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We have investigated the R#H30 nm system by resonance enhanced two-photon ionization and photofragment
yield spectroscopy. Four electronically excited states have been assigned, and their two-channel (fast and

slow) predissociation has been observed. For thH 3 3 '=,*, 3 I1,(0,"), and 3°I1,(1,) states, electronic
term valuesTe) and vibrational constanta{ andwexe) have been determined. For the predissociation dynamics,
we have observed the fast predissociation threshold between the isotopically sHifted’3= 14 levels of
8Rh, and ®*Rb*’Rb where the #Ds;, + 5 2S;, atomic fine-structure limit is located. The 3\, state
corresponding to the 2Ds;, + 5 2S;, atomic fine-structure limit has been assigned to the predissociating

perturber responsible for the fast channel. Also, we have found that the fast channel branches out into two

finer product channels due to long-range potential crossing.

1. Introduction

780.0 nm) line$. They observed both D1 and D2 line emissions.
In particular, the D1 line emission appeared strongly above the

Rb, one of the heavy alkali metal diatomic molecules, has gspar energy threshold of about 429.5 nm. They interpreted that
very dense excited electronic states in the region between 2000Q,ese D1 and D2 emissions are due to the production of excited

cm™! and its ionization potentidl. This situation enhances

Rb atoms by the predissociation of the,R¥'1, state via two

perturbations among the excited states with the consequenceyisferent channels: one produces Rb?By, and Rb 525y,

that the spin-forbidden tripletsinglet electronic transitions are
observed with strong intensifythe predissociation occurs
through multiple channefs;®> and the angular momentum
coupling scheme approaches Hund’s casé (c).

For the ground XZ4" electronic state of Rbthe potential
energy curve up to'v= 113 was experimentally determined
very accurately. For the excited states, the'Zyt, 1 1, 1
13,7, and 11, states corresponding to the 3s5p atomic
limit were studied using high-resolution Fourier transform (FT)
spectroscopy, and their potential curves were deternfinéd.
For the higher-lying excited states, Tsi-Zed San-Tsiang
observed band spectra near 475 and 430 nm and repbsted
and we values of the 211, and 311, states in 1937 Since
their work, several studies on the predissociation of th&l2
and 31, states have been reported:'213Recently, the 211,

— X 124" triplet—singlet transition near 500 nm and théAl
— X 124" electric quadrupole transition near 540 nm have been
reportec14

The Rk 430 nm system is the highest spectral region
experimentally investigated so far. In this region, the vibronic
structuré! and the predissociatiérP of the 3111, state were

fragments through the repulsive 32" state, and the other
becomes available when the excitation wavelength is shorter
than 429.5 nm producing Rb#D3; and Rb 5°S,;), fragments.
The excited Rb 4Dz, fragment can generate D1 line emission
by the cascade of 2Dz, — 5 2Py, — 5 25, transitions. Breford
and Engelke proposed that the predissociating perturber of the
second channel was the3PI, continuum state corresponding
to the 42D, + 5 25, limit.3 Recently, Zhang et dland Gador

et al® proposed that the continuum3A,, state with excellent
Franck-Condon overlap with the 31, state was the major
predissociating perturber responsible for the fast secord}

ps) channel from the results of time-resolved pufppobe
spectroscopy. They reported that the observed ptonpbe
fluorescence signal reflected the evolution of the wavepacket
in the 433" state and the 3%, shelf state as well as the 3
11, and 13A, states Also, long-range interaction among the
13A,, 21, and 2311, states was proposed by Zhang et il.
order to rationalize both their assignment of the predissociating
perturber and the atomic fluorescence yields measured by
Breford and EngelkéIin the Rl» 430 nm system, there are three
bound states, &,*, 3 3[1,, and 31, in the Franck-Condon

reported. On the predissociation dynamics, Breford and Engelkeregion from the X'Z4* v’ = 0 level, and several continuum

reported that the T1, state was predissociated into two different
channels measuring the laser induced fluorescence o Hib,
— X 1Z4" and the Rb atomic fluorescence centered at D1
(5 2P1/2 — 5 281/2, 794.8 nm) and D2 (3P3/2 — 5 281/2,

states (211, 28I, 33", and 13A,, states) corresponding to
the 42Dsjp 32 + 5 2Sy; limits can contribute to the predisso-
ciation dynamic$:'> The bound excited states overlapping the
31, state, however, have not yet been identified, and the
combined interpretation of the previous woiks on the

* To whom correspondence should be addressed. E-mail: bongsoo@ predissociation suggests that there is a subtler dynamics due to
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long-range potential interactidn.

In this work, we present the assignments of four excited
electronic states of Rp3 1, 31=,", 3 3[1,(0,"), and 331~
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(1), and their predissociation dynamics near 430 nm. We have
obtained mass-resolved resonance enhanced two-photon ioniza-

Ss+6p

tion (RE2PI) spectra of three isotopomers of,R#PRb,, 8-
Rb¥'Rb, and 8Rby) and 85Rb photofragment yield (PFY)
spectrum in a very cold molecular beaMf < 5 K andTot &~

2 K). Our greatly simplified mass-resolved spectra enabled us

to identify the four excited electronic states making up the
complicated vibronic structure through straightforward analysis.
In our 85Rb PFY spectrum, the sharp energy threshold of the

fast predissociation channel is located between the isotopically

shifted 31, v' = 14 levels off®Rb, and®®RP’Rb. This reveals
that the predissociating perturber corresponds to thies4 +

5 25, atomic fine-structure limit. Between the possible
candidate continuum states®A, and 3%%,*, corresponding to
the 42Dg, + 5 2S5, limit, we assign the PA, state to the
predissociating perturber from the calculations of the relative
bound (31,) — continuum (13A, or 3 3%,") predissociation
rates. Also, we have observed the slight deviatiofPeb PFY
from the prediction of FranckCondon principle in predisso-

ciation just above the fast predissociation energy threshold. This

provides the strong experimental evidence confirming the
previously proposed long-range dissociation channel miking.

Consequently, the fast predissociation channel branches out into

two finer product channels above the higher-lyingD4,, + 5
2S5/ limit.

2. Experimental Section

Energy (X10° cm™)

S5s+5p
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T ¥ T
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Figure 1. Ab initio potential curves of Rbfor ungerade states of which

04 06

Our experimental apparatus and techniques have been disT,s are located between 5p 5s and 5st 6s atomic limits from ref

cussed previouslyBriefly, we prepared Rbby expanding Rb
vapor with Ar gas (stagnation pressure, 760 Torr) through a
modified fuel injection valve. The temperature of the nozzle
was maintained at 330C in this experiment. The nozzle
diameter was 80@m. The pulsed jet was collimated by a 1.2
mm diameter skimmer located 7 cm from the nozzle;'Rbns
were generated by the absorption of two photons from a dye
laser (Lambda Physik Scanmate 2E) pumped by the third
harmonic of a Nd:YAG laser (Spectra Physics GCR-150).
Photofragmented Rb atoms were ionized simultaneously with
the excited Rpby the dye laser. The ions were detected by a
time-of-flight (TOF) mass spectrometer. Since Rb has two
naturally occurring isotopes, Rbas three different isotopomers
(8°Rln, 52.1%;8°RE'Rb, 40.2%28Rly,, 7.8%), which are well
separated by our TOF mass spectromet@nm ~ 500). The

line width of the dye laser is 0.12 cth The wavelength of the
dye laser was calibrated by the Burleigh WA-4500 wavemeter
and Ne optogalvanic spectrum.

3. Results and Discussion

3.1.Assignments of the Excited Statesrigure 1 shows the
ab initio potential curves of Ridfor ungerade states of which
Te's are located between 58 5p and 5s+ 6s atomic limitst
The zero of the axis of ordinate, “Energy”, in Figure 1 is set to
the potential minimum of the }&,* state. There are three bound
potential curves of the 31, 3 1X,", and 33I1, states which
can be excited through the vertical transition from théX¥"
V"' = 0 level near 430 nm (see the vertical dotted line in Figure

1). We obtained mass-resolved RE2PI spectra of three isoto-

pomers Ry, RBE'Rb, and®’RIy) of R, between 22488 and
23788 cnl. Figure 2 shows the RE2PI spectrunfeRb,. We
could identify five vibrational progressions, A, B;,EC, and D

as indicated in Figure 2. The abscissa label, “Frequency”, in
Figure 2 and the following figures represents the excitation laser
frequency. Therefore, the zero-point vibrational ene@yy-o

in the X 1Z4" state added to the frequency at which a vibronic

1. The abscissa labeR, represents the internuclear distance. The
ordinate energy scale is from the potential minimum of tAE.X state.

band is observed in our RE2PI spectrum makes the vibrational
term value, Ty of the excited state. Thig, value can be
compared directly with the “Energy” of the ab initio potential
curves shown in Figure 1. Mass-resolved RE2PI spectra and
the observed’, values of®°Rby,, 8RBF'Rb, and®’Rhb, can be
found in the Supporting Information. The vibrational quantum
numbers of A, B, C, and D progressions were assigned, as
indicated in Figure 2. The observed band positions were
analyzed by fitting the data sets of three ;Rbotopomers
simultaneously using the following simple mass-reduced rela-
tion:

T,=T.+ wp@+ 1) — oxlo + 1)

The constanp (=1 for 8Rb,, 0.994237765 fofSRBE’Rb, and
0.988441938 fof'Rh,)1¢ is given byp = /ulu;, whereu is

the reduced mass of the major isotopom®&Rb,, and u;
represents those 8RP’Rb and®’Rb,. We truncated the higher
anharmonic vibrational constantsgye, weze, €tC., because the
determination of the molecular constants, we, and weXe, is
sufficient for the assignment of the electronically excited states
in comparison with the results of ab initio calculation. With
this limitation, the vibronic bands in the ranges 6fv 1—-25,
3—12, 4-16, and 418 were fitted for A, B, C, and D
progressions, respectively. The vibrational quantum numbers
were assigned by the isotope shiffsT,’s, of the vibrational
bands. Since we obtained mass-resolved RE2PI specffa of
Rb,, 8RBP7Rb, and8’Rb,, the absolute vibrational quantum
numbers could be easily found. The observ€f,’s should
agree with the calculated values from the vibrational constants,
we and weXe experimentally determined when the vibrational
numbering is correct. Figure 3 compares the obseéds

(Ty of Rby, — T, of 83RBE'Rb and T, of 8Rb, — Ty of 8’Rly)

of A, B, C, and D progressions with the calculated values from
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Figure 2. RE2PI spectrum of°Rhb,. A and B progressions are indicated by red and blue sticks above the spectrum, respectiv@)yarigl D

progressions are indicated by black, red, and blue sticks below the spectrum, respectively.b@he$Bof which rotational contours have been
analyzed are indicated as a, b, c, and d (see text).

we's and wexe's of the corresponding progressions fitted with
the assignments of'g shown in Figure 2. For the uncertainty
estimate of our assignments dfsy AT,’s of A, B, C, and D
progressions were calculated for three different vibrational
numbering and compared with the observed values. The figures
comparing the observedT,’s with the calculated values for
three different vibrational numbering of A, B, C, and D
progressions can be found in the Supporting Information. Over-

and underestimations of's by Av' = +1 give the constantly 0 T T[T T I RN R REEREERE R
larger and smaller calculatedT,’s than the observed values 5 10 15 20 25 10 20 30
in amounts of about=0.2 cnT! between®>Rb, and8RE'Rb, 0 - © 8

and+0.4 cn! betweenf®Rb, and 'Ry, respectively. These
constant deviations &k T,’'s mainly come from the incorrectly
determinedw. values with the misestimated’s used for
calculatingAT,’s. However, the correct numbering gives the
correctwe, and the deviations of the calculatédl,’s from

the observed values are less than about 0.01'cithe main
source of the uncertainty of our assignments may arise from
the fluctuation of the observesT,-’s. This fluctuation of isotope RRARNRARRRRRRENRRRRS T[T T T T[T T TTTrT
shifts can be strong when homogeneous perturbations are 10 15 20 25 5 10 15
extensive. In this case, the isotope shifts can enhance the v

irregularity of the vibrational spacing for a particular isotopomer. Figure 3. Isotope shifts betwee#Rb, and®Rb, (0), and between
The fluctuation is mostly less than 0.01 chwhich is small 85Rb, and®*RbF’Rb @) for (a) A, (b) B, (c) C, and (d) D progressions.

enough for us to assign’s correctly, and for the vibrational  The solid lines indicate the expected values with the assignments of
bands located out of the fitting region or strongly perturbed, the vibrational quantum numbers shown in Figure 2.

(&)
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TABLE 1: Electronic Term Values (T) and Vibrational Constants (w. and wexe) of the Nine Experimentally Observed Excited
States Including Our Work and Their Comparison with Theoretical Values

expt theory

Te(cm™) we(cm™) weXe(CcM™1) Te (cm™) we(cm™?) Te(theory)— Te(expt)
A 22779.47(13) 40.825(23) 0.10687(82)
B 22385.139(66) 40.210(18) 0.1550(11Y
C 22569.416(60) 41.120(129 0.11154(59)
D 22589.57(22) 41.400(41) 0.1193(18)
31, 22777.5 40.42 0.0745 22819 40 42
3911, 22648 40
33t 22403 39
21, 20895.00(2) 36.406(179 0.1068(349 21301 34 406
23, 19784.254(9) 42.000(69 0.171(1} 19862 42 78
1A, 18263.960(1) 49.6652(9) 18579 50 315
11, 15510.347(2) 22.3(4 0.1486(7Y 15448 21 —62
111, 14665.64(24) 47.47(13) 0.143(309 14789 47 123
215" 13601.57 31.488(1Y —0.114(2Y 13600 32 -2

aReference 1° Our work. ¢ Reference 119 Reference 105 Reference 2{ Reference 14.

their V's could be also successfully assigned by extrapolation molecular orbital configurations &f1,, 3I1;, and®IT,. Consid-
from the correctly assigned region. The experimentally deter- ering only two valence electronbi®® is expressed as
mined molecular constant3{ we, andwexe) of A, B, C, and 1
D progressions and those of the previously observed sevenpSO— a, Ilz'slz+§(li_sl +1;s)
excited states are compared with the results of ab initio
calculatiort in Table 1.

The progression A has been observed between 22810 and
23760 cntl. We have assigned v= 1-26 — v"' = 0 bands
for 8Rb,. The assignment of the excited electronic state of A
progression to thelBl, state is straightforwardl, and we of
the A progression are very close to those of thEl,3state

+

1,4+ - _
az[lzz'SZz + E('gsz +1; S;)

Therefore, the diagonal matrix elements of #i#&, 3I1;, and
S[1, are expressed as

1 A 1
previously observed by Tsi-Zand San-Tsiarld (see Table 1). BT H° 0= — S plalm bpl= — Za, = —A
As shown in Figure 2, the intensities of the vibrational bands
of v\ = 15 and 16 are reduced significantly since they are ﬁH1|HSC13H1D= 0

strongly predissociated through the fast channel.

The candidates for the excited states of B, C, and D gnd
progressions are theX," state and the § and 1, substates . L
of the 33[1, state. Among the three progressions, the vibrational SO3 A _
spacings of C and D arge particularrl)y v%ry close; the difference ﬁHZ|H il ML= éﬁlru6p|ajnu6pD= Ea” =A
betweenT,'s of C and D progressions is 20.15 chand their ) ) o .
wes and wexe's are very close (see Table 1). This means that respectively. The atomic spﬂt_)rbn para_metefge_p is calculated
the potential energy curves of the two excited states are very@S 51.67 cm from the atomic hyperfine splitind\& = (1/
similar in shape and very close to each other. Therefore, it is 2)SerlJ1(J1 + 1) - J2(J> + 1)] and the experimentally observed
very probable that the upper electronic states of C and D Value of Ex(6p ?Psi) — Ex(6p *Pi2) = 77.50 cmi.¥’ The Rb

progressions are the 31,(0,%) and 33I1,(1,) states, respec- 3 3[1, state correlates with the 58 6p limit. Therefore, the
tively, which are split by spirorbit coupling. In order to molecularz,6p orbital can be expressed as linear combination

confirm these assignments, we estimated the-spibit coupling ~ ©f two 6p atomic orbitals. If the overlap integral of two 6p
constantA of the 3311, state employing the atomic spirbit atomic orbitals is neglected, the molecular spambit parameter
coupling parameter. Using the one-electron operatorHef a, becomes equal to the atomic spiorbit parameterCe.

and atomic spirrorbit parameters of the Rb 6P term, the ~ Finally, the spir-orbit coupling constana = (1/2)a, = (1/
magnitude of the spinorbit coupling constant of the RI3 1T, 2)Cep = 25.84 cnt of the 3 °Il, state is obtained. This
state can be estimated in a single-configuration approximation eStimation predicts that three spin substate of tél3state
for the molecular electronic wavefunctiéiThe diagonal matrix ~ &re equally spaced by 25.84 ctand the lowest substate is

lectro _ 3 : . .
element of the spinorbit coupling operator observed as the -1lo and the highest iSIT,. The estimated value agrees well
splitting of fine-structure levels is expressed as with the observed difference of the electronic term values

between C and D progressions, 20.15énThis is consistent
with our assignments of the upper electronic states.

After ruling out the 31T, 3 8ITy(0,"), and 3°I1,(1,) states,
the assignment of the excited state of the B progression leads
For the3II state, this means that the vibrational levels of the to the 3 13t state. This assignment is confirmed by the
differentQ (=0, 1, and 2) substates are equally spaced by the

AX,S Q uHYA, 2, S Q, vl= A, AS

spin—orbit coupling constant,. Following theAnl notatior? TABLE 2: Electronic Quantum Numbers and M30Iecu|ar
for the molecular orbital, the single-configuration representation OrPital Configurations of the Substates of the 3°II, State
of the electronic wavefunction of the3Bl, state is ¢45s)ru- substate A X Q molecular orbital configuration
6p) omitting closed shells. The molecular sporbit interaction 31, 1 -1 0 oBs1)ymbpBL)EQ)

arises mainly from the electron occupying th@&p orbital. Table 31, 1 0 1 g5L)mbp)(AIN2)[a(1)BR)+ B(1)(2)]
2 shows the electronic quantum numbers\ofZ, and 2 and 1, 1 +1 2 o5s(1)mbp2o(l)e(2)
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[\/\, prog
Experiment /\ J/\/ TABLE 4: Optimized Band Parameters of B' Bands by
AN /Jﬁ . Rotational Contour Fit
LTINS NN
[\f B'a Bb Bc Bd
N —
P N band origin (cm) 23597.52(4) 23638.79 23670.32 23730.88(6)
Simulation (%) /\/\/\/ v AN B (cmY) 0.0058(2) = 0.0059(2) 0.0057(1) 0.0060(1)
2 o et 0 o M — R (A) 8.3 8.2 8.3 8.2
/\/ Tgausé (cm™1) 0.12 0.12 0.12 0.12
L TLorentz(cm™) 0.21(2) 0.19(1)  0.14(1)  0.08(1)
N 4 (ps) 25 28 38 65
— Trot (K) 1.49(4) 1.60(4)  1.69(4)  1.65(6)
23730 a Fixed. ? Equilibrium bond length at the vibrational level calculated
-1
Frequency (cm ) from RO= +/(h¥2)(1hc)(1/uB). ¢ Fixed to the dye laser line width.
Figure 4. (a) Rotationally resolved spectrum #Rb, B v' = 11— d Lifetime calculated fromTorentz

v'" = 0 band obtained by th&aon-narrowed dye laser (upper trace)
and simulation with the fitted parameters in Table 3 (lower trace). The  Fgr the remaining progression of ®hich is observed above
molecular beam was expanded with 260 Torr of Ar. In the simulation, 53485 ot with a small vibrational spacing, the upper

we set the line width to 0.015 crh (Lorentzian) andl. = 6 K. (b) - . - n
Partially resolved rotational contour ofdBband (top) and simulations electronic state is assigned to thé33," shelf state. Gador et

assuming the electronic symmetry of the upper electronic stéas &l found that the 3'%,* shelf state makes a significant
(middle) andI1, (bottom). The molecular beam was expanded with contribution to the nonadiabatic dynamics of.Rigar 430 nm

760 Torr of Ar. The band parameters in Table 4 obtained by contour by time-resolved study.As shown in Figure 1, the ab initio

fit were employed for the simulations. potential well of the 3=+ state becomes broad above 23464
—11 ic i i i

TABLE 3: Ty_11 and By_q; of the 31X+ State of ®5Rb, and cm .1 This is due to an avoided crossing between tHg"

85Rp87Rb and ionic potential curves. In this case, both vibrational spacing

and rotational constants typically become greatly reduced. The

Tv=n1 Bv-a vibrational spacing of the 'Bprogression gradually increases
g:sz7 22826.9047(14) 0.0155364(41) from 3 to 7 cnt! in the observed spectral region (see Figure
RE'Rb 22824.6451(17) 0.0153600(86) 5). Fortunately, the small rotational constant (larg@ = B
2 All units are in cnT. — B') causes the vibrational band to become significantly red
shaded and thus enables us to observe the partially resolved
rotational analysis of the B'v= 11— X 15" v"' = 0 band. rotational structure with our dye laser resolution of 0.12°€m

Figure 4a shows the rotationally resolved spectrum of the By @S shown in Figure 4b. In order to estimate the rotational
— 11— X 135" v = 0 band of*Rb, and the simulation. Table constants, we fitted the rotational contours of four&nds

3 shows theT,—y; and By—y; of 8Rb, and $RBFRb, which observed with a relatively good signal-to-noise ratio. THe B
V'= = ’

5 2 -
were determined by a least-squares fit of 30 observed lines forbandS of*Rb; we analyzed are indicated as a, b, c, and d in

. . Figure 2. The optimized band parameters are shown in Table
85 5) 7|
Rby and.17 lines fof*Rb"Rb using the PGOPHER prograth. 4. Figure 4b compares the experimental contour of tideband
The rotational constant8(—o andD, o) of the lower X1Z,*

: (top) with simulations assuming the electronic symmetry of the
v'' = 0 level were fixed as reported by Seto ef @he observed upper electronic state &&,* (middle) andIl, (bottom). The
rotational structure consists Bf andR-branch rotational lines,  simulation with the'S," symmetry fit the experimental contour
which is typical for the parallel transitionA€2 = 0). It is better, and the rotational constants ochBo Bd bands are
consistent with our assignment of the upper electronic state of determined as-0.0059 cm® (see Table 4), which correspond
the B progression as thelX," state. to the large equilibrium bond length 6f8.3 A. These rotational
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Figure 6. Comparison of the experimentally determinkss of A, B, . ime offlght (sec) . .
C, and D progressions with the theoretically calculafgd of 3 1., Figure 7. TOF mass peaks of (a) Rbbtained by RE2PI via the 3

313, 331, states from ref 1. The theoretically calculaffdof the Tl v =9 level and (b-e) fragmented*Rb obtained simultaneously

3 3[1, state are presented for the’Hy(1,) state, and fofT, of the 3 with RE2PI of ®™Rb, via the 311, v' = 9, 15, 19, and 22 levels\
3[1,(0,*) state, we correct the theoretically calculafcbf the 3311, represents the excess energy above the fast predissociation energy
state by subtracting the calculated sparbit coupling constanta = threshold, the 5s- 4d atomic limit.

28.84 cn1! (see text).

. ab initio T¢'s of these states are all larger than those experi-
constants of Bbands are considerably smaller than that of the mentally determined by 1858 cnT L. Park et al. estimated their

33,7 v =11 level By—=11 = 0.0155364(41) cm') (compare L 1

the values in Tables 3 and 4). Consequently, the upper electronica;:erage gewatlon of. as ?bOl# 100 grri. lln 'kl)'able %j we
state of the Bprogression is assigned as th&3" shelf state. S o_vv'ge(t eory) — Te(expt) for the previously observed seven
The lifetime of the 3'=,* shelf state could be estimated from excited states. ) )

the spectral line width. In the rotational contour fits, we fixed ~ For the unassigned bands in our RE2PI spectrum, the
the Gaussian component of the line widfgauss as 0.12 cm, candidates for their upper electronlc_states may be tPg,%

the resolution of our dye laser, and floated the Lorentzian &"d 113AU states of which the potential curves cross those of
componentl Lowentz The lifetimes were estimated to be tens of e 3Tlu state below the 5¢ 4d atomic limit. Gador et al. -
picoseconds from the fitting dFLorents and this suggests that observed the build-up of th_e wavepacket in t_he bound p_otent|al
the 313" state is also predissociated above the fast predisso-Of the 4°Zu" state through intersystem crossing by probing the
ciation energy threshold like theBI, state. This is consistent time-resolved fluorescence signal at the outer turning point of
with our observations of th#Rb PFY from the parent RI8 the 43§U+ state? Although the bound potentials of the’&,”

15+ vibrational levels above the fast predissociation energy @1d 1°Ay states are out of the Franekondon region (see

threshold (see section 4.2 a@Rb fragment mass spectra in [ 19ureé 1), some of their vibrational levels might borrow
the Supporting Information). transition probability from the 311, state through various

The vibrational spacings observed for the A, B, B, D couplings particularly in the region of potential crossing.
progressions reflect the effect of homogeneom(: O) 3.2. Investigation of the Predissociation DynamiCSAS
perturbation. Figure 5 ShowAGy (= Ty+1 — Tv) versus previously reported;® the Ry 3 1, state is predissociated
frequency for these vibrational progressions. The vibrational into two channels. It has been known that the lower part of the
spacing of A and D progressions assigned to tHéIgand 3 3 1, state is predissociated into the®Sy, + 5 2Py, limit
3Hu(1u) state withQ = 1 Symmetry, respective]y’ shows Stronger whereas the hlgher vibrational levels are Strongly prEdiSSOCiated,
irregularities than that of the others wih= 0 symmetry. This 7 ~ 5 ps, into the 5st- 4d limit. We call the former slow and
suggests that there are strong homogeneous perturbationghe latter fast channels, classifying by the predissociation
between the 311, and 33[1y(1,) states. Breford and Engelke lifetimes. Despite various kinds of studies such as the measure-
also indicated the irregular vibrational spacing of tH&I3 state ment of atomic fluorescence yiel@sime-resolved pumpprobe
and proposed the mixing of the'BI, state with an overlapping ~ SPectroscopy;’ and a theoretical approaéhthe resolution of
3[1, state3 Figure 6 summarizes our assignments of the the atomic fine-structure limit corresponding to the fast predis-
electronic states in this spectral region. The left column shows sociation energy threshold and the assignment of the predisso-
the experimentally determinék’s of A, B, C, and D progres-  ciating perturber for the fast channel are still in debate.
sions, and the right column shows the theoretically calculated We have observed the two-channel (fast and slow) predis-
Te's of the 31, 3 =,*, and 3°I1, states. For T, of the 3 sociation of the 311, state. The two-channel predissociation
S[1,(1,) state, the theoretically calculat&gdvalues of the 311, can be resolved by measuring the kinetic energy of the
state are presented, and Tqrof the 33[1(0,") state, we correct  fragmented atoms. The kinetic energy of the fragmented atoms
the theoretically calculate®. of the 3°[1, state by subtracting  produced by the slow channel is 6348 ¢nfior the 31, v' =
the calculated spinorbit coupling constanth = 28.84 cnt™. 9 level, which is significantly larger than that produced by the
The dotted arrows in Figure 6 indicate our assignments. The fast channel. Figure 7 shows the TOF mass peaks Pl
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and (b-e) the fragmente8PRb. The intensities of the TOF mass v'=9 § 15 20 (a)
peaks off®Rb (Figure 7b-e) were normalized with respect to T

that of®Rb, (Figure 7a). The mass peak&Rb, was obtained |
by RE2PI via the 311, v' = 9 level, and those of the fragmented
85Rb were obtained simultaneously with RE2PI&Rb, via

the 31, v' =9, 15, 19, and 22 levels. lonization of the excited
Rb atoms resulting from the two predissociation channels
requires photon energy at least larger than 20874.5!dfor BRp
the lower energy 5p Rb*), which can be achieved by the same

dye laser used for RE2PI 8fRb, (A ~ 430 nm). The excess

energy above the fast predissociation threshold+54d), A, *Rb"'Rb
is shown for each TOF mass peak. The full width at half- h i T e R I A AT Y e
maximum (fwhm) and shape of°Rb TOF signal varies

dramatically with the excess energy (see Figure-&pb The

fwhm of the mass peak is determined by the initial space and

kinetic energy distributions of ions. For the mass peaks shown 88
in Figure 7, the initial space distribution of ions is the same
since the laser spot size-2 mm) was not changed during the
measurements. Typically, the fwhm of the mass peak obtained
by the combination of the WileyMcLaren type linear TOF 23200 240 23600
mass spectrometer and a skimmed supersonic jet with the Frequency (cm)

ionization source of a nanosecond pulsed laser is limited by

laser time duratio®? The®Rb, peak in Figure 7a shows fwhm

of ~6 ns which corresponds to the time duration of our dye 23350 —
laser pumped by the third harmonic of a Nd:YAG laser. When

| S B el SR MG (ot e Ve s ey LA el IR =S
L A [ ) T ) L A U (RN T T .

the parent dimef°Rby is excited to the 311, v' = 9 level below *.‘g -
the fast predissociation energy threshald= —191 cnt?, the 2
fragmented®®Rb shows mass peak with fwhm 48 ns. This b
broad fwhm comes from the large kinetic energy released by o
the slow predissociation channel producing REP5, and Rb %. |
525, fragments. The fast predissociation channel produces 5s & 4
and 4d Rb atoms with relatively small translational energy n?.,-
supplied by the excess eneryy Figure 7c shows that the fwhm L 23345 —

of the 8Rb peak in the TOF spectrum is 7 ns just above the

fast predissociation threshold energy,= +38 cnt!. From .
Figure 7c-e, we could find that the contribution of ti#éRb
mass signal with relatively larger fwhm to the TOF signal 8pp, 850, 870, 85
increases gradually. This suggests that the predissociation rates 2 "RbTRb "Rb

i . 85RPBP"Rb and®Rb PFY
through the slow and fast channels become comparable as thé9ure 8. () RE2PI spectra of®Rb, and *R
excess energy is increased. spectrum between 23117.9 and 23655.5 tend (b) the expanded

o ~ RE2PI and PFY spectra around the-b4d atomic limit along with
In our 8Rb PFY spectrum, the atomic fine-structure limit the atomic fine-structure limits of By » + 4 2D (). In part a,

corresponding to the fast predissociation energy threshold hasthe vibrational progressions of the',, state are indicated by red and
been resolved. Figure 8a shows f#i8b PFY spectrum along  blue sticks fo5Rb, and®RBP'Rb, respectively, and the arrow indicates
with the RE2PI spectra fRb, and8°REE’Rb. The®Rb PFY the lowest vibrational level,'v= 14, of the 3'I1, state predissociated

¢ h band struct ltina f th di ._into the fast channel. For the direct comparison of the observed fast
Spectrum shows band structures resuiting from the pre ISSOCI"jl'predissociation threshold with the atomic fine-structure limits in part

tion of both®Rb, and®*RbP’Rb. The®*Rb, 3 T1, v' = 14 level, b, the RE2PI and PFY spectra are shown with respect to the frequency
the lowest level above the threshold energy+{54d), is denoted + Gv—o and the dissociation energy of the'X " state are added to
with an arrow in Figure 8a. Figure 8b shows an expanded spectrathe atomic fine-structure energy.

around the threshold energy versus frequetic,—o; 3 1, inverted in energy, and thus, the energy level 8D4;, is higher

V' = 14— X =4 v' = 0 bands of*Rb, and ®*Rb*'Rb, and than that of 42Ds, by 0.44 cmll? Between the two fine-
the corresponding®Rb PFY, are shown. The isotope shift structure limits of 5st 4d, the lower-lying Sy, + 4 2D, is
between the 31, v' = 14 levels 0f®*Rb, and®Rb*’Rb is 3.2 located just below th&Rb, 3 1T1, v' = 14 level. However, the
cm~1. From the®Rb PFY spectrum, it is found that ti¥eRb, higher-lying 52S;,, + 4 2D3y» is located above th#Rb, 3 111,

3 I, v = 14 level is strongly predissociated, but the v' =14 level. Consequently, we assign the fast predissociation
isotopically down shifted®Rb?’Rb 3111, v' = 14 level shows energy threshold to the lower-lying2s;, + 4 2Dsy, limit.

a very small®Rb PFY which probably results from the slow There are two possible candidate$AL and 33", for the
predissociation channel. Therefore, the fast predissociation predissociating perturber responsible for the fast channel of the
threshold energy is located between these two levels. The3 11, state. They correspond to the %5, + 4 2Dsp

energies of the atomic fine-structure limits of@s, + 5 2S5/, fine-structure limit and can be mixed with the'H, state via
and 42Dsy, + 5 Sy, are also shown together in Figure 8b. For spin—orbit coupling AQ = 0). To assign the predissociating
comparison, the dissociation energy of the, Rb'Z4" state, perturber, we calculated the relative predissociation rates of the

3993.53£:0.06) cn1!, determined by photoassociation spec- 3111, state by two possible perturbers3A, and 33=,, using
troscopy?® is added to the energies of the fine-structure the BCONT 2.0 prograf® and compared them with the
components of Rb 4D;. The fine structures of Rb 2D; are observed®Rb PFY spectrum. The ab initio potential energy
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Figure 9. Relative predissociation rates of the'd, state into the
continuum (a) 1%A, and (b) 33%," states calculated assuming the
bound-continuum spinorbit coupling constants of both cases as 1
cmL. For the calculation, ab initio potential curves of therld,, 1
SAy, and 353,* states were employed from ref 1.

curves of the 311, 1 3A,, and 333" states accurate within a
few tens of cm! were used from the work by Park etlaFor

the HSO between the 311, and 13A, state, Zhang et al.
estimated 10 cmt from their measurement of the predissociation
lifetime (5 ps)f and Edvardsson et al. predicted-3 cnrt
theoretically*> However, the accuratdS(R) functions of 311,

— 13A, and 31, — 3 3%, are still unavailable. Therefore,
we set theHSC of both 13A, — 3 11, and 33,7 — 3 1, to

be 1 cm?, and thus the relative predissociation rate we calculate

can be interpreted as the bound-continuum radial overlap
integral. Figure 9 shows the calculated relative predissociation

rates of 31, — 1 3A, and 31, — 3 33,*. They show
strikingly different variations with the excitation energy. In the
case of 18A, — 3 1y, the sharp energy threshold is apparent.
This agrees well with the observéeRb PFY spectrum (see
Figure 8a). However, in the case of3X," — 3 I, the

predissociation rate increases gradually with excitation energy.

Also, the radial overlap integral between théAl, and 311,

J. Phys. Chem. A, Vol. 111, No. 46, 200171757

discrepancy can be rationalized by the long-range potential
crossing between the®l\, state and other continuum states (2
1, or 2 3[1,) corresponding to the higher-lying %5, + 4
D3y, limit. This potential crossing is unavoidable because the
lower-lying electronic states correspond to the higher-lying
atomic fine-structure limit. In this situation, it is very probable
that the predissociation of the vibrational levels of thélB,
state above the higher-lying %5, + 4 2D3; limit branches

out into two finer product channels, %5, + 4 2Ds;; and 4
2Dy, For thedSRb, 3 1, v' = 14 level located betweenZDs,

+ 525, and 42Dz, + 5 25y, limits, only the lower-lying
product channel is available for predissociation, and the popula-
tion transferred from the 3A, potential to the 211, or 2 311,
potentials corresponding to the higher-lying limit is reflected
back to the bound region. When the long-range interaction
between the £A, state and other continuum states is signifi-
cantly strong, thé°Rb PFY from thé®®Rhb, 3 111, v' = 14 level
becomes smaller than that from tfRRb, 3 111, v' = 15.

For the newly identified states, &,", 3 3IT,(0,"), and 3
S[1y(1y), the corresponding®Rb PFY below and above the
threshold of the fast predissociation was obtained (see Figure
8). Also, the lifetime of the 3Z,* state is estimated to be
significantly short above the 55 4d atomic limit (see section
3.1). It is probable that the four bound excited state§]I3 3
13,7, 33M1,(0,1), and 38I1,(1y), in this spectral region may be
mixed by homogeneous and heterogeneous perturbations and
the predissociation of th@ = 0 states becomes possible through
Q = 1 doorway states.

4., Conclusion

We have assigned four electronically excited staté$],3 3
13,7, 3301,(0,1), and 3°I1(1y), making up the complex vibronic
structure of the Rp430 nm system. Thelfe's, we's, andwexe's
have been determined by vibrational analysis of the observed
band progressions. For predissociation dynamics, the established
slow and fast channéié have been resolved independently by
the fwhm of the fragmente@®Rb™ mass peak. For the fast
channel, the corresponding atomic fine-structure limit has been
identified. This observation combined with the theoretical
prediction of the relative predissociation rates of #ieh, 3
1, state into 1°A, and 3 3%, continua identifies the
predissociating perturber responsible for the fast channel as the
13A, state. Our assignments of the bound and continuum states
contributing to the complicated vibronic spectrum and the

states is calculated to be very favorable, which is greater thanPrédissociation dynamics in the RB30 nm system are

that between the &, " and 311, states by~10° times. From
the comparison of the observ&iRb PFY spectrum with these

consistent with the previous frequeieyand timé->-domain
spectroscopic studies. Also, we provide the experimental

calculations, we assign the predissociating perturber as the 18vidence for the long-range dissociation channel mixing previ-

SA, state.

However, there is a discrepancy in the vibrational level that
shows maximuni®Rb PFY in our experimental PFY spectrum
and that in the calculation which is shown in Figure 9a. For the
85Rb, 3 111, state, thé®®Rb PFY increases suddenly at tHe=v
14 band, goes further at v 15, and then decreases afterward
in the experimental PFY spectrum. According to the Franck
Condon principle in predissociation, the probability of the

ously proposed,which results in branching out of the fast
channel into two finer product channels. The long-range
dissociation channel mixing due to an unavoidable potential
crossing between the 3A, state and other continuum state
corresponding to the different atomic fine-structure limits
provides coherent rationalization of the three independent
experimental results of atomic fluorescence yield measurefent,
time-resolved pumpprobe spectroscopyand our photofrag-

radiationless transition from bound to continuum states decreasednent yield measurement.

as the kinetic energy becomes higher at the point of transition.
The result of the 12A, — 3 1, calculation reflecting this
principle shows that the first vibrational level of théI3,, state

Our study of the Rp 430 nm system encourages high-
resolution experiments and deperturbation analysis which will
provide accurate potential curves of the excited states and the

above the dissociation limit is most strongly predissociated and coupling constants among them. These will lead to compre-
the predissociation becomes increasingly weaker as the vibra-hensive and deeper understanding of the electronic structure and

tional level of the 31, state rises (see Figure 9a). This

predissociation dynamics of RIn this spectral region.
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