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The collision-induced pure dephasing rate constant of a pair of coherently excited eigenlevels isf SO
measured. This represents the first measurement of a collision-induced pure dephasing constant for a molecule
in gaseous phase. The pair of eigenlevels arises from the coupling o{2ti8)Gs level and an isoenergetic

high vibrational level, 44877.52 crhabove the zero point, of the 3tate. The pure dephasing cross sections
measured for the three colliding partners He, Ar, and 8Qhe temperature 4.8 K are respectively 26, 40,

and 720 &. All three pure dephasing cross sections are about a factor of 2 smaller than the corresponding
depopulation cross sections. Comparison with the hard sphere and Lennard-Jones cross sections suggests that
collision-induced dephasing involves more than hard sphere, repulsive forces.

I. Introduction are hard pressed for the preparation afiregle highly excited
. . . vibrational level in the energy region where the vibrational level
In the study of intramolecular and intermolecular dynamics density is high. The QB phenomenon though rare to find, on

such as energy redistribution_, fl_uorescence decay following {ha other hand, offers a unique and effective way of accessing
photon-induced molecular excitation has been explored exten-, single, highly excited levél

sively}2 In some unusual cases, periodic oscillation in fluo- . h L .
y b Single, high vibrational levels of the electronic ground state

rescence intensity, or quantum be@dB), has been observed - X 4 -
in the fluorescence decay. QB is not only a demonstration of can b_e aCC(_-:-ssed thr(_)ugh excitation of optically bright states in
coupling with the high vibration levels. For example, the

the fundamental principles of quantum mechanics, it is also a =, I . L
P b g dissociation rates of many high vibrational levels above the

unigue phenomenon associated with intramolecular coupling.d. iation limit of ldehvde h b dth h
In the simplest case of a two coupled level system in the excited Issociation limit otformaidenyde have been measured throug
Stark field induced coupling of the target vibrational levels and

state, QB arises from simultaneous and coherent excitation of . . L9 9.30 )
the two excited eigenlevels that derive their wave functions from the near |_soen~erget|c,~li)r|ght Biate levels>*In SO, QB's
observed in the &, — X'A;transition region have been shown

coupling of two zeroth order levetone “bright” and one “dark” i ise f lina bet " %nd Cstates level th
. When the total fluorescence from both eigenlevels leading to 0 arise from coupling between An states 1evels as the
the same set of lower levels is monitored, because the photon§eat fre_qugnmes were shown to be unresponsive to the applied
emitted from these coherently excited levels are indistinguish- g:?en?é';igﬁlixrﬁggﬁlé r;ﬁ\éecﬁﬁggzqusn?:hs}g tchr?)ngzection
able, the fluorescence intensity follows the square of the sum . ) L

y 9 of a single, high rovibrational level at 44877.52 thabove

of the evolving wave functions of the excited eigenlevels. In . . .
9 g the zero point. The decay rate constants of eigenlevels, which

adding the eigenlevel wave functions coherently, constructive directly related to th der level d ant
and destructive interactions of the wave functions occur leading are directly related 1o the zero-order evel decay constants, can
be obtained by the fluorescence QB decay as a function of

to the oscillation of the bright and dark states wave functions. PN
pressure. The decay rate constant of the “bright” state can be

Quantum beats, which can also be generated through externa q f f d f ot B broni
magnetic/electric field induced intramolecular coupling, in mealsutrﬁt rom ltjorescler&ces gcay 0 3 chCr(;)w ronic ant
fluorescence decay have been observed for molecules such aLeves ) a a}’re ot coupied. subsequently, the decay constan
SO,46 NO,7# CS,° acetylene? glyoxall! pyrazinel? bi- of the “dark” high vibrational level of the electronic ground
acetyl}®“and even radicals such as HCES. state can be optalned. o

A unique usage of the observed QB is the access to the In the analysis of the collision effect on the QB decay, based

optically inaccessible dark states. For example, one such darkOn the nearly indiscemnible difference between the overall
state is the highly vibrationally excited level in the electronic fluorescence intensity decay rate and the decay rate of the

ground state. These levels are of critical importance to a wide ©Scillatory part of the intensity, it was assumed that the primary
range of topics ranging from mode- or bond-selective readfion, €ffect of collision is to depopulate the eigenlevels. Pure
unimolecular dissociatioH, combustior atmospheric chem- ~ déphasing, i.e., the destruction of coherence without loss of
istry,1920 intramolecular vibrational relaxatidh, to collision population, of the two coherently excited levels is assumed to

energy transfef223 The highly excited vibrational levels can  P€ negligible.
be prepared by FranekCondon pumping through dispersed In general, in considering the time evolution of the fluores-
fluorescenc@? stimulated emission pumpirf§jnternal conver- cence QB, we need to include both dephasing and depopulation

sion following electronic excitatioff single photon overtone  of the coherently excited statés33 In the density matrix
excitation?’ or chemical activatioR® These methods, however, treatment of the simplest QB case of two coupled states,
depopulation is described by the time decay behavior of the

*To whom all correspondence shall be addressed. diagonal elements, while dephasing is the time dependence of
T Part of the special issue “Charles S. Parmenter Festschrift”. the off-diagonal elemenf.The time evolution of the diagonal
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and off-diagonal elements may be affected differently by
collisions between bath molecules and the QB mole&ife.
So far only a limited number of studies, experimehidf and
theoreticaP'~34 has considered the dephasing rate in quantum
beats in molecular systems.

For atomic systems, such as the well characterized fluores-
cence QB decay following coherent excitation of Na D lifes,
it is usually assumed that collision-induced pure dephasing rate
is small in comparison with the depopulation rate. This
assumption has been found to be consistent with the analysis$
of the observed QB decay. For molecular systems, Chang et$
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al.’s work on biacetyl, where multiple level quantum beats have £ J

been observed, has been the only attempt to explicitly examineZ 00

the dephasing rate in QB decay as a function of pressure. 0 00 200 300 400 500
that study the experimental measurements appear to indicate Time / ns

that the collision depopulation rate is faster than the pure

; Figure 1. Fluorescence decay following the excitation of thg10)C
dephasing rate. «— 6,5(000)X transition of SQ cooled in a supersonic jet. Also shown
Pure dephasing collisions are elastim energy exchange  are comparisons of the nonlinear least-squares fits with and without
results. Another form of elastic collisions that may contribute including collision-induced pure dephasing in QB decay. The dotted
to dephasing iS ”depolarization” , Wh|Ch has been Studied in I|ne is the flttlng with pure qephasing_included. The dashed ||ne is the
Zeeman QB:8A Zeeman QB signal is caused by the alignment fitting Wlthout pure de_ph_asmg. The differences between_ the f_|tted and
of the excited-state molecules along the laser polarization. Here,gﬁedz);ﬂzznﬂﬁztsaléfg Igslgnglgmzst’tzzot‘gg g?g]eesggﬂgemgly in dotted
collision-induced dephasing may cause the loss of optical ’ '

ahgn_ment of the e_xcn_ed molecules. Brucat and Zare have The sample gases used for the supersonic jet were mixtures
studied _the_depolarlzanon of l\_dg@_)anq showed that the rate of of different concentrations of SQ(0.1%, 0.5%, and 1.0%)
depolar]zatlon caused by .CC.’H'S'OU IS smaller than the rate of seeded in He or S£§0.5%) in Ar. To provide different pressures
population removal by collision. Similarly a study on Qs at the intersection region, different stagnation pressures (from

indicated that the depolarization of QB is pressure-deperfdent. 560 to 3200 Torr), measured by a capacitance manometer (MKS,
In this paper, we examine the contribution of collision- 410000 Torr range), were used.

induced dephasing to the decay of S@B. SG is cooled in a

supersonic jet, where the QB pattern can be clearly resolved”l_ Results

without rotational congestion and is recorded as a function of

the stagnation pressure. A model that includes both the The fluorescence obtained after excitation of the 8@nsi-
dephasing and depopulation contributions to QB decay is usedtion 7;6(210)C < 6;5(000)X at 44861.39 cm® is shown in

for analyzing the fluorescence QB decay. The collision cross Figure 1. Large amplitude modulation with only one oscillation
sections of pure dephasing by several collision partners havefrequency is apparent in the fluorescence decay trace. Previous
been measured. Since the QB of S®the simplest two-level  study has indicated that this beat arises from the coupling
case, this first measurement of collision-induced pure dephasingbetween the #(210)C rovibronic level and an isoenergetic
rate of a molecular system provides quantitative information vibrational level of the ground electronic stdteBy excita-

for understanding this elastic collision phenomenon. tion of this transition, the single, high vibrational level
44877.52 cm! above the zero point energy can be acceésed.
Il. Experimental Section Rotational cooling in the supersonic expansion allows this

_ . . transition to be excited without contamination from other
A pulsed dye laser with intracavity Etalon (Lambda Physik angitions. However, as the multimode laser source is only
2002E) pumped by an excwgsqr laser (Lambda Physik EMG 201) 5 tialy coherent, the modulation depth of the beat pattern does
was used to provide 0.06 crhbandwidth (fwhm) and 10 ns 4 yeach 1009 despite a nearly equal mixing of the two zero-
long pulses at 20 Hz repetition rate. The dye laser output was ;. jer stated:36
then doubled by a beta borium borate crystal mounted in an The collision effect on the fluorescence QB decay can be

Squtotrackmg s.ysfteim (Inrad dAutlotrlackte;II). P”c?r to |r:tersecft|ng revealed in the fluorescence curves detected at the same position
€ supersonic jet perpéndicularly at 5 mm downstream rom ;. y,q supersonic jet but with different stagnation pressures. With

:he $U|Stedtl’\l,\(l)ZZ|etter1th fsdptm dlamrete:r OI'tIfIC(?/, fge dto:Jt;:eg the increase of the stagnation pressure, the local pressure in the
aser output was attenuated toDper pulse to avoid saturation. jetis increased and the oscillation is damped faster. Apparently,

The fluorescence from the intersection region was collected {4 increase of the number of collisions results in a loss of

vertically to the laser beam-supersonic jet plane. A pair of 2-in.- ¢parence and population in the excited molecular system. The
diameterf1 quartz lenses placed 2 in. away from the SUPersonic ¢ \ying section illustrates the analysis that reveals both the
jet were used to collect and refocus the fluorescence which wasjiision-induced dephasing and depopulation.

then passed through a masking slit (1 mm width) and filters
(long pass from 220 nm) before being detected by a photomul- IV. Analyses of Collision-Induced Fluorescence Quantum
tiplier (Hamamatsu R2256). For the fluorescence excitation Beat Decay

spectroscopy measurements, a boxcar (Stanford SR 250) in

conjunction with a personal computer was used for processing A. Model. As the QB pattern shows only one oscillation
the signal. The fluorescence decay and QB measurements werérequency, the two-excited level system is used for the descrip-
conducted using a 400 MHz transient digitizer (Tektronix TDS tion of the observed QB phenomenthin the coupled two
380, 2 ns rise time). Each decay trace was averaged 256 timedevel system, the two eigenstatd§land|20are linear combina-

for increaseddN ratio. tions of the two zeroth order wave functions, a bright sthie
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and a dark statglL]i.e., |10= Cyp|bH CygldHand|20= Cyplbll analytical solutions. The notation for the equations can be
+ Cyqldl] The time evolution of the fluorescence intensity changed correspondingly to the change of the basis set. The
following coherent excitation of the two eigenlevels, by a time evolution of the fluorescence intensity from the eigenlevels,
partially coherent light source, can be describel as following coherent excitation by a partially coherent light source,

. . can then be described34s
I(t) O Cypy expl=yqt) + Cyy exp=yt) +

4 4
2E|C,p/2ICy0/2 eXPI- (7 + yo)ti2]cosort + 6) (1) 'O T Cup €Xpyah) + Cop exp(y,t) +

2CRE{ |C1 ) 2I1C, % eXp(—((y1 + y)I2 + 71, D)) x
where@ is the phase difference of the two eigenstates at time A 1Cul1Can PE(( ;/)f) i Vlzt _: 39))} )
t =0, w1z2is the angular frequency corresponding to the energy Pril®y;

difference of the two eigenstates, gndndy, are the population . . . . .
: 1E) : - o The primary difference between eq 7 and eq 1 is the inclusion
decay rates of eigensta nd|2LIC is an coefficient depicting of 149, the pure dephasing constant of the molecular eigenstates

the effect of partial coherence in the excitatfén. caused by collisions. in e 7 in the term that depicts the
It has already been shown that eq 1 can be used to describe u y ISIons, n eq 7 | P!

with reasonable accuracy the QB pattern and dééajowever, ?Sig'lhﬁgéytgaéfézégﬁee\égllﬁgi% r;] ITJ:Q_E dfeollr?;\él%g a:gflelyss €a
eq 1 does not include the effect of collision-induced dephasing P P 9 :

on QB decay. In principle, introducing a pure dephasing constant bezﬁgﬁsn;uma?iat f\gﬁysgzggen;{é?ugge%rfggfzt'ttr?:zeca
to the equation to describe the collision effect should improve w q . quately use« X y
the accuracy of the description of the QB decay if collision- constants through a nonlinear least-squares fit of the fluorescence

induced dephasing has any discernible effect. Theoretically, it dQB de<|:qay, t.he addition ?f ?&ur?t(tzl_ephistlrr:g C(I)antant asFl_n eq7
is convenient to use the density matrix method to describe the oes show improvement of the fitting of the QB decay. Figure

relaxation process that incorporates the effect of collision- 1 shows the results of the fits using both egs 1 and .7' The laser
induced dephasing®2 The time evolution of the density matrix pulse shape and detector system response, mimicked by the

of the system, which is embedded in a heat bath, is determinedShape. of the scattered Iaser_ pulse_, have been convolu_ted_ into
by the Liouville equatio:3 In the density matrix treatment the fitting of the fluorescence intensity pattern. At the beginning

the decay of the two zero-order levels system can be describe fthg f'“°r.escer.‘ce decay, there is little difference between the
ad432.33 wo fits using either eq 1 or eq 7. However, the cumulative

effect of the collisions with time causes the misfit to be more
dopp i , apparent in the latter part of th_e fitting using eq 1. The fitting
o ﬁ(H bdPdb — Lo ds) = Vbbb 2 that includes the pure dephasing constant does provide more

accurate result than the fitting without. It should be noted that
dogq i , both fittings resulted in coefficient€,|2 and|Capn|? within the
gt~ rH avoba ~ PabH'bd) ~ Veaa ®) range of 0.50+ 0.03, in agreement with the 0.50 value
determined by Xue et al. previously.

The pure dephasing rate can be obtained for a particular gas
mixture and stagnation pressure. The translational temperature
dogs | ?nd mﬁlecularlder}sitﬁ/ of the. galls sar_nple /3 mm down strﬁam
b g — — rom the nozzle of that particular mixture/pressure are then

dt (g F Vanleao hH alPas = Pov) ®) deduced (see next subsection) so that the dephasing constants
can be obtained and converted to cross sections.

A notable phenomenon in the QB pattern when collision-
induced dephasing is occurring is the change of the oscillation
frequency? of the QB as a function of pressure. For this reason

dppg . i
& ~(iwpg + Vpd)Poa — EH b Pob ~ Pad) (4)

Herey, andyq are the heat-bath averaged population decay rates
of state|blJand statddOrespectively whiley,q represents the
overall dephasing constaHt32:33

1 @ the QB frequency was not kept constant in the fittings. Indeed
V6a = 56 T 70 + Vb (6) this frequency shift is detected. For example, in QB decays
associated with the HeS0,(0.1%) gas mixtures the oscillation
The time-dependent diagonal matrix elemepts and pyq frequency shifts from 20.70 MHz at the lower pressure limit

represent the population in statdJand statgdCrespectively (stagnation pressure 566 Torr) to 20.02 MHz at the higher
while the off-diagonal termsyg and pg, are related to the pressure limit (stagnation pressure 2360 Torr). The shift
coherence of the systeny,{® is the pure dephasing rate confirms the existence of pure dephasing by collision in QB.
constant which depicts the effect of elastic collisions between The smallness of the magnitude of the shift, 3% over a change
the system and the heat bath. The system of interest becomesf pressure of~4 times also shows that collision-induced
less coherent after this kind of collision: even though it does dephasing is relatively slow in comparison with collision-
not change the energy (no depopulation), it may change theinduced depopulation.
phase relationship of the excited wave functions (pure dephasing C. Modeling Collisions in the Supersonic JetTo deduce
only). the values of the collision-induced dephasing constant and the
Equations 2-5 cannot be solved analyticaff§.In the case cross section from the measured rates, the translational velocity
of biacetyl QB, Chang et al. used a numerical method to analyze and the molecular density in the probe region of the supersonic
the equation$? As discussed in ref 14, if there are more than jet are needed. Here, we determine the translational temperature
two coupled states, the zero-order basis set is preferred for theand the molecular density through calculations using a nibdel
analysis. However, in the two-coupled state system, there is nobuilt on extensive previous experimental and theoretical studies
difference between using the molecular eigenstates or the zero-of the free jet. The details of the calculations can be found
order basis set. We note that by using the molecular eigenstate®lsewheré? In brief, to check whether the calculations are valid,
basis set the interaction between the two eigenlevels, gdte the experimentally measured rotational temperature of the jet
and statd2[] can be ignored and eqs-8 can be simplified for is compared with the calculated translational temperature. It is
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TABLE 1: Experimentally Determined Pure Dephasing
L | Rate Constants and the Corresponding Cross Sections for
o the Three Collision Partners®
5 pure dephasing calculated Cross
_ collision rate constant relative section
2, partners (10 ''cm®*mol~ts™) velocity (ms?) (%)
P & He—-SO* 4.31+0.08 165 26.H0.5
g . o 4 0.1%S0, Ar—SO* 2.53+0.05 64 39.5: 0.7
Py ,.;f@ O 0.5%S0, SO,—-SO* 40 +£11 56 720+ 190
Q '’ o
] e & ¢ 1'.04’502 . aThe uncertainties listed for He and Ar are the values directly
. - - - Fitting 0.1%80, from the nonlinear least-squares fit. The large uncertainties in the SO
T Fitting_0.5%S0, values reflect the small number of data points. The temperature of the
----------- Fitting_1.0%S0, probe region in the jet is calculated as 4.8 K. Also listed are the
o calculated relative velocities in the probe region.
jo 511 alo 1(10 1;0 moxlw‘5
Molecular Density/(molecule*cm'l) (denoted as S£) by SO, and that of S@ by He both

Figure 2. Stern—Volmer plot of pure dephasing rate as a function of contribute to the deph_asmg constant obtained from the Stern

gas density in the probe region of supersonic expansions using threeV0lmer plots shown in Figure 2. The three measured rate
types of gas mixtures: S@0.1%, 0.5%, and 1.0%) seeded in He. The constantsk, (for the gas mixtures) are linearly related to the

different molecular densities are acquired with different stagnation individual gas concentrationsand the dephasing rate constants

pressures. k. The relationship can be expressed in matrix formXgs=

. Km where
assumed here that the rotational temperature follows closely the

terminal translational temperature of the expansion. The rota- K 11
tional temperature is obtained by fitting the laser-induced 1 4.37x 10 s -
fluorescence spectra in theZ10)<— X(000) transition region Ky = K2 |=4.68x 107! |cm” molecule " s,

of SO, seeded in the beam. Comparisons of the two temperatures k| \471x 101

at various distances from the nozzle show that they are within

20% of each other until at least 3.5 mm away from the nozzle. Kso,-soy 0.001 0.99
With the increase of the distance away from the nozzle, both K= K, ,and X =10.005 0.99
rotational and translational temperatures drop. It is anticipated &S0 0.010 0.99

that as the number of the collisions required for establishing . ) .

the equilibrium between the rotational and translational degreesFrom the matrix operations using all thrig rate constants,

of freedom become less available as the local pressure decreasd@€ Values of the pure dephasing rate constants for colliders He
away from the nozzle, the difference between the two temper- and SQ atT = 4.8 K are obtained. Similarly the constant for
atures becomes larger. At the probe area 3 mm downstreant’ can be deduced from _data acquired from the Seeded in )
from the nozzle where the fluorescence decay is measured, th¢*r /€t The pure dephasing rate constants for the three colli-
calculated translational temperature is nearly identical to the SIon partners and their corresponding cross sections are listed
measured rotational temperature and the model is used to'" Table 1.

generate the molecular density for the deduction of rate constantsv Discussion

and cross sections in the next section. '

D. Collision Dephasing Constants and Cross Sectionhe In prior analysis of the SOQB decay, it was assumed that
pure dephasing rate @ in eq 7, measured from the QB decay the rate of pure dephasing was negligible in comparison with
recorded at different stagnation pressures for the supersonicdepopulation and the extraction of the collisional depopulation
expansion, is expected to be linearly proportional to the local cross section can be achieved without accounting for collision-
pressure of the bath molecules in the jet. Indeed the rate appearinduced dephasintyThis study shows that, at sufficiently high
to be linearly increasing with the calculated local pressure in pressures, QB oscillations during the latter times of the decay
the jet, as shown in Figure 2. In this Stefviolmer plot, the curve do show a discernible effect of collision-induced dephas-
slope represents the collision-induced pure dephasing rateing. However, it is also true that the pure dephasing cross section
constant. As the pressure extrapolates to zero, the dephasings smaller in comparison with the depopulation cross section.
rate approaches zero, as expected. The intercept of zerdn fact in all three cases the pure dephasing cross section of
dephasing rate is not at exact zero density primarily because ofeach collision pair is about a factor of 2 smaller than the
uncertainty in the estimate of the molecular density. Only the corresponding depopulation cross section of the eigenlé¥els.
slope of the plot is used here for the deduction of the rate The depopulation cross sections obtained from the QB decay
constant. analysis without including the pure dephasing rate constant (eq

It has been previously reported that the depopulation rate of 1) are very close, less than 15% deviation in numerical values,
the highly excited S@by collision with the ambient cold SO to the ones obtained from analysis with the inclusion of the
is more than 1 order of magnitude faster than the depopulation pure dephasing constants (eq 7). The comparison shows that
rate by He and several times faster than that by* Ahe the small changes in cross sections resulted from neglecting
possibility that the dephasing rate may be much faster with SO collision dephasing in the QB decay do not change the
as the collider than with He and Ar suggests that we may be characteristics of the previously reported depopulation cross
able to extract the dephasing rate by,Sfllisions from the sections'
dephasing constants measured for gas mixtures with different The only other reported attempt in measuring collision-
SO, concentrations, even though the concentrations of SO induced pure dephasing in QB was for biacé®i?For biacetyl
seeded in He or Ar are very low. In the case of the He supersonicthe QB arises as a result of singtétiplet coupling!® The earlier
expansion, the pure dephasing rate constant of excited SO study*® indicated a large depopulation and dephasing cross
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TABLE 2: Comparison of the Experimentally Obtained fluorescence QB decay as a function of pressure ofs@ded
Pure Dephasing Cross Sections with Calculated Hard-Sphere  jn a supersonic jet.

(H-S) and Lennard-Jones (L-J) Cross Sections The pure dephasing collision cross sections at 4.8 K have

collision expt  H-S  L-J ratio ratio been determined for three collision partners He, Ar and &0
partner A (A)  (A)  exptH-S  expt/L-J 26, 40, and 720 Arespectively. These cross sections are all
He—SO* 26 35 34 0.74 0.76 smaller than the corresponding depopulation cross seetions
Ar—SQo* 39.5 44 60 0.90 0.66 similar to observations made in previous studies of dephasing
SC-SOr 722 53 87 14 8.3 vs depopulation for biacetyl B and of depolarization vs

depopulation for N@Zeeman QB.Comparisons with the hard

section ¢-100 AZ,) caused by collisions with the bath gas. In @  gphere and Lennard-Jones cross sections suggest that collision-
later study in which much narrower bandwidth excitation source jnqyced pure dephasing is not simply a result of repulsive hard

and supersonic jet cooling of the sample were ddedthough sphere collisions.
no absolute value of collision cross section was obtained because

the local pressure and temperature in the molecular beam were Acknowledgment. This work is supported by the National
not specified, the pure dephasing rate appeared relatively smalleiscience Foundation, Grant No. CHE-0111520.

in comparison with the depopulation rate. This relative mag-
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