
to all the states, except?B, and PA;. In Figure 7 we present
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Figure 7. Calculated potential energy curves of, kcanned along th, normal coordinate as = 4.59 A andQ, = 0: left: two-state distortion;
center: nondegenerate states; right: three-state distortion. The curves are labeled accordingip sheimetry Dan at Q< = 0) and grouped

according to their JaknTeller distortion pattern.

the resulting calculated curves, grouped, as in the work of tures. More important: in our case K resides on the cluster
Cocchini et al3® according to their JahnTeller distortion surface rather than insidé.
pattern. We will compare our CASSCEF calculations with our A surface location of alkali-metal atoms is the facto

experimental data, and with existing Ndata (appropriately  standard in the case of atoms on He or molecular-hydrogen

scaled) in section IVC. clusters. Here a simple but effective description of the electronic
_ _ absorption spectrum has been devised: that of a pseudodiatomic
IV. Discussion molecule, with the whole cluster playing the role of one of the

atoms. The system has cylindrical symmetry and the triple
assign to the potassium monomer closely resembles the LDS,d€generacy of the excited state of the alkali-metal atom is only
of which it should be the limiting case for zero pickup pressure. Partially lifted, if spin—orbit coupling is neglected. The peak
The largest difference is observed at the blue end of the spectraPPServed closer to the gas-phase lines, slightly red-shifted in
range, where the contribution from the dimer is significant. The the case of b corresponds then to bountiound transitions,
spectrum consists of two partially resolved peaks-at250 the blue-shifted peak to bound-free trar)5|t|6h§.he internal
and~212000 cnt?, the latter with a broad shoulder to the blue. degrees of freedom of the cluster are obviously neglected, except
The spectrum is strongly shifted from, and nearly at a minimum to empirically chount for the smearing of otherwise_ discrete
around, the atomic gas-phase lines. This observation is unex-transitions. A.S|m|Iar approach, based on MD calculations, was
pected and differs greatly from the spectra of K onafd D tried for alkallne-earth-me_:tal atoms on&#3°to successfully _
clusters, as well as from those of alkaline-earth-metal atoms onmodel the observed LIF; it was found that these atoms remain
Ar clusters. We will comment on the shift at the end of this ©On the cluster surface and that the spectrum splits into a line
section and first discuss the structure of the spectrum. triplet, with shifts, splittings, and widths of a few hundred¢m
Doublet and triplet peak structures in the vicinity of the free Notwithstanding the different electronic con_flguratlon_, thes_e
atomic transitions are common for atomic spectra of alkali- atoms are closely related to K as far as their interaction with
metal-doped matrices, and reflect a spliting of the triply Ar iS concerned (we report in Table 1 the relevant Morse-
degenerateS—nP transitiort In a matrix, trapping sites are potentlal parameters), and we will use those results to help
usually highly symmetric, and the multiplet should remain 'Ntérpret our spectra.
degenerate; peak splittings are nevertheless observed. A critical With the same approach as that of refs 38 and 39 we find, as
evaluation of the mechanisms that can explain the splitting has expected, a triplet splitting of the otherwise degenerate transition,
been given by Boatz and FajartfBecause of the tight trapping ~ with the center of the band blue-shifted by about 330"tand
structure, splittings tend to be large, and the center of gravity each of the three peaks having a width of 330 &ifFigures 6
of the multiplet is shifted, usually to the blue, by a smaller and 8). The modeled spectrum resembles the “red” triplet seen
amount. For K in Ar, two triplets have been observed and named in matrix absorption (Figure 8), and our LIF spectrum overlaps
“red” and “blue” triplet, respectively, after their relative position  with just the highest-wavenumber peak of such a triplet (Figure
in the visible spectral rang®.0nly the former falls within the 6). This is reminiscent of the spectra of Na and K on molecular
scanning range of our laser; the latter will not be further hydrogen clusters, where only free-atom fluorescence from the
considered for comparison with our spectra. We note that bluemost portion of the excitation spectrum was obsefyéi.
comparison of our results with those involving K in an Ar matrix was then argued that most fluorescence would be quenched or
should be done with prudence: argon matrices become unstableed-shifted out of the spectral window of the detector. If indeed
at temperatures as high as those of argon cluétensd dopant our LIF spectrum originates from the K monomer, then the onset
atoms tend to migrate and aggregate; thus atomic absorptionof fluorescence can be used to roughly estimate the binding
data are, to our knowledge, only available for lower tempera- energy of the K atom to the cluster, with the same argument

A. Monomer Spectrum. Not surprisingly, the spectrum we
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Figure 8. Comparison of monomer spectral component (black squares
and spline interpolation, same as Figure 5; red squares andxizte,
magnified), with the absorption spectrum of a potassium-doped argon
matrix (blue thick line, from ref 36) and with MD calculations (gray
line). The vertical bars near 13000 chmark the positions of the gas-

Figure 9. Comparison of dimer spectral component (circles and spline
interpolation, same as Figure 5) to calculated excitation spectra of K
molecules in gas phase (at 35 K, details in text).

phase lines. The relative scaling of signals is arbitrary. We devote the rest of this section to discussing which spin
multiplicity one can expect on Ar clusters. Dissipation of
made for Na atoms desorbing from He nanodroplé6luo- molecular binding energy into the cluster environment is an issue

rescence begins 368 60 cnT! above the center of gravity of  to be considered, when looking at molecule formation on the
the gas-phase D lines: the value is consistent with the binding rare-gas cluster. One has to consider the binding energy of the
energy estimated from our MD simulations (340 ¢ molecule to the cluster in relation to the binding energy of rare
Altogether, we can only compare our experiments and gas atoms to the cluster, as well as the molecular binding energy
simulations to existing ones that differ from ours in at least De, Which has to be dissipated into the cluster. Dimers,
one major condition: either a different cluster constituent (He, specifically K, molecules, can be in either a covalently bound
H./D,) or a different dopant atom (Na, Ba, Ca) or a different singlet stateDe ~ 4500 cnTl) or a van der Waals triplet state
location (bulk vs surface). Despite these limits, from all of the (De ~ 200 cn7?). Alkali-metal atoms are bound to helium
above we would expect that the 4BS transition 6a K atom droplets by a few tens of cm, and each He atom is bound by
on an Ar cluster be located energetically close to the free-atom 5 cn. Formation of a singlet dimer (and, by extension, of
lines. Indeed, the weak blue shoulder of the BD spectrum doeslow-spin n-mers) releases enough energy to cause desorption
overlap with both the matrix “red triplet” and our MD  from the droplet surface, whereas in the case of a triplet dimer,
simulation; we consider it thus a reasonable candidate for the De can be dissipated by evaporation of just 40 He atoms. Thus
monomer spectrum. the molecular species predominant in experiments involving
Based on the growth analysis, the rest of the spectrum, whichhelium droplets are the high-spin compleses.
accounts for most of the overall intensity, must also contain  In Ar clusters, in contrast, each Ar atom is bound to the cluster
only one K atom, but the extent of red shift is hard to rationalize by about 400 cm®. An immediate consequence is that argon
as due to the Ar cluster alone. One needs a significant chargeclusters can dissipate much more energy by evaporation, and
transfer, that is, impurities such as® We verified with basic singlet dimers have a better probability of surviving desorption.
single-point CASSCF calculations that the-44P transition of On the other hand, the cluster temperature is also competitive
a free K—H,O complex is indeed red-shifted by2000 cn™. with dissociation of the triplet dimer. At the request of one of
Although the presence of water in the experimental chamber the referees, we estimate that the fraction of dissociated dimers
could be easily justified, it is difficult to explain why its  at thermodynamic equilibrium at 35 K would be 0.44. The
contributions to the spectrum should be dominant. This portion estimate is made with the statistical approach presented in
of the spectrum overlaps with a part of the matrix spectrum chapter 10 of ref 88 (molecular data from ref 89), with the main
that was assigned to singlet Kref 36); we believe either this  difference that motion is restricted to the cluster surface. The
overlap to be accidental or the assignment of ref 36 (where this degree of freedom perpendicular to the surface is accounted for
feature disappears upon annealing) to be incorrect. by a harmonic-oscillator partition function, whose frequency
In summary, with our present knowledge, we tentatively was obtained from the curvature of the-iry potential from
assign the “monomer component & K atom on the surface  MD calculation &8 x 10* Hz, or~12 times the force constant
of an argon cluster, allowing the possibility that part of it is of the K—Ar pair potentia$5). The calculation above does not
due to a complex with a strongly interacting impurity such as contain the singlet Kstate, which will act as a sink for atoms:
a water molecule. based on spin multiplicity only, there is a 0.25 probability that
B. K. The spectral contribution we assign to the potassium two recombining atoms form a singlebKWe argue that after
dimer is rather unstructurecexcept for a prominent rise at the  a few dissociationrecombination cycles, which should be fast
blue end of the scanning range, so it is not possible to make compared to the time-of-flight through the experimental cham-
further statements for its assignment. We only note that for the ber,~1 ms, all dimers will end up in a singlet state. Surviving
free dimer there are two tripletriplet and one singletsinglet triplet dimers, if any, may be significantly distorted: On the
transition within our scanning region; a further singisinglet basis of the sum of KAr pairwise interactions in the MD
transition may have to be considered if large red shifts are calculations, we estimate that K atoms are bound to the cluster
allowed (Figure 9). by about 340 cmt, which for the triplet dimer means that the
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13000 14000 15000 16000 17000 18000 et al.>® as shown in Figure 10. As evident, if one accepts the
e e e e e 1 scaling argument, not only the structure but also the peak
intensity of our spectrum does match nicely that oz Nan

this basis, one would assign the observed peaks as follots: 3
(obs/calc: <11000 cn/10230 cnm?), 12A, (11350 cm%/11280
cm™1), 42A; (12400 cm/12690 cnrl), 3?B, (13470 cml/
13830 cnt?).

Despite the good agreement between the experimental
spectrum and calculatedsKransitions, as well as scaled Na
data, the possibility of cluster-induced shifts has of course to
be considered; thus alternative assignments should not be
excluded. Besides, if part of the monomer spectrum is really
due to a complex with a strongly interacting impurity such as
a water molecule, the same eventuality is to be considered for
k Ks. We argue that alkali-metal atoms are much more strongly
e e s B a e s E na an e affected by complexation with impurities than alkali-metal
10000 11000 12000 13000 14000 molecules are, because in the latter case the impurity is
competing with a strong interaction in the internuclear region;

) ) ) i thus the presence of an impurity should not significantly affect
Figure 10. Comparison of trimer spectral component (triangles and e spectrum of K We have no direct evidence that this should
sphne interpolation, same as Figure 5), three-photpn-lom;e_\tlon data be the case. We note. however. that the-32S transition of
(circles, zero-delay signal, from ref 50), and electronic transitions from . oo ! ! .
CASSCF calculations (bars, position only, no intensity information). Na is shifted fronr=17000 to~14000 cnt* upon complexation
All these data pertain to potassium and are referred to the bottom axis.With water? and to~12000 cn! upon complexation with
A further comparison is made with scaled Ndata, (dotted line, ammonia® whereas the transition energies of Nandirectly
digitized' from ref 58), which are referred to the top axis. See text about deduced from the photoelectron spectra of Nashift at most
the scaling method. by 0.2 eV (~1600 cnt?) upon complexation with ammon?4,

. . . . and those of Na(also from photoelectron spectra of Naat
interaction with the substrate strongly competes with the most by 0.06 eV 4500 cnil).9

interaction of the two K atoms.
Altogether, we assume that on Ar clusters one should observe
) - V. Summary
mainly spectra from low-spin molecules.

-1
wavenumber [cm ]

In Figure 9 we show the FraneiCondon factors (FCF), We have observed electronic spectra of potassium atoms,
convoluted with a Gaussian of arbitrary width (100¢n for dimers, and trimers attached to argon clusters, with results whose
the four lowest dipole-allowed transitions of gas-phaseTke interpretation is not straightforward.

FCF grgave been simulated at 35 K with LeRoy's Level 7.5 nonomer, dimer, and trimer contributions were identified by
code™ and the ks potentials from ref 91. The resulting curves  gnalyzing the growth of the beam-depletion signal versus alkali-
have been normalized to the same area. metal density in the pickup cell. The procedure relies on

C. Ks. The spectral contribution we attribute tq Kresents  information obtained from a series of experiments with Rb on
the sharpest and best isolated features. Prior experimental datgye groplets.

only exist for the high-spin (quartet) state, formed on He
droplets: two bands, with bandheads at 11900 and 1270% cm
have been measured and assighéd.Due to the stronger
perturbation of the Ar cluster, just the fact that these bands do
not match in shape or position our measured spectrum is no
strong argument to exclude this same assignment for our
spectrum. For the reasons presented above, however, we ar
more inclined to think that low-spin (doublet) states are a better
candidate.

The beam-depletion spectrum we tentatively assign to the K
atom is considerably broadened and contains a line doublet that
is strongly red-shifted (peaks at 1122020 and 1198Gt 20
cm1, respectively) from the K atomic lines, and a weaker blue-
shifted shoulder. MD simulations are unable to account for a
strong red shift. Part of the spectrum may originate from a
gomplex of K with an impurity such asJ#.

The dimer’s contribution is not further analyzed nor assigned,
To our knowledge, neither experimental spectra nor a but we discuss reasons why we believe it should originate from

calculated level structure exists for doublef Khe zero-delay singlet, rather than triplet, dimers. ) N
signal measured in three-photon ionization experiments by For the assignment of the electronic transitions of the doublet-
Ruppe et af® and assigned to an unspecified transition of K3 Spectrum, CASSCF calculations for the lowest 12 states were

doublet K; does indeed match our spectrum nicely (Figure 10). Performed. This is, to our knowledge, the first time that excited-
It is unfortunate that only a few data points are available and State data are published. The level structure from the calculation
that a definite assignment is lacking. was gauged against that of Nauitably scaled. Experimental

In ref 52, Reho et al. suggest that “the energies of the excited @d computational data nicely match thesMata.
electronic states of the alkali-metal dimers and trimers scale in  Except from an unassigned fluorescent band at wavenumbers
an approximate way with the energy of the corresponding atomic >13300 cn* no significant LIF is observed, meaning either
excitations.” In going from Nato K, the scaling factor is 1.302  too weak a signal or emission shifted too far to the red or
(Na 3s-3p and K 4s-4p atomic excitation energies from ref nonradiative relaxation. Dispersed fluorescence of the band only
63). As we verified, the calculated level structure for the lowest- Shows emission from free K atoms.
energy states of the two molecules is practically the same, and
in most cases there is gogdalitative agreement. Our measured Acknowledgment. We thank Massimo Mella and Pavel
spectrum can then be compared both to CASSCF calculationsSolda for advice on quantum chemistry calculations. Thanks
and to the scaled Nalepletion spectrum measured by Wang to Kevin Lehmann for suggestions that helped improve this
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