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Photoinduced nonadiabatic dynamics in quartet Na 3 and K 3 formed
using helium nanodroplet isolation
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Helium nanodroplet isolation is used to produce van der Waals-bound quartet state alkali trimers
~Na3 and K3! selectively over the corresponding chemically bound doublet trimers.
Frequency-resolved excitation and emission spectroscopy reveals the presence of nonadiabatic
spin–flip processes in the electronically excited states. A total of four quartet to quartet electronic
transitions are observed: the 24E8,14E←1 4A28 transitions of Na3 and the 14A19,2

4E8←1 4A28
transitions of K3 . Time-resolved spectroscopy reveals that intersystem crossing times in Na3

decrease from 1.4 ns after excitation of the 0–0 band to approximately 400 ps for the higher
vibronic levels ~3,5/2!. Analysis of the resonant quartet fluorescence reveals that the excited
electronic state cools vibrationally on a time scale that is comparable to, but slower than, the
intersystem crossing time. ©2001 American Institute of Physics.@DOI: 10.1063/1.1418248#
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I. INTRODUCTION

Recently, it has been shown in our laboratory tha
beam of helium nanodroplets can be used in conjunc
with a low density pick-up~scattering! cell to form the
weakly bound, spin polarized, quartet trimers of sodium1–3

and potassium.4 While the chemically bound doublet state
of Na3 have been the object of many experimental5–12 and
computational13–15 studies, no alkali metal quartet trime
had been previously observed. In the molecular beam s
trometer, when three randomly oriented gas-phase Na at
are picked up by the same nanodroplet, they may combin
form Na3 in either the doublet or the quartet spin state. Wh
the abundance based upon spin statistics would be e
numbers of doublets and quartets, it has been observed in
laboratory that, downstream of the pick-up point, high-s
alkali oligomers are detected in much greater abundance
their low-spin counterparts.16

This selection of high-spin species can be underst
considering the binding energies released upon formatio
high- and low-spin Na3 . In the formation of doublet Na3 ,
approximately 8000 cm21 of energy~the binding energy of
doublet Na3 relative to three ground state sodium atom!
needs to be dissipated by the droplet through the evapora
of helium atoms. As each helium atom is bound to the dr
let by ;5 cm21, a substantial percentage of âN&
5103– 104 helium nanodroplet~the droplet size range typi
cally used to form these species! would be destroyed throug
this process. Furthermore, because of the weak alk
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helium interaction energy,17 the Na atoms reside on th
surface18 where they meet to form trimers and undergo
brational relaxation~cooling!. However, relaxation-induced
droplet evaporation of the trimer may also occur, with co
sequent loss of doublet trimer–nanodroplet complexes.
stead, upon formation of quartet Na3 , which is bound by
only 850 cm21, only a small percentage of helium in a nan
droplet would need to be evaporated to cool the trimer a
the droplet to the 0.38 K19 terminal temperature of the latte
A comparison of the two processes is shown schematicall
Fig. 1. The droplets that need to dissipate the chemical
ergy liberated in the doublet trimer formation have a low
probability of survival, as shown by the fact that doub
trimer spectra have not been detected. The nanodroplets
bear the quartet trimers, however, do survive and are
tected. Thus the selection of high-spin oligomers by heli
nanodroplets is explainable by energetic considerations s
lar to those that justify why their formation in standard m
lecular beam experiments is so unlikely.

In the previous work that was conducted in o
laboratory,3 quartet trimers of Na3 and K3 formed using the
helium nanodroplet isolation technique were used to inve
gate a unimolecular reaction where the bonding nature of
van der Waals-bound quartet trimers is converted to cova
following electronic excitation. In this paper, frequenc
resolved spectra of two quartet transitions~one each in Na3
and K3! will be presented in addition to those that had be
previously reported. We will extend the Jahn–Teller analy
performed for the 24E8←1 4A28 transition of Na3 to the case
of quartet K3 . Time-resolved experiments will be present
which provide quantitative dynamical data on the nonad
batic spin–flip process that takes place in the excited qua
state of Na3 . The analysis of the resonant emission of t
2 4E8→1 4A28 transition of Na3 , which was first reported in a
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previous publication by the authors,2,4 had suggested th
presence of vibrational cooling of the excited state by
host helium nanodroplet. Here we will present a quantitat
analysis of the time-resolved resonant emission from wh
the lifetimes for vibrational relaxation in the 24E8 excited
state of Na3 will be extracted.

II. EXPERIMENT

The production and use of helium nanodroplets as a
trix for spectroscopic experiments is made possible by a
lecular beam apparatus that is described hereafter. The
lium nanodroplet source consists of a nozzle of either 10
20 mm diameter cooled to 14–25 K. Through this nozz
helium gas is expanded at a pressure of 5.4 MPa, gener
a beam of nanodroplets that passes through a 400mm skim-
mer into a pick-up cell where it interacts with a low pressu
vapor~0.01–0.2 Pa! of the alkali metal of interest. The alka
metal atoms that collide with a helium nanodroplet beco
attached to it and can subsequently be used for spectrosc
study. After doping, the nanodroplets encounter the laser
teraction area that is located 3.5 cm~;90 ms flight time!
downstream from the pick-up cell. The probe laser be
enters the vacuum apparatus through a baffle and crosse
molecular beam at 90° in the center of a laser-induced fl
rescence~LIF! collector.

The LIF collector is comprised of an elliptical and
spherical mirror which surround the molecular and la
beam interaction region and coincide with one focus of
elliptical mirror and the center of the spherical mirror. T
other focus of the elliptical mirror lies at the entrance to
6-mm-diam incoherent multimode optical fiber bundle tha
located on the surface of the spherical mirror and transp
the photons to the appropriate detector. Such a two-mi
design is capable of collecting over 80% of the photons g
erated in the interaction region~although a lower fraction of

FIG. 1. Schematic representation of the formation of sodium quartet tri
~left panel! and doublet trimer~right panel! on the surface of a helium
nanodroplet. In the former case, the trimer is likely to remain on the hel
nanodroplet while in the latter case the trimer–droplet complex is not lik
to survive.
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photons actually arrives at the detector due to the prope
of our collection fiber bundle!. However, this efficiency is
reduced by approximately a factor of 2 when the spher
mirror is replaced by a flat black-coated substitute. This s
stitution, and the consequent loss in collection efficiency
required for the time-resolved photon counting experime
to be described in the following because the presence of
spherical mirror would allow for two pathways differing i
time by ;400 ps through which photons can gain access
the fiber bundle.

Frequency-resolved spectra of the alkali-doped heli
nanodroplets were obtained using either a continuous w
~cw! Coherent 699-21 dye laser incorporating DC
~14 500–16 800 cm21! laser dye or a cw Schwartz-EO
Ti:Al 2O3 laser. Two sets of optics were employed in t
Ti:Al 2O3 laser: a short band set in the range of 12 19
14 285 cm21 and a midband set between 11 049 and 14 1
cm21. The linewidth of the Coherent 699 dye laser was d
termined to be less than 0.1 cm21 while the effective line-
width of the Ti:Al2O3 laser was 0.25 cm21. A home-built
wavemeter was used to measure the frequency of the la
The accuracy of the wavemeter is determined to be be
than 0.01 cm21 by recording the spectrum of I2 . The main
portion of the laser output was directed into a single-mo
optical fiber and transported to the input of the molecu
beam apparatus. Fluorescence photons were detected
photomultiplier tube ~ThorEMI 9863QB! operated in a
pulse-counting mode. Emission spectra were obtained by
aging the fluorescence from the optical fiber bundle onto
entrance slit of a 0.35 m monochromator~MacPherson EU-
700!. A liquid nitrogen-cooled charged coupled device~Prin-
ceton Instruments 1152UV! was used to acquire the emissio
spectra.

For the time-resolved experiments, a mode-lock
doubled Coherent Antares Nd:YAG laser producing a pu
train with a frequency of 76 MHz at 532 nm was used as
pump laser. The typical average output power of the sec
harmonic was kept at or under 2 W. This green pulse tr
synchronously pumps one or both of two Coherent 7
folded-cavity dye lasers. Each dye laser is equipped wit
cavity dumper~Coherent 7210!. Typically the system was
operated so as to produce extra-cavity pulses with a
quency of 3.8 MHz. Typical values for the average power
the dye laser output at a 76 MHz repetition rate~running
R6G dye at 589 nm! are around 300 mW, which correspond
to about 4 nJ of energy per pulse, while the average ou
power of 120 mW attainable with the 3.8 MHz repetition ra
by use of the cavity dumper in the pulsed mode correspo
to pulse energies of about 30 nJ.

The reversed time-correlated photon counting appara
used in our laboratory has been described elsewhere.20 Re-
versed time-correlated photon counting is employed in or
to take advantage of a greater laser repetition rate while
suring the absence of temporal bias in the data. The t
resolution of a time-correlated single photon counting inst
ment is empirically determined through the collection of
instrument response function.21 The instrument respons
function is obtained with a pure scattering experiment
which the finite rise~and width! of the collected pulse rep
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10267J. Chem. Phys., Vol. 115, No. 22, 8 December 2001 Dynamics in quartet Na3 and K3 isolation
resents the finite rise time~and jitter! of the electronic instru-
ments employed in the experiment.22 Our instrument re-
sponse function was obtained by producing a beam
hydrogen aggregates through a 30 K nozzle and was foun
have a full width at half maximum~FWHM! of ;200 ps.
The time resolution, however, is not limited by the FWH
of the instrument response function but rather by the jitte
its rising edge. Thus a factor of one-tenth of the FWHM
the instrument response function in time is often taken as
limit of temporal resolvability of a time-correlated sing
photon counting instrument.23

Modeling of the time-resolved data is carried o
through an iterative convolution method written using t
MATHCAD24 suite of programs. The numerical instrume
function is convoluted with a kinetic model by use of a p
of fast Fourier transforms using the following kinetic mod

G~ t !5A~e2t/t12e2t/t2!1D ~1!

in which t2 andt1 represent the rise and fall times, respe
tively, of the fluorescing species.D accounts for dark count
in the multichannel detector. The amplitudeA as well as the
exponential argumentst i are parameters in a weighted lea
squares fit to the observed decay curve. A weighting facto
1/Ni is used to weight each bin in accordance with Pois
statistics whereNi is the observed number of counts in th
ith bin. The global minimum ofx2 is sought through the
Marquardt algorithm. This fitting method avoids the pro
lems of noise amplification otherwise prevalent in the dec
volution of a response function from the experimental his
gram by Fourier transform methods.25

III. FREQUENCY-RESOLVED EXCITATION
AND EMISSION SPECTRA OF QUARTET STATE
ALKALI TRIMERS

A. Excitation spectra

Figure 2~a! shows the 24E8←1 4A28 excitation spectrum
of Na3 on helium nanodroplets obtained with a mean drop
size of approximately 11 000 helium atoms produced a
stagnation pressure of 5.4 MPa and a nozzle temperatu
17.5 K through a 10mm nozzle. The LIF excitation spectrum
was obtained using the Coherent 699 cw dye laser.

In order to assign the excited electronic states of b
Na3 and K3 ~see the following!, the experimental transition
frequencies are compared to those obtained fromab initio
calculations using multireference configuration interact
~MRCI!3 and the equation of motion coupled cluster tec
nique with single and double excitations~EOM-CCSD!.26

Table I displays the energies and symmetries of the ca
lated electronic states of Na3 using both techniques. All en
ergies correspond to the vertical transition from the low
quartet state to the electronically excited state shown in Ta
I. As can be seen from Table I, the spectrum of quartet N3

that is shown in Fig. 2~a! corresponds to the second dipo
allowed transition~to a 24E8 state!. The calculated transition
wave number found using both MRCI~15 461 cm21! and
CCSD ~15 872 cm21! are both very close to the observe
value of 15 817 cm21.
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It has been reported prior to this work3,4 that quartet
trimers of Na and K, upon electronic excitation, can unde
curve crossing into the doublet manifold. After crossing in
the doublet manifold, the molecule will be in an excited sta
that is expected to dissociate into an atom and a covale
bound singlet dimer. Evidence for this simple unimolecu
reaction has been found through the dispersed emission s
tra collected upon 24E8←1 4A28 excitation of Na3 that is
reproduced3,4 in Fig. 3~a!. The arrow in Fig. 3~a! represents
the frequency position of the excitation laser. As seen fr
Fig. 3~a!, aside from the slightly redshifted resonant em
sion ~marked 1! there are two spectral features at higher e
ergy than the excitation wavelength. The feature marke

FIG. 2. Excitation spectra of quartet transitions of Na3 and K3 . ~a! The
2 4E8←1 4A28 transition of Na3 . ~b! The 14E8←1 4A28 transition of Na3 .
~c! Excitation spectrum of the 14A19←1 4A28 ~tentative assignment! transi-
tion of K3 . ~d! Excitation spectrum of the 24E8←1 4A28 transition of K3 .
The solid bars indicate the prediction of the EOM-CCSD calculations wh
in the case of K3 have been scaled.

TABLE I. Calculated excitation energies in the quartet manifold of Na3 .
The highlighted states are those that have been observed using the h
nanodroplet isolation technique.

State
~dominant
excitation!

Excitation
energy~cm21!

~MRCI!a

Excitation
energy~cm21!
~EOMCCSD!b

Dipole
allowed

Oscillator
strength

1 4A29 0 0
1 4E9@e8.a29# 10 433 10 047 Forbidden 0
1 4A18@e8.e8# 11 434 11 927 Forbidden 0
1 4E8@e8.a18# 12 219 12 387 Allowed 0.4Õ0.32
2 4A28@e8.e8# 13 460 13 322 Forbidden 0
2 4E8@e8.e8# 15 461 15 872 Allowed 0.5Õ0.61
2 4E9@e8.e9# 18 275 18 549 Forbidden 0
1 4A19@e8.e9# 18 965 19 409 Allowed 0.85/0.75
1 4A29@e8.e9# 19 855 ¯ Forbidden 0
3 4E8 20 874 21 617 Allowed 0.02/0.014
3 4A28 21 514 ¯ Forbidden 0
3 4E9 22 862 ¯ Forbidden 0
4 4E8 ¯ 22 254 Allowed 0.014
2 4A19 ¯ 25 805 Allowed 0.22

aReference 3.
bReference 26.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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in Fig. 3~a! corresponds to the 32P3/2,1/2→3 2S1/2 atomic
emission of Na, and the feature marked 3 is assigned to
(B)1 1Pu→(X)1 1Sg

1 transition of singlet Na2 . Neither of
these higher-energy features is the result of a multiple pho
excitation process~as the intensities scale linearly with las
power! and thus each is the product of the intersystem cro
ing of Na3 into a predissociative doublet state. Figure 4
lustrates schematically the three possible decay channe
Na3 which become open after 24E8←1 4A28 excitation.

In addition to the observation of the 24E8←1 4A28 tran-
sition of Na3 that was recorded near 15 800 cm21, an exci-
tation spectrum of Na-doped helium nanodroplets acqu
using the Ti:Al2O3 laser operating in the short waveleng

FIG. 3. Dispersed emission spectra of the quartet transitions of Na3 and K3 .
The excitation is indicated by the arrow in each panel.~a! Emission spec-
trum obtained upon 24E8←1 4A28 excitation of Na3 . 1: Resonant 24E8
→1 4A28 emission. 2: Na atomic 32P3/2,1/2→3 2S1/2 emission. 3:
Na2 (B)1 1Pu→(X)1 1Sg

1 emission.~b! Emission spectrum of the 14A19
→1 4A28 transition ~tentative assignment! of K3 . 1: Resonant 14A19
→1 4A28 emission. 2: K atomic 42P3/2,1/2→4 2S1/2 emission. 3:
K2 (B)1 1Pu→(X)1 1Sg

1 emission.~c! Emission spectrum of the 24E8
→1 4A28 transition of K3 . 1: Resonant 24E8→1 4A28 emission of K3 . 2: K
atomic 42P3/2,1/2→4 2S1/2 emission.

FIG. 4. Schematic representation of the evolution of the electronically
cited quartet Na3 after excitation of the 24E8←1 4A28 transition.
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band revealed a broad absorption between 12 000 and 12
cm21 @see Fig. 2~b!#. There is no resolved vibronic structur
present and the overall intensity of the band is much wea
than that of the 24E8←1 4A28 transition in Na3 . Due to the
weak intensity of this transition, an emission spectrum co
not be obtained. The excitation spectrum can, however
assigned to the 14E8←1 4A28 quartet transition of Na3 by
comparison to theab initio calculations shown in Table I
The MRCI calculation predicts a 14E8 state at 12 219 cm21

above the lowest quartet state, while the EOM-CCSD cal
lation predicts a transition at 12 387 cm21, both in very close
agreement with the observed transition. The spectrum lac
strong 0–0 transition, which is an indication that there is
large geometry change upon excitation to the excited st
The Franck–Condon envelope of the transition is theref
spread out in frequency and the vibronic structure becom
‘‘washed out’’ as the individual lines overlap due to th
broadening induced by the helium nanodroplet.

As in the case of sodium, the collection of three K atom
with parallel electron spins allows for the formation of
quartet potassium trimer on the nanodroplet surface. It
be reasonably assumed that the energies of the excited
tronic states of the alkali dimers and trimers scale in an
proximate way with the energy of the corresponding atom
excitations. While the Na atomic 32P3/2←3 2S1/2 transition
lies at 16 973.4 cm21, the corresponding K transition
(4 2P3/2←4 2S1/2) occurs at 13 042.9 cm21. Following this
scaling, the transitions from the 14A28 lowest quartet state to
the 14E8, 2 4E8, and 14A19 states of K3 should be found at
the following approximate wave numbers: 9500, 12 200, a
14 900 cm21, respectively.

The first quartet K3 transition, observed by scanning th
Ti:Al 2O3 laser from 11 900 to 12 400 cm21, agrees with the
second predicted frequency and is displayed in Fig. 2~d!. By
comparison with the calculated electronic states of the
dium trimer, this transition can be identified as the 24E8
←1 4A28 transition of K3 . A scan at higher frequencies re
veals a second K3 quartet transition with an origin at 12 69
cm21, which is partially masked by the excitation spectru
of potassium atoms on the helium nanodroplets@see Fig.
2~c!#. For this experiment, the potassium oven was ma
tained at a temperature of 174 °C. A 10mm nozzle cooled to
a temperature of 17.5 K and a helium stagnation pressur
5.4 MPa ~average droplet size—11 000 atoms/droplet! was
used to produce the helium nanodroplet beam. To confi
the assignment to a potassium trimer transition, an al
metal pressure dependence of the LIF signal was reco
and displays an initial cubic dependence that is expected
a transition originating from a trimer.27 This transition is,
however, not in coincidence with any of the three freque
cies predicted previously. Following the scaling of the N3

quartet transitions, the next higher dipole allowed transit
after the 24E8←1 4A28 would be a 14A19←1 4A28 transition.
Based upon this scaling, we tentatively assign the spect
beginning at 12 690 cm21 @shown in Fig. 2~c!# to a 14A19
←1 4A28 transition of K3 . With 4A19 symmetry of the excited
state, a strong vibronic progression of then1 mode~symmet-
ric stretch,a18 symmetry in theD3h configuration! in the
spectrum of the K3 transition shown in Fig. 2~c! can be as-
-
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signed to the prominent peaks at 12 702, 12 802, and 12
cm21. This yields a n1 frequency of approximately 100
cm21. The weaker bands observed in the K3 spectrum can
therefore be assigned to a weak progression of even qu
in n2 , which hase8 symmetry.

Let us now return to the comparison between the 24E8
←1 4A28 spectra of Na3 and K3 . Both spectra are dominate
by a 0–0 band with large intensity and accompanied
higher energy by a weaker vibronic progression of the Ja
Teller active mode.2 The vibronic bands in the K3 spectrum
are not as well resolved as those of the Na3 spectrum due to
several factors. The broadening in the K3 spectrum ~57
cm21! is slightly greater than that observed in Na3 ~29 cm21,
FWHM of 0–0 band!. This is probably due to a greater co
pling of the trimer to the internal modes of the helium nan
droplet. Also, the heavier atomic mass of potassium result
lower vibrational frequencies of the K3 molecule than that of
Na3 , leading to a closer spacing between lines. The exc
tion spectrum of this transition of K3 can be assigned usin
the E^ e Jahn–Teller coupling model employing the sam
procedure as was used for the assignment of the3
spectrum.2 Figure 5 displays the experimental spectrum a
the calculated levels that result from a fit to the linear a
quadratic Jahn–Teller coupling parameters. The calcula
spectrum is convoluted with a Gaussian line shape of
cm21 width for comparison to the experimental spectru
The parameters of the Jahn–Teller analysis are listed in T
II, comparing them to the results for the 24E8←1 4A28 tran-
sition of Na3 .

FIG. 5. Comparison of experimental~solid line! and calculated~solid bars!
spectrum of the 24E8←1 4A28 transition of K3 using a linear plus quadratic
Jahn–Teller model. The dashed line is a convolution of the calculated
sitions with a Gaussian line shape of 57 cm21 width. The inset is an ex-
panded view of the region from 12 100 to 12 600 cm21.

TABLE II. Jahn–Teller parameters of the 24E8 state of Na3 and K3 .

Molecule Parameter Value~cm21!

Na3 Asymmetric stretch (n2) 88.2
Linear Jahn–Teller coupling~k! 63.5

Quadratic Jahn–Teller coupling~g! 42.3

K3 Asymmetric stretch (n2) 67.9
Linear Jahn–Teller coupling~k! 57.0

Quadratic Jahn–Teller coupling~g! 23.1
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The linear Jahn–Teller coupling, normalized to the fr
quency of the asymmetric vibration, is similar in the 24E8
state of K3 ~0.84! and the 24E8 state of Na3 ~0.72!, leading
to a Jahn–Teller stabilization energy that is almost ident
in the two molecules~24 cm21 in K3 , 22 cm21 in Na3!. The
normalized quadratic coupling in K3 ~0.34! is lower than that
of Na3 ~0.48!, producing a smaller barrier between the thr
local minima of theD3h molecule. Table III lists the posi-
tions of the experimental and calculated vibronic bands
the 24E8←1 4A28 transition of K3 on the helium nanodrople
surface.

B. Emission spectra

The emission spectra of the two quartet transitions of3

provide valuable data on the nonadiabatic spin–flip p
cesses that occur in the quartet trimer. In addition, analysi
the resonant fluorescence allows a detailed study of the l
est quartet state of the trimer. Figure 3~b! displays an emis-
sion spectrum obtained by exciting the 14A19←1 4A28 transi-
tion of K3 with the Ti:Al2O3 laser positioned at 12 700.
cm21. The spectrum is similar to that obtained by the ex
tation of the 24E8←1 4A28 transition of Na3 because inter-
system crossing of the quartet state places the trimer in
excited doublet state that predissociates into an atom
singlet dimer. Also in this case three channels of fluoresce
are observed in exact accordance with the Na3 spectrum, two
of which are at higher energy than the excitation energy. T
group of lines near region 1 in the spectrum is the reson
1 4A19→1 4A28 deexcitation back to the lowest quartet state
K3 . The fluorescence at points 2 and 3 is emission from
dissociation products of the doublet potassium trimer. As
electronic excitation can be localized on either product,
fluorescence at point 2 arises from the atomic K 42P3/2,1/2

→4 2S1/2 transition, and the fluorescence at point 3 resu
from the (B)1 1Pu→(X)1 1Sg

1 transition of singlet K2 . Ac-
curate vibrational frequencies for the lowest quartet state

n-

TABLE III. Experimental and calculated peak positions of the 24E8
←1 4A28 transition of K3 .

Quantum
numbers
(v, j )

Experiment
~cm21!

Calculated
~cm21!

Difference
~cm21!

~0,0! origin 11 927.08 11 927.08 0.00
~1,1/2! 11 979.74 11 991.12 211.38
~2,5/2! 12 027.28 12 026.76 0.52
~2,1/2! 12 065.19 12 057.40 7.79
~3,7/2! 12 085.16 12 084.74 0.42
~3,1/2! 12 092.51 12 097.96 25.45
~3,5/2! 12 132.95 12 130.32 2.63
~4,5/2! 12 162.61 12 158.88 3.73
~4,1/2! 12 189.64 12 173.5 16.14
~4,7/2! 12 196.36 12 189.07 7.29
~5,11/2! 12 211.02 12 217.99 26.97
~5,7/2! 12 228.40 12 225.65 2.75
~5,1/2! 12 239.94 12 243.92 23.98
~6,13/2! 12 252.12 12 258.45 26.33
~6,5/2! 12 264.05 12 263.02 1.03
~6,1/2! 12 287.13 12 279.92 7.51
~6,7/2! 12 302.51 12 301.67 0.84
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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be extracted from the resonant fluorescence to the 14A28 state
of K3 ~peak positions are reported in Table IV!. These could
be compared to calculated frequencies employing anab ini-
tio potential surface that, however, in the case of K3 is sub-
stantially more difficult to calculate precisely than in the ca
of quartet Na3 .1

The emission spectrum obtained by exciting the 24E8
←1 4A28 transition of K3 at 11 925.8 cm21 ~peak of the 0–0
band! is displayed in Fig. 3~c!. Only two channels of fluo-
rescence are found instead of three. The most prominent
ture in the spectrum is the 42P3/2,1/2→4 2S1/2 atomic transi-
tion of potassium. A very minor component of th
fluorescence is seen below 12 000 cm21 and corresponds to
the resonant quartet fluorescence. Also in this case inter
tem crossing into the doublet manifold of the trimer is o
curring as was observed in the other quartet transitions
served in Na3 and K3 . The branching ratio for the produc
fluorescence after spin–flip is however quite different up
excitation of the 24E8←1 4A28 transition as all of the fluo-
rescence is localized on the atomic potassium fragment. S
eral factors can affect the intersystem crossing rate in
2 4E8←1 4A28 transition of K3 . Since the Jahn–Teller param
eters and the magnitude of then2 vibrational frequency are
comparable in the 24E8 state of both Na3 and K3 , similar
potential surface gradients near the doublet-quartet s
crossing would lead to an increased rate of intersystem cr
ing. In addition, the spin–orbit coupling matrix element
expected to be greater in K3 than in Na3 , which would lead
to greater fluorescence in the doublet dissociation chann
However, since the form of the doublet potential surface
which the quartet state is coupled is unknown, it is not p
sible to evaluate the effect of these differences with a
amount of confidence.

IV. TIME-RESOLVED STUDIES

A. Intersystem crossing dynamics

The intersystem crossing of Na3 from the quartet to the
doublet manifold is an example of a unimolecular reaction
a triatomic complex in which spectroscopic information fro
the product channels can be obtained. The case of the qu
alkali trimers is particularly interesting, as the bonding n
ture of the products differs from that of the reactant. In ord
to gain a more complete understanding of the reaction
namics of this system, time-resolved studies have been
ried out on quartet Na3 in which measurements have be
made of product-channel fluorescence onset and decays

Our time-resolved studies employ the time-correla
single photon counting system described in Sec. II. Meas

TABLE IV. Experimental peak positions of the 14A19→1 4A28 transition
~tentative assignment! of K3 .

Peak number Position~cm21!

1 12 688
2 12 646
3 12 600
4 12 563
5 12 526
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ments were made by inserting an Andover 589FS-10 ba
pass filter between the excitation and detection regions
order to selectively collect fluorescence arising from t
atomic dissociation product only. Thus, both the sing
dimer emission and the resonant quartet-to-quartet fluo
cence were completely suppressed. As shown in Fig. 6~a! the
fluorescence rise times become faster for excitations
higher 24E8 vibronic trimer bands. The fluorescence plo
shown in the Fig. 6 are normalized for sake of comparis
The excitation frequencies are shown in Fig. 6~b!, where
they are labeled byn, j quantum numbers of the initially
populated vibronic levels. The line types used for the iden
fication arrows of the excitation frequencies correspond
the line types used in the fluorescence plots shown in F
6~a!. Modeling this data using a single exponential rise a
single exponential fall time yields good fits. The results
these fits are given in Table V. It is found from Table V th
the measured fall times reproduce the known gas phase
erature values of the lifetime of Na 32P state,28 confirming
that the spin–flip products emit as gas phase species
highlighting the relative accuracy of our photon counti
instrument.

FIG. 6. Time-resolved Na atomic 32P→3 2S fluorescence collected upon
2 4E8←1 4A28 excitation of Na3 . ~a! The fluorescence onsets of each of th
spectra are highlighted.~b! The excitation spectrum with arrows indicatin
the excitations used in collection of the time-resolved spectra.

TABLE V. Onset times for Na singlet dimer@(B)1 1Pu→(X)1 1Sg
1# and

Na atomic (32P3/2,1/2→3 2S1/2) fluorescence generated upon excitation
thev, j bands of the 24E8 state of Na3 . The lifetime for the 32P state of Na
is the average of the 32P1/2 and 32P3/2 states as reported in Ref. 28.

v, j

Rise times~650 ps! Fall times~60.1 ns!

Na dimer
(B→X)

Na atom
(P→S)

Na dimer
(B→X)

Na atom
(P→S)

0,0 1425 1435 6.65 16.28
1,1/2 940 940 6.65 16.26
2,5/2 427 445 6.65 16.28
2,1/2 382 438 6.68 16.24
3,1/2 370 417 6.67 16.29
3,5/2 385 434 6.64 16.28
4,5/2 222 345 6.65 16.26

Average lifetime 6.66 16.27
Experimental 7 16.23

lifetimea

aReferences 28 and 30.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Figure 7 shows the normalized plot of th
Na2 (B)1 1Pu→(X)1 1Sg

1 product fluorescence obtaine
upon 24E8←1 4A28 excitation of Na3 . Selective photon col-
lection was accomplished by use of an Andover 500FS
bandpass filter, which effectively suppresses all but the fl
rescence emanating from the dimer product. The result
the best fits to the data are given in Table V. From Fig. 7 a
Table V it can again be seen that the onset of product fl
rescence occurs more quickly as the energy of excita
increases. The positions of the excitation energies are sh
in Fig. 7 as an inset, with line types of the arrows cor
sponding to the fluorescence plots. Excepting the case co
sponding to the highest energy excitation, the fluoresce
onset times of the atom and dimer products are quite sim
as for all but the highest-energy excitation, the rise times
the dimer spin–flip product and the atom spin–flip prod
fall within the reported error~see Table V!. We also note the
fast decrease in fluorescence onset time for the first few
citation energies and the ensuing plateau of onset ti
~again excepting the last point!.

The fluorescence onset time of the emission produ
represents the time needed to populate the Na2 (B)1 1Pu

→(X)1 1Sg
1 and the Na atomic 32P3/2,1/2→3 2S1/2 emission

channels. The time taken to populate these channels is a
of the time needed for intersystem crossing of the vibro
cally excited Na3 from the quartet to doublet manifold an
the time needed for dissociation of the predissociative d
blet into the gas-phase dimeric and atomic fluoresce
products. As the time spent in the predissociative dou
state is expected to be negligible~i.e., a few picoseconds!, it
is reasonable to equate the fluorescent onset times of
dimeric and atomic emission products with the actual int
system crossing time. Thus the times reported in Table
represent the lifetimes of intersystem crossing for particu
vibronic bands of the sodium quartet trimer.

We then find that for excitations of the lowest~0,0!
2 4E8 band of Na3 , intersystem crossing occurs in rough
1.4 ns, while this time shrinks to around 400 ps for t
higher (v53) bands. Radiative decay of the quartet state
be estimated to be 19.5 ns based on the oscillator stre

FIG. 7. Time-resolved (B)1 1Pu→(X)1 1Sg
1 fluorescence of Na2 collected

upon 24E8←1 4A28 excitation of Na3 . ~a! The fluorescence onsets of eac
of the spectra are highlighted.~b! The excitation spectrum with arrows in
dicating the excitations used in collection of the time-resolved spectra.
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estimated by the MRCI method. We have also found that
branching ratio between the spin–flip products is constan
a function of the excitation energy.4 The emission spectra o
the singlet dimer obtained upon excitation of the~0,0! band
and the~1,1/2! band of the excited quartet trimer yield indis
tinguishable intensity patterns. This is consistent with
model of intersystem crossing into the doublet state that
occur at a specific energy through a ‘‘doorway’’ state. On
the intersystem crossing occurs, the trimer will arrive at
same configuration on the potential energy surface irresp
tive of the level excited in the quartet system. This in tu
will lead to identical product distributions that are not depe
dent on the excitation energy.

This being the case, it is possible to conclude that
electronically excited quartet trimer accesses a single w
dow into the doublet manifold. If multiple access points
the doublet manifold were attainable at the excitations st
ied here, the product branching ratios~which would be dif-
ferent for different intersystem crossing windows! would be
found to differ as a function of excitation energy. The ener
at which this curve crossing occurs appears to be loca
near 16 050650 cm21 above the lowest level of the 14A28
state.

B. Time-resolved 2 4E8\1 4A 28 resonant emission
of Na3

The strongest fluorescence of the resonant 24E8
→1 4A28 emission occurs at 15 792 cm21, which represents a
35 cm21 shift to the red of the~0,0! 2 4E8←1 4A28 Na3 exci-
tation. Evidence for vibrational cooling of the excited quar
state comes from collection of the 24E8→1 4A28 resonant
fluorescence upon excitation of the higherv, j bands of the
2 4E8 state. Excitation of the~1,1/2!, ~2,5/2!, ~2,1/2!, and
~3,1/2! yields emissions which are dominated by progre
sions of transitions that begin near the wave number of
~0,0! vibronic level of the 24E8 state. Some emission from
higher 24E8 vibronic levels is observed~to higher energies
than the 0–0 transition at 15 792 cm21!, but this only consti-
tutes a minor component of the total emission. Thus the
persed emission spectra indicate that there is vibratio
cooling of highern, j bands of the 24E8 state of Na3 .

The 24E8→1 4A28 resonant emission from Na3 was time
resolved using reverse time-correlated single photon co
ing to obtain information on the vibrational cooling rates.
bandpass filter~Andover 633FS10-50! is used to selectively
collect the resonant fluorescence and to suppress any flu
cence from the excitation laser itself as well as fluoresce
generated from the intersystem crossing products descr
previously. The width of this filter, however, was not narro
enough to discriminate among the various vibronic bands
the resonant fluorescence. That is, emission from all vibro
bands of the 24E8 state is passed with equal~minimal! sup-
pression through the filter. Therefore, each measurem
should contain lifetime components corresponding to
only the initially populated 24E8 pseudo-rovibrational level
but also to 24E8 levels of lower energy that become pop
lated upon vibrational relaxation on the surface of the heli
nanodroplet. Depopulation of the vibronically excitedn, j
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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states of Na3 occurs through intersystem crossing, sponta
ous emission, and vibrational cooling of the trimer. Thus,
analyzing the data, quantifying the fall time components
the higher-lying bands becomes difficult and we shall rest
the discussion to the resonant emission bands of lowest
ergy.

The temporal behavior of the resonant Na3 emission was
studied for excitations of several 24E8 vibronic bands.
These results are given in Fig. 8. It is seen from Fig. 8 t
the fluorescence falls off more quickly as the excitation
ergy is increased. The fluorescence onset is instrument
ited at <50 ps. Thus in the fitting of the fluorescence fa
times described in the following, the fluorescence onset t
is held constant at 20 ps. Fits employing other fixed r
times ~50 and 5 ps! do not yield fall times which differ out-
side of the error of thet rise520 ps fit. Thus a single, 20 p
rise time is employed in all fits to the fluorescence dec
that follow.

A fit to the ~0,0! emission yields a lifetime value o
1.360.1 ns. The model used for this fit is comprised of
~constant! instrumentally limited rise time and a single exp
nential fall. This model yields a single fall time of 1.160.1
ns for excitation of the~1,1/2! level, and 870 ps for the
~2,5/2! level. The fits to the emission from the~0,0! and
~1,1/2! bands are in reasonable agreement with the lifetim
deduced for the product rise times, while the fit for t
~2,5/2! band is quite different. In the fits to the~1,1/2! and
~2,5/2! bands using a single exponential fall, the reducedx2

was rather high~1.5 and higher! and so the data were rean
lyzed using a multiple exponential model. For the~1,1/2!
level the following model for the fall times, in which the fa
time fit to the~0,0! level is included in the first term,29 was
used:

Ae20.772t1Be2kfallt ~2!

in which A andB are amplitude parameters andkfall an ad-
ditional fall rate parameter. The results from this fit are giv
in Table VI under the Multiple lifetime column. For th
emission following excitation of the~2,5/2! level of Na3 , Eq.
~2! was appended with an additional component:

FIG. 8. Time-resolved 24E8→1 4A28 Na3 fluorescence collected upon exc
tation of various~shown in the inset! pseudo-rovibrational levels of the Na3

2 4E8 state.
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Aet/1.2961Bet/0.8941Cet/t fall ~3!

from which the new fall componentt fall was found to be 570
ps, as shown in Table VI.

For the~1,1/2! level, the kinetic equations used to mod
the measured lifetimes contain the following three rat
k15total depopulation rate for the~1,1/2! state including
both electronic and vibrational relaxation;k05total depopu-
lation rate for the~0,0! state by electronic deexcitation
k105population transfer rate from the~1,1/2! state to the
~0,0! state.

Electronic deexcitation includes both intersystem cro
ing and radiative decay of the excited electronic state. Du
the low temperature of the helium nanodroplet relative to
vibrational spacings, we can neglect all up pumping p
cesses. Upon optical excitation at time zero, we ha
P1(0)51 and P0(0)50, wherePi(t) is the population of
statei at timet. For t.0, we have the following solutions to
the kinetic equations satisfying these initial conditions:

P1~ t !5e2k1t, ~4!

P0~ t !5
k10

k12k0
~e2k0t2e2k1t!. ~5!

If we further assume that the rate of radiative decay is
same for both states, we get the time dependent total e
sion as

Ptot~ t !5P1~ t !1P0~ t !

5F12S k10

k12k0
D Ge2k1t1S k10

k12k0
De2k0t. ~6!

If we compare this with the values reported in Table VI, w
can conclude that

k1050.65~k12k0!50.226 ns21,

t1054.42 ns,

wheret10 is the lifetime for vibrational relaxation from the
~1,1/2! to ~0,0! levels. Thus 65% of the increased decay ra
for the ~1,1/2! level is due to vibrational relaxation to th
~0,0! level, while 35% is due to increased electronic deex
tation, i.e., spin–orbit mixing. These rates can be compa
to the ratesk150.893 ns21 and k050.772 ns21. Thus the
vibrational relaxation from this lowest excited level is slow

TABLE VI. Fits to the lifetimes of the resonant emission of Na3 . TheSingle
lifetime column represents the best fit to the data with a single expone
fall, which proved satisfactory only in the~0,0! case. TheMultiple lifetimes
column shows the results of fits to the data using models with mult
exponential fall times as discussed in the text.

Excited 24E8 level
Single lifetime

~60.1 ns!
Multiple lifetimes

~% total area!

~0,0! 1.30 ns 1.30 ns~100%!
~1,1/2! 1.10 ns 1.30 ns~65%!

0.89 ns~35%!
~2,5/2! 0.87 ns 1.30 ns~58%!

0.89 ns~2%!
0.57 ns~40%!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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but comparable with the nonradiative decay. The radia
decay rate calculated from theab initio oscillator strength is
19.5 ns, which is a factor of 4.4 slower than the lifetime f
vibrational relaxation from the~1,1/2! to ~0,0! levels.

For excitation of the~2,5/2 band!, there are now three
additional rates in the kinetic model:k25total decay rate of
state 2, the~2,5/2 state!; k215population transfer rate from
state 2 to state 1~1,1/2!; k205population transfer rate from
state 2 to state 0~0,0!.

Also, we have the initial conditionsP2(0)51 and
P1(0)5P1(0)50. The solutions to the kinetic equations a

P2~ t !5e2k2t, ~7!

P1~ t !5
k21

k22k1
~e2k1t2e2k21t!, ~8!

P2~ t !5Ae2k2t1Be2k1t1Ce2k0t, ~9!

Ptot~ t !5P2~ t !1P1~ t !1P0~ t !, ~10!

where

A5
2k20

k22k0
1

k21k10

~k22k0!~k22k1!
,

B5
2k21k10

~k12k0!~k22k1!
,

C52A2B.

Note that the expressions forP2 andP1 are the same a
for P1 andP0 given previously with a change of the label
If we assume the values for the ratesk1 , k0 , andk10 from
the earlier level, we can determinek2 from the new decay
rate, and the two constantsk21 and k20 from the relative
amplitudes of the three exponential terms inPtotal. From the
0.02 amplitude for thek1 term @taken from Table VI for
excitation of the ~2,5/2! level#, k2150.022 ns21 and t21

545.5 ns, which is a minor relaxation channel. From t
amplitude of 0.58 for thek0 term, k2050.555 ns21 and t20

51.80 ns for vibrational relaxation. This gives the electro
decay rate of state 2 ask22k212k2051.177 ns21 and a life-
time of 0.85 ns. Again, vibrational relaxation is not fast
than the intersystem crossing rate.

If the vibrational relaxation was much faster than t
electronic decay, then almost all the observed emiss
would be from the~0,0! level, regardless of which vibra
tional level was pumped, and then the observed time de
would be dominated by an exponential with a decay r
equal to that of the~0,0! level. The fact that for the highe
levels the effective decay rate becomes considerably sh
means that only a small portion of the population relaxes
the ~0,0! level of the excited electronic state.

V. CONCLUSIONS

Quartet alkali trimers are a good example of the ver
tility of helium nanodroplet isolation for the formation o
unusual van der Waals complexes and novel radical spe
The low temperature~0.38 K!19 and superfluid nature of th
nanodroplets allows for the acquisition of electronic spec
of the quartet alkali trimers with vibrational resolution. Fu
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thermore, the van der Waals complex of three parallel s
alkali atoms acts as a precursor for a photoinitiated reac
that produces a covalently bound product by way of a no
diabatic process in the excited quartet electronic state. T
reaction can be analyzed in great detail because of the s
tive preparation of the initial state by the excitation laser a
because precise energetic information on the product ch
nels can be obtained through emission spectroscopy. A t
of four quartet electronic transitions have been observed:
2 4E8,14E8←1 4A28 transitions of Na3 and the 14A19,2

4E8
←1 4A28 transitions of K3 . A comparison of the produc
branching ratios between Na3 and K3 displays the effect of
increased spin–orbit coupling in K3 on the spin–flip process

This system provides a unique opportunity to perfo
time-resolved measurements of covalent bond forma
from a van der Waals-bound precursor. Using the techni
of reverse time-correlated photon counting, we have fou
that the spin–flip process occurs in 1.4 ns for the 0–0 tr
sition of Na3 , decreasing to approximately 380 ps at t
access point to the doublet manifold in the excited state
single access point is inferred in the excited 24E8 electronic
state of Na3 . The magnitude of the rise times of the produ
fluorescence indicate that the quartet trimer is undergo
many vibrational oscillations in the excited state before
valence electron may undergo a spin–flip. With each cro
ing of the trimer through the intersection of the quartet a
doublet potential energy surfaces, there is only a small pr
ability of electron spin–flip. Time-resolved measurements
the resonant quartet fluorescence show that vibrational c
ing of the excited electronic state occurs on a time sc
somewhat slower than that of the spin–flip process. We h
shown that the decay of the resonant fluorescence is lim
by the spin–flip process and, upon an analysis that also
counts for the vibrational relaxation, yields similar rates f
intersystem crossing as those measured by the rise tim
the product fluorescence.
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