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Thermalization of fast cesium 5/, atoms in collisions with ground-state cesium atoms
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We have investigated collisions involving fast, excited Cs atoms produced by photodissocigtimplEs
ecules with a pulsed dye laser. The velocities of the atoms in fhestate formed by the process
Cs(X 12;)+hwpumpa Cs}—>Cs(5D)+Cs(68) are much greater than typical thermal velocities associated with
the cell temperature. Using a narrow-band cw probe laser to observe the increased Doppler broadening of the
5D5,— 5F5), excitation line shape, we are able to monitor the time evolution of the velocity distribution of
these  atoms. We analyze the data using a model that predicts the time-dependent excitation line shape of the
fast atoms. Because the photons used to dissociate the molecules have a well-defined energy, the velocity
distribution of the excited atoms in the early time after they are produced can be fairly well determined. Over
time, velocity-changing collisions with ground-state Cs atoms cause the velocity distribution of excited atoms
to approach the thermal limit. An analysis based on the strong-collision model leads to a prediction that the
observed line shape at intermediate times will be a linear combination of contributions from distinct “fast” and
“thermalized” atomic populations. By fitting our data to this model, a rate coefficient for velocity-changing
collisions of fast C&Dg,) atoms with ground-state Cs atoms has been determined. The kggult
=(6.1+1.2 x 100 cmPs! corresponds to an effective velocity-changing collision cross sectionSgg"
=(1.2+0.2 X 1074 cn?.
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I. INTRODUCTION caused by excitation to thE 'II, molecular statg7P+6S

. - . . atomic limit), which then underwent predissociation to a re-
Photodissociation of molecules into fast, excited atom?:)ulsive32+ state coupled to thel+ 6S dissociation limit. In
. ) . : D Ny )

using a tunable laser provides a technique for producing aaddition, the group at Kobe University has done extensive

oms with well-defined velocities for collision studies. The i Tt 3 . .
: ; work on theC “I1, D "X, and 2°I1, states that predissociate
present work represents our first attempt to develop this con i the 232: state to the B+6S limit [7-12]

. . i
cept into a useful technique. We demonstrate that fast, ex! The excited atoms produced in the photodissociation pro-

cited Cs atoms with a known velocity distribution can becess can be observed directly through the fluorescence the
produced through photodissociation of,dsolecules, and emit. by probe laser absor tign b grobe-laser-induced ion—y
we then observe the evolution of the excited atom velocityiza,[i(’)n gspin the work of CoFI)Iins lan?j/ (F:)o-worke{ 8, or b
distribution due to velocity-changing collisions with ground . -6, y
probe-laser-induced fluorescen@dF). In the case of ab-
state Cs atoms. i ) .
sorption, if the probe laser has a sufficiently narrow band-

Photodissociation of Gsmolecules into ground- and . e
excited-state cesium atoms has been observed since the e th (as. in the present wo}the velocity d|str|but|o.n of the
t, excited atoms can be inferred through the increase of
the

1980s. Pioneering work was described in a series of pape Doppler broadening of the absorption line shape. The

by Collins .and co-workergl—-6]. The process they studied technique of probing the velocity of excited-state atoms by
may be written i . .

observing the Doppler shift or Doppler broadening of asso-

Cs(X 123) + fiwpump— Cs,— Cqnf) +Cg6S), (1) Cciated spectral lines is called Doppler velocity spectroscopy

and has been used for a wide range of atomic and molecular
whereX 12; is the ground state of the cesium molecule andstudies[13-18.
Cs, represents an excited state or states that can be reachedThe excited atoms produced by photodissociation undergo
by a photon of energg w,,m, The identities of these excited thermalizing collisions with ground state Cs atoms and with
molecular states are different for different dissociation prod-other species. The study of velocity-changing collisions in
ucts C¢n¢) and will change withw,,m, In general, they are general has proven to be a rich fidl#9-35. Studies of
not known, although possible assignments can be made usinglocity-changing collisions are essential in the understand-
theoretical potentials. However, the dissociating moleculaing of such phenomena as the diffusion of atoms in a vapor
state must be either a state that is repulsive at all internucle&83], collision-broadened line shapg®1,27,28, and light-
separations or a bound state that is pumped above its dissmduced drift [23,24,26. Since the details of velocity-
ciation limit. In either case, the molecule splits apart into onechanging collisions depend on the interaction between the
excited- and one ground-state atom. The excess energy of tlgelliding atoms, measurements of thermalization can yield
photon above the dissociation threshold goes into the kinetisnportant information about the interatomic potentigd§)].
energy of the resultant atoms. Collies al. [2] speculated For ground-state atoms, velocity-changing collisions can be
that photodissociation of Gsnolecules with blue light was investigated through studies of atomic diffusion. For atoms
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FIG. 1. Experimental setup. M, BS, L, ND, and IF represents mirror, beam splitter, lens, neutral density filter, and interference filter,
respectively.

in excited states, short lifetimes generally preclude studies of This paper presents our results on the production of fast
this type. Therefore, velocity-changing collisions involving CS5D) atoms by pulsed laser photodissociation of @sd
excited states have been studied primarily in two-step linghe subsequent thermalization of the fast, excited atom popu-
shapg21,27] and light-induced driff26] experiments. lation. By observing Doppler broadening of the(&8B;,)

In two-step line shape studies, a narrow-band laser is used: Cq5F5,,) excitation line shape using a narrow-band cw
to excite a single velocity group from within a thermal popu- Ti:sapphire laser in a time-resolved fashion, we are able to
lation. The thermalization of this selected velocity group ismonitor the velocity distribution of the excited Cs atoms as a
then monitored through the broadening of probe laser transfunction of time. Because high initial speeds can be ac-
tions to a more highly excited state as a function of densityessed, this technique complements the two-step line shape
of the collision partner. While these studies have yieldedstudies. Our analysis provides a model for the line shape of
much important information about velocity-changing colli- the nascent fast atoms, including the homogeneous line
sions and their effects on line shapes, the range of velocitieshape due to natural broadening and optical pumping of the
that can be selected is limited by the requirement that th@yperfine levels, and Doppler broadening. We also formulate
laser detuning be within one or two Doppler widths of line the expected time evolution of this line shape, using the
center. This is because the wings of the spectral line argtrong-collision model[37]. The line shape is a time-
dominated by the Lorentzian function resulting from naturaldependent linear combination of contributions from “fast”
and pressure broadening. These wings have contributions ahd “thermalized” excited atoms. By fitting our data to this
all frequencies from each velocity group and therefore promodel, we determine effective rate coefficients and cross
vide no selectivity. For sodium a=500 K, this requirement sections for velocity-changing collisions with an initial ve-
limits the range of velocities that can be studied 40 |ocity of ~5% 10* cm/s. For comparison, the mean thermal
<=2X10° cm/s. velocities arev=(2.6—2.8 X 10* cm/s for our temperature

The technique we have developed goes beyond the usugingeT=161-226 °C.
pump-probe methodology, which typically yields either time-
averaged line shape informatidwhen two cw lasers are
used or time-resolved populations without line shape infor- Il. EXPERIMENT
mation(when two pulsed lasers are u$eBy using a pulsed
laser to create fast atoms with a well-defined velocity distri-
bution and then using a cw laser to probe the time-dependent The current experimental setup is shown in Fig. 1. Ce-
thermalization, we obtain both the time resolution of thesium metal, contained in a sealed cylindrical Pyrex cell
pulsed laser and the frequency resolution of the cw laser, s@pthos Instrumenjswith a diameter of 25 mm and a length
that time-resolved line shapes can be recof@sd. of 8 cm, was heated to temperatures in the range of

A. Experimental setup
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161-226 °C. At these temperatures the cesium atomic den- ¢ Delay Time
sity ranges from 3.X10%to 4.5x10®cm3, while =30ns
the molecular Cs density is in the range 310
f o Delay Time
§ 8

—1.2x 10" cm 3 [38]. A homemade, tunable, pulsed dye la-
ser, pumped by the third harmon{855 nn) of a Spectra- - 710 ns
/i \
TS A\ Y

Physics DCR-11 Nd:YAG laser, was used to photodissociate

Cs, molecules. Using Coumarin 480 dye, the laser typically

produces 6 ns pulses at 10 Hz, with energies between 20 and

50 wJ, in the wavelength range from 463 to 497 nm. The g %

multimode laser linewidth was determined to &80 GHz ®

using a series of solid etalons. The pulsed dye laser was used g ?

to pump Cs molecules to a repulsive stater to the repul- - i -

sive wall of a bound state above its dissociation ljntfitat -2 -1 0 1 2
dissociates to theS,,+5D; atomic dissociation limits or to Probe Laser Detuning (GHz)

a bound state that predissociates to these lif2if3]. A Co-

herent Model 899-29 cw Ti:sapphire laser, pumped by 10 W FIG. 2. &5, 7,—5Ds), fluorescence signal recorded as the
from an argon ion laser, produces 100-900 mW of poweprobe laser is scanned over thBg,— 5Fs, transition. The fluo-
near 800 nm, with a linewidth o&£1 MHz. This laser was rescence signals shown are for delays of 30@sand 710 ngO)
used as a probe to further excite thB @toms to the B after the photodissociation pulse.

state. Typically, we chosels;,— 5Fs, as the probe transi-

tion. Neither laser beam was foculsed in this experiment. A Stanford Research Systems model 250 boxcar averager
Fluorescence was detected at right angles to the Cs cell by,q gated integrator was used to process both fluorescence
one of two detectors. The first detector is a Hamamatsu R92§,q ahsorption signals. The advantage of the boxcar is that it
photomultiplier tube(PMT) attached to the output of a Spex gjjows the averaging of signals associated with multiple dye
1681, 0.22-m monochromator. The monochromator resolupser pulses for each data point recorded, as well as the abil-
tion is 3.6 nm/mm, with a 1200 lines/mm grating blazed atjy 1o set a gate to perform measurements within a certain
500 nm, and slit widths of 5@m to 2 mm were used 10 {ime window. Electronic noise related to the firing of the
obtain reasonable signal to noise with acceptaple resoluuorbmsed Nd:YAG laser prevented clean signal acquisition dur-
Resolved fluorescence was recorded by scanning the monQyq the first 20 ns after the pulsed laser fired. Thus the earli-
chr_omator with both lasers held at fixed frequencies. Alteragt fluorescence collection window we used began at a delay
natively the monochromator was set to transmifss 72 of 20 ns after the end of the dye laser pulse. The end of the
—5Dg), atomic fluorescence while the probe laser waspnotodissociation dye laser pulse was taken to@ Timed
scanned over thel®;,— 5Fs, transition to obtain excitation  excitation spectra were taken by scanning the cw probe laser
spectra. In this latter application, the monochromator acts agyer the B, 5Fg, transition while the boxcar gate was
a filter to isolate fluorescence from th& State. The second gt to monitor %/, 71— 5Ds ), fluorescence over a 20 ns in-
detector is a free standing PMHAamamatsu R928with an  teryval. The time between the end of the dye laser pulse and
interference filter[\o=811 nm, 8.7 nm full width at half (e center of the boxcar detection winddwhich we will
maximum (FWHM) bandpaskattached to the front of the henceforth refer to as the “delay timelvas varied for each
detector mount. With this detector, total broadband fluoresscan in order to get a clear picture of the time evolution of
cence on the B, 7,—5Ds), transitions(808.2 nm was re-  the spectral line shapes. We observed that the decay of the
corded while scanning the Ti:sapphifgrobe laser over the  flyorescence signal in time was consistent with the radiative
5D3/,— 5Fg); transition(801.8 nm. Combinations of Schott  jifetime of the cesium B state(1 us), leading to the con-
NG-5, NG-4, and NG-3 neutral density filters were placed incjysion that no significant ionization was occurring due to
the Ti:sapphire beam before the Cs cell to reduce the powghe combined effects of both lasers. In addition, we used the
to 100—150 mW(beam radius~1 mm) in order to reduce monochromator to search for fluorescence from high-lying
power broadening of the spectral lines without too much losgxcited states other tharSor 5F that would likely be pro-
of signal to noise. duced by recombination of ions in the vapor. No such fluo-
A third PMT (Hamamatsu R2368vas used to detect the rescence was observed, thereby confirming that no signifi-
Ti:sapphire laser intensity transmitted through the cell. Thesgant jonization was taking place.
transmissionor absorption measurements were used to de-
termine the density of B atoms that was produced through
molecular photodissociation. In this case, NG-1, NG-10, and
NG-3 neutral density filters were placed in the beam path An example of our observations of the thermalization of
before the cell to protect the PMT and to ensure that thdast, C$5D3/,) atoms is shown in Fig. 2. The recorded sig-
absorption remained in the weak fielinean regime. For nals representf, ;,— 5Ds), fluorescence as the probe la-
these measurements the probe laser power incident on tiser was scanned over th®%,— 5Fs/, transition(excitation
cell was in the tens ofiW range. An RG 780 long pass filter spectrafollowing pulsed laser photodissociation of &sol-
and an 811-nm interference filter were placed in front of theecules. Each data point represents an average over 30 shots
detector to discriminate against scattered photodissociatioof the pulsed dye laser. TheD3,— 5Fs, excitation line
laser light. shape, recorded in the early tinfhe 30 ns after the firing of

Intensity (arb. units)

B. Experimental results
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the pulsed dye lasgbefore thermalizing collisions have had dissociation are also included, using the strong collision

a chance to occur, is clearly broadgfWHM~ 1.5 GH2 model. We begin with a very simple model, and then we

than the late time scaf~710 ns after the pulsed laser fires, introduce the refinements necessary for a quantitative de-
FWHM ~ 1.0 GH2. This early time broadening is due to the scription of the experiments.

fact that excited atoms produced through photodissociation : " -

have high speeds that lead to an increased Doppler broaden- A S_'mple_ modef for the_ tOp_hat_ lm_e SZ?DG
ing of the probe laser transition. As time goes on, the line- We consider first the velocity distributioH® that would

width decreases due to thermalizing collisions that tend téiS€ in the idealized, limiting case that all absorbing Cs
reduce the speed of the excited atoms. Since the time neced©/ecules are in the rovibrational ground state. We also as-
sary to thermalize the excited-atom speed distribution desume that the molecules are at rest in the laboratory—that is,

creases with increasing cesium dengisge Sec. IV, it is they have no center-of-mass translational motion—and that

clear that collisions with other cesium atoms are at least®Y dissociate isotropically. Finally, we neglect homoge-
neous broadening in this simple model.

partly responsible for the thermalization. X | )
Data were taken at several different cell temperatures. The Figure 3 illustrates the process we consider. A G®l-
cule is excited from a single rovibrational level of the elec-

ground-state cesium density corresponding to each temper§

ture was obtained from the vapor pressure curve of Nesmeﬁomc ground state to the continuum of levels associated with
anov [38]. The probe laser was scanned over tH2;5 a hypothetical repulsive state that dissociates to th&Ds

— 5Fs), transition and s, 7;,— 5D/, fluorescence was de- +C46S) separated atom limit. Photons with a broad range of
tected in a 20-ns window at a number of different delay€nergies can be absorbed, with probabilities determined by
times. For lower densities, the thermalization process takeound-free Franck-Condon factdi39]. If we let 7iwpmp be
longer, and delays up to &s were used. At higher densities, the energy of the pump laser photon @, be the energy of
delays up to only a few hundred nanoseconds were necelfle molecular rovibrational level of the electronic ground
sary. Three scans of the probe laser across tbg,5 State before photodissociation, then the energy difference
—5Fs), transition (~30 minutes eachwere recorded for AE = hwpump* Ey3— Espses (2)

each delay time at each density in order to more accurately ] )
determine the linewidth. goes into translational energy of the resultant free atoms.

Here the asymptotic energy of the dissociation lif&ip. )
and all other energies will be referenced to #he0, J=0
Il. THEORETICAL ANALYSIS level of the Cs molecular ground state. Since these atoms

This section describes our analysis of the velocity distri-Nave equal massesy), they shareAE equally, and the speed

bution of fast atoms created by molecular photodissociatior?pn €ach atom gains from the photodissociation process is
This velocity distribution plays a crucial role in the interpre- given by

tation of the probe laser excitation line shapes observed ex- 1 1

perimentally. We will discuss the effects of molecular motion EAE = Emvf,h- 3

and the thermal distribution of population over rovibrational

levels of the molecule prior to photodissociation, naturalin our ideal case, the dissociated atoms will all have the same
(lifetime) broadening, pressure broadening, and opticabpeedp,n=vo, Wherev, is determined from Eqg2) and(3)
pumping. The effects of thermalizing collisions after photo-by settingE, ;=Ej =0:
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AE = fiwpump= Espres = Mog. ) B exp[ EU’J] : (8)

g(Eu,J) = (kBT)2 - kBT

where E, ;, now regarded as a continuous variable, is the
1 initial rovibrational energy(RecallE, =0, soE, ;=0.) In-
f OV = ——8pn—vo), (5 cluding the effects of this distribution, but still neglecting the
4mug center of mass translational motion of the, @solecule, we
find that the distribution of cesiumyy;, atom velocities af-
ter photodissociation itsee the Appendjx

Under these conditions, the distribution of velocitiq,ﬁ is

where fO(v,)d®v,;, is the probability that the excited6
atom has acquired a velocity betweegf andv,,+ d3vph as a

result of the photodissociation process. f D (vyp)
We now consider the3— 5F probe laser absorption line 2P W2 -2 (w2 - 02)
shape that would result from this simple velocity distribu- Yph'Yph Y0 exp{— M}, Uph > Ug
tion. When all homogeneous broadening effdethich will =1 (keT)*  4mvd, keT P
be considered in Sec. Il Dare neglected, the absorption line 0, Uph < Vo

shapeksp_,se(Aw) depends only on the Doppler broadening, ©)
which in turn depends on the distribution of the component
of 5D atom velocities along the probe laser propagation di- The second effect that we consider is that molecules in the
rection defined by the probe laser wave vedtpr We can  vapor have center-of-mass translational velocity before the
write photodissociation pulse breaks them into separated atoms.
This center-of-mass velocity ,, is passed on to both disso-
© ciating atoms and simply adds to the velocity acquired
kEDﬂSF(A"’):Nff (Von 6(Aw — k. 'Vph)dg"ph! (6) through photodissociation. We can now regarg as the

velocity acquired by the atoms in the rest frame of the Cs
molecule; the total velocity of a photodissociated atom in the

where Aw=w-wyq is the detuning of the probe laser fre- .
laboratory frame is

quency o from the line center frequencw, of the 5D
— 5F transition, |k |[=wo/c, andN is a normalization con- V= Vot Vo (10)
stant. The integrals can be evaluated analytically, leading to _ o )

Prior to photodissociation, the molecules in the vapor have

center-of-mass velocities that can be described by a

wol
N for |Aw| < —=2, Maxwell-Boltzmann distributiorf40]:
wolo C
Ksp_.sr(Aw) = o (7) " ( )3/2 p( Mv§m>
oo f Vem) = expl - —=, 11
0 for |Aw| > c molecule( c.m) ZﬂTkBT ZkBT ( )

. . . _ where M=2m is the mass of the Gsmolecule. The final
ksp_.5F(Aw) describes a “top hat” line shape: constant over ayigyribytion of velocitiesf(v), characterizing theBs;, atoms
certain region and zero everywhere else. The width of th'?ust after they are created by photodissociation, is given by a

line shape can be much larger than a typical Doppleryqnyoiution of the velocity distribution in the rest frame of

grogcti)ened G]:aussian I_irnhg shape _assoglilateq W!;hr? therm?liz% parent Csmoleculef®(v,,) with the distribution of Cg
istribution of atoms. This situation will arise if the transla- o~ 200 7 o

tional energyAE available after photodissociation satisfies
AE>kgT where kg is Boltzmann’s constant and is the o MB 3
absolute temperature. f(v) = [ £ = Vem)f molecud Vem)dVem.  (12)

The angular parts of this integral may be evaluated analyti-
cally, but the rest must be done numerically.

We now consider a more sophisticated model for a veloc-
ity distribution f(v) that includes the effects of each3sol-
ecule’s internal rovibrational energy and translational energy
prior to photodissociation. Henceforth, we will concentrate The velocity distribution derived in Sec. Il BEq. (12)]
specifically on the B5,, atoms produced by molecular pho- applies only in the absence of collisions. Now we consider a
todissociation. simple collision model that includes the effect of thermaliz-

The first effect we consider is that many rovibrationaling collisions and that will enable us to interpret the time
levels in the molecular ground state are thermally populatedjependence of our measured line shapes. The key physical
and therefore B;,, atoms with velocities greater thag will point is that collisions gradually change the velocity distri-
be produced by the photodissociation process. As shown ihution of excited 5, atoms produced by photodissociation
the Appendix, the distribution of thermally populated rovi- [and described by Eq12)] to a Maxwell-Boltzmann distri-
brational levels of the molecular ground state prior to photo-bution depending on the temperature. Our time-dependent
dissociation can be modeled by a density of states excitation line shapes allow us to monitor this evolution.

B. Realistic velocity distribution

C. Strong-collision model
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Wg adopt_a very sir_nple Boltzmann equation for the n5D3/2(t):n0 exp(— F5D3/2t)’ (19
density-velocity d|str|but|orp5D3/2(v;t) of the 5, atoms
[41]: wheren, is the initial density of B5,, atoms just after pho-
todissociation. With this solution fomstlz(t), Eqg. (17) can
dpsp, ,(V;t) be solved exactly:

== [Feon(v) + I'sp, ,lpsp, ,(Vit)

ot psp,, (Vi) = exp(='sp, t{psp, ,(V;0)exp(~ ipernt)
+ f Kv' — V)P5D3/2(V, v, (13 +no[1 - exd— Cinernd) I QAtffn{V)}- (20

This solution has a clear physical interpretation. The leading
where the collision rat€ . (v) is determined by the collision €xponential factor represents the overall radiative decay out
kernelK, of the B, level. The first term inside the braces represents

the decay of the initial velocity distribution ofCh,, atoms

due to collisions, at the ratig,.,, The second term shows a
Leoan(v) :f K(v—v)d%’, (14)  corresponding increase in the number of thermalizBg,5
atoms described by the Maxwellian distribution.
andT'sp,, is the total radiative decay rate out of th®, We can now identify the termsp, (v;0) in Eq. (20) as
level. We adopt a simple expression for the kernel based o€ing proportional to the velocity distributiditv) [Eq. (12)].
the strong collision moddi37,41,43, The velocity distribution att=0 characterizes the “fast”
5D5,, atoms produced by the photodissociation process. In
K(V— V") =Tiemt g"tgm(v'), (15) the strong-collision model analysis, the Maxwellian distribu-
tion describes the “slow” atoms that have been thermalized
Wherefg"tgm is a normalized Maxwellian distribution, by collisions. We can rewrite E¢20) in a way that empha-
o ) sizes this interpretation:
v
ftond(V) = ( ZkaT) eXp(- 2kBT>' (16) pep,,, (Vi) = NGE (DF(V) + NV (O NS (v),  (2D)

where the “fast” and “slow” atom densities are given by
I?slppropriate fractions of thellhy, atoms that have or have not
undergone a thermalizing collision,

The strong-collision model assumes that one single collisio
is sufficient to thermalize the velocity distribution of the at-
oms involved. The effective rate of such collisions is given
by T'coi(V)=T'iherm Even if one physical collision does not ndast (1) = ngpy - (t)exp(— Cpernt) (22)
totally randomize the velocity, the strong-collision model is 32 ¥
often still quite good ifl'y%,,, is regarded as the time over and
which several collisions together effectively randomize the low) /es _
velocity. Substituting the spgecific form of thg kerrkelgiven n(55003/2)(t) =Nsp, ,(O[1 ~ €XH~ Tiperd) 1. (23
by Eq. (15) into Eq. (13), we find
(9P5D3,2(V?t) D. Homogeneous line shape
g~ Winem* I'so,,)pspy, (Vi) In order to model the By,— 5Fs, probe-laser-induced
excitation line shape, we must convolute the intrinsic homo-
* Cinern atonfV)Nsp,,, (V) (17)  geneous line shape of the transition with the Doppler shift
determined by the component of the atomic velocity in the
where direction of the laser propagation. Several effects contribute
to the homogeneous broadening in the present case. We con-
_ .. , sider naturallifetime) broadening, pressure broadening, and
Nsp, (1) = f Psy (V' DAV (18 yptical pumping. We will includegthr:ase effects in a rategequa-
tion model for the density-velocity distributions of th®§,
is the total density of atoms in théd,, level at timet. [Note and 55, levels. The solution to the rate equations,
that according to Ref. [43], the Cg5D35)  psr,,(V,Aw;t), at various times and various probe laser de-
+C9q6S;)p) <> CH5D5,,) +CH6S;/,) collisional excitation  tunings from the B3,,— 5F5), transition, gives the homoge-
transfer rate is smaller than theD§, radiative decay rate neous line shapkl(Aw—Kk -v,t) for the probe laser excita-
even at the highest densities used in the present study amidn scans, because the observéd-55Ds,, fluorescence at
much smaller than the thermalization rates measured heréme t and probe laser detunidjw for atoms moving with
Thus on the time scale of interest for the present experimentelocity v is simply proportional to the density ofF5atoms
we are justified in neglectingl®;», < 5D5, collisional trans-  with velocity v at timet and detuning) w.
fer in Egs.(13) and(17), especially since the thermalization ~ Natural broadening can be described by a Lorentzian
rates are expected to be comparable for both fine structufenction representing each of the hyperfine components of
levels] Integrating both sides of Eq17) overv and using the 3Dj,—5Fs, transition. For natural broadening, the
Eqg. (18) leads to an equation farsp, (t) whose solution is  Lorentzian half widthl'y is given by
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SF—K respectively. The hyperfine structure of thesp level is ne-
glected, as the level splittings<10 MHz) are smaller than
Probe the homogeneous linewidth. We also take into account the
Laser 5F5,—6D35 5, decay channels(in addition to 55,

—5D3/, 5/ In determining the radiative rate out of the,
level (I's, ,~1.43X 10" s7*) [44]. In the present context, we

i=4 neglect velocity-changing collisionghese will be incorpo-
¥ 3DaF=3) s rated into the model in Sec. )Vas well as collisional exci-
5D,(F=4) tation transfer to other levels. However, we demonstrate in
....................... b Ao SO, Ref. [49] that B3y<>5Dq), and Feer 5Fyy, collisional
_y 30w 3) i=1 mixings have no significant effect on our measured thermal-
5Dy (F=2) ization rates. Therefore, here we consider an open five-level

system with densities dependent on both the probe laser fre-
FIG. 4. Energy level diagram used to construct the opticalquency and the time after the pulsed photodissociation laser
pumping model for the cesiunDl,— 5F5, transition. The indices  initially populates the By, level. The rate equations de-

i=1-4correspond to the notation used for tHasp hyperfine lev-  scribing the evolution of population in the five levels are
els in the rate equations given by Hg5).

’.)SFS/Z(V, Aw ) t)

T'y=2> Asp it > Ase ke (24) :
j . <2 => Pi_sr (Ao =K -V)pi(V,Awt) = | Tse
i=1

whereA,_,; is the spontaneous emission rggnsteinA co- 4
efficieny for the transition between leveisand j. In the + ip_ Aw-K -V VAot
present casd,;y=1.54x 10" s7* [44]. ,;1 Osr, 55l LV) | Poeg,(V Awit),

Pressure broadening due to Cs-Cs collisions can also be
repre_sentgd by a Lorentzian function with a density depen- pi(V,Aw:t)
dent linewidth,I'y,,=kg,,ncs TO the best of our knowledge, the
CH5D4,) — C95F5,,) broadening ratés,, has not been de-

termined. However, a crude estimate g, ~4 = | Torg

x 1072 cm®s™! (based on available data for other alkali col- g

lisional broadening ratdgt5—47]). For our range of Cs den- Y 5 . )
sities, nee=3.7X 10M—4.5x 105 cmi3, T, is likely to be in * gSFS/ZPHSstz(A“’ K V)]PSFS,Z(VAW)

the range X 10°—3% 10’ s7%, and thus might be significant

at our higher densities. However, due to the uncertainty, we ~[Pimsry (Ao =k -V) +T'sp, lpi(V,Aw;t).
decided to negledt), in our homogeneous line shape model. (25)

Tests in which we increasdd,=I'y+I',, by as much as a )

factor of 2 indicate that neglect @, has little effect on our In these equations,

results. We also ignore Cs-g£sollisions because the mo-

lecular density is much lower than the atomic density. Pi_sr, (Aw—k_ V)= laseli(Aw =K, - V)
In the present experiment, the intensity of the probe laser

is sufficiently high that optical pumping effects are expected. (26)

Optical pumping occurs when the laser depletes the popula- . . .

tion of those lower-state hyperfine levels that possess afS the Probe laser pumping rate, which enters in both absorp-

lowed transitions with which the laser is nearly resonantlion and stimulated emission ternt;, .se, , is the Einsteirs

Through spontaneous emission, this population is then redigoefficient,Li(Aw—k_ -v) is the Lorentzian line shape func-

tributed among the various hyperfine levels. In the preseniion (due to natural broadening but neglecting pressure

experiment, the probe laser intensity wa$ W/cn? (re-  broadening, as explained previousfyr thei — 5F, transi-

quired to yield acceptable signal to noisehile the satura- tion evaluated at the Doppler-shifted laser detuning

tion intensity of the B5,— 5F 5, transition is 1.6 mW/cth ~ A@=K_-V, ljaseris the laser intensity, and; and gs, , are

[Egs.(7.4.5 and(7.5.4 of Ref.[48]]. statistical weights. The first equation describes the evolution
We now describe the rate equation model that was used tof the 55, population for velocity class, which is propor-

determine the density of upp€bFs,) state atoms, with ve- tional to the measuredFs—5Ds,, fluorescence signal for

locity v. We can write a set of time-dependent rate equationghat velocity class. The second equation describes the evolu-

that depends on the quantifyw—k, -v, which incorporates tion of population in each of the four hyperfine levels of the

the effects of the probe laser detuning and the atomic velod®Dz/, state(i=1-4) for this velocity class. The initial con-

ity component in the direction of the probe laser propagationditions are that the densitpse_ (v,Aw;t) of the upper

A schematic diagram of the energy levels and transitions i$5Fs,,) level is zero at=0 and that the B, hyperfine lev-

given in Fig. 4. The B3, level is made up of four hyperfine els are populated at0 (by the photodissociation process

levels(F=2, 3, 4, 9, which we label as levels=1, 2, 3, 4, aratio determined by their statistical weigltfs7:9:11. The

Bi_sr,,
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with the velocity distribution to model the full probe laser

??O”S excitation line shape. Because the solution is time dependent,
410 :: a different homogeneous line shape function must be used to

. 810ns model the data at each time. However, the main contribution
of homogeneous broadening occurs in the wings of the line
at all times. The overall width of the excitation lines is de-
termined mainly by Doppler broadening.

IV. PREDICTED EXCITATION LINE SHAPE AND FIT
TO THE DATA

In the preceding sections, we have considered the effects
of the probe-laser-induced optical pumping on the homoge-
neous line shapdSec. Il D) while neglecting velocity-
changing collisions. We have also considered the effects of
velocity-changing collisiongin the absence of the probe la-
sel using the strong collision modé&bec. Il C). We are now
ready to combine these two models to predict the full exci-
tation line shapes.

The contribution to the probe laser induced fluorescence
(excitation line shape for an atom moving with velocityis
proportional to the Doppler shifted homogeneous line shape
determined in Sec. Il D. For a sample db§, atoms char-
acterized by density-velocity distributignp, (v;t), the line

H(Aw—k 1) (arb. units)

06 -04 -02 00 02 04 06 shape (normalized ¥ —5Dg, fluorescence intensity as a
Detuning (GHz) function of probe laser detuning near thB,— 5F;, tran-

sition at timet) is given by the convolution
FIG. 5. Homogeneous line shapgAw—k, -v,t) obtained from

the solution to the optical pumping rate equation mdés|. (25)] _
for the time-dependent Fg,, state density-velocity distribution |5FH5D5/2(A“’ = Neo. (1)
psr, (v, Aw;t) [cf. Eq. (27)]. 312

f H(A(,l) kL \) t)p5D3/2(V t)d V.

(28)
system of equations was solved numerically as a function o§ubstituting the form ofp5D (v t) determined in Egs.
time for each detuning parametét—k, -v using the MAT-  (21)_(23) |eads to
LAB routine obe45, which uses a Dormand-Prindéd,5)

Runge Kutte formuld50] combined with adaptive step size Isr .sp, (Aw,t)
selection. The calculation was done for each probe laser de-

. . fasi) ( ) n(s:low) t
tuning on a grid of 10 MHz. _ Nsp,, (fast ( )+ 5D3/5 | (slow (Aw.t)
For reasons given earlier in this section, we relate the Nsp, () SF=5Dg M =" 60,,() |57 505,
3/2

homogeneous line shape function w;igpw(v Aw;t):

= exp(- Ftherni)'éé%soSIZ(Awyt)

oy _ _ +[1 - ex- Temt) 1§78, (Aw,1), (29)
The proportionality constant is chosen so that the integral of
the homogeneous line shape functibitAw—-k, -v,t) over  where we have defined separate contributions from the “fast”

H(Aw - k|_ . V,t) o« pSFS/Z(V,Aw;t). (27)

Aw is equal to unity. and “slow” components of our model velocity distribution:
Figure 5 displays the results of this calculation. The re-

sults are shown as a function of detuning for several fixed 10asd  (Aw,t) = JH(A“’ k,-v,nf(v)dv  (30)

times. For small but nonzetothe solution is just the sum of 52

four Lorentzian lines associated with the four hyperfine Iev-and
els of the B4, state, populated in their statistical ratio. As

time progresses, optical pumping effects begin to distort the ((slow 3
homogeneous line shape. In the late tifaefew hundred 55D, (Aw,t) = JH(A‘U ke -V, Do V)dv. (3D)
nanoseconds after the photodissociation putbe strong

probe laser has severely depleted the population of those Note that the homogeneous line shap@w—-Kk, -v,t) is
hyperfine levels with nearly resonant transitions, creatingime dependent, due to the optical pumping effects, so both
dips in the line shape at the resonant frequencies of the hyast and slow line shapes have a small dependence on time.
perfine transitions. Additional broadening in the wings of theFor each time of interest, one must calculate a fast and a
line is now the prominent feature of the line shape. In theslow atom line shape. The calculation is performed numeri-
next section, we will convolute this homogeneous line shapeally. H{Aw—k| -v,t) is determined from the solution to the
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e Fast Atom

Line shape

o Slow Atom

Line shape

Intensity (arb. units)
Intensity (arb. units)

-2 -1 0 1 2
Detuning (GHz) Detuning (GHz)
FIG. 6. Fast(®) and slow(O) atom line shape functionsle- FIG. 7. Fit of one ®3,— 5F5,, excitation line shape, recorded

fined in Eqs(30) and(31)] computed for a delay time of 30 ns after at a delay time of 300 ns, to a linear combination of fast and slow
the photodissociation pulse and a cell temperature of 208G  atom line shapes. The fitting parameters for this data setBare
=2.41x 10" cm™3). The line shapes have been normalized to have=88.9, C=0.146, andl'y,em=3.73% 10° 1. The frequency scale

the same area. was adjusted by 0.096 GHz, in order to match line center. The cell
temperature for this data set wa3=208°C and ncg
rate equation$Eq. (25)] as described earlief(v) is deter-  =2-41% 10'® cmi 3. The experimental points are represented by

mined by numerical integratiofEgs. (9)—(12)], andfatom(v) open circlegO) and the solid curve is the fit.

is known analyticallyfEq. (16)]. The line centew=wy) is

taken as the weighted average of the folr;5(F) — 5F5)» four parametersB, C, wo, andl'em), using a general least-

) " . (fast squares fitting prograrfb2]. Data were taken at several de-
hyperfine transitiond51]. The line shapedgc=s, and |4y times for a given Cs ground-state density. A plof'gfim
IgSF'ZW)SD are separately normalized so that their integralsas a function of time foif =208 °C (nge=2.41x 10'° cm™3)
over detuning are unity. is shown in Fig. 8. The strong-collision model predicts that

Figure 6 shows examples of these line shapes. The fadtnermsShould be a constant in time and this appears to be true
atom line shape is broad because of the Doppler shifts ass@4thin experimental uncertainties.
ciated with high speeds and is slightly asymmetric due to For each Cs ground-state density, a best valu'Qf,
shifted centers and weightings of the four hyperfine compowas determined from a weighted average of all scans and
nents. The slowtherma) atom line shape more closely re- delay times recorded at that density. We note that very early
sembles a Voigt profile, but is somewhat different because
the homogeneous line shape is not a pure Lorentzian, even in
the earliest times. 10 ~
We fit our data at each delay time to a linear combination
of fast and slow atom line shap¢Eq. (29)]. The explicit
form of the fitting function we used is

sk 5p,,,(® = @, 1)
= B{exp(— I'inermt)! g,"é‘i"5D5/2(w - wo,t)
+[1 - expl- TinernD) N85, (@ = wo,0)} + C.
(32

l—‘therm (106 S-I)

In this expressionB is the overall normalization factdtak-
ing into account detector efficiency, etandC is a base line |9
correction that takes into account the nonzero voltage offset
of the boxcar averager. Neither of these fitting parameters is 24 1
significant in determining the thermalization rate, but must T
be allowed to vary in order to obtain satisfactory fits of the 1 =
data and accurate values 0§, The line center frequency 0
wy is also allowed to vary to compensate for small absolute
errors in the probe laser wavemeter readings.

A typical scan with fitted line shape is shown in Fig. 7.
For a given data set, we input the known delay time between FIG. 8. Plot of['yem (obtained from the strong collision model
the end of the photodissociation laser pulse and the center ¢f of the data vs time after the photodissociation laser pulsd at
the fluorescence collection window, and fit the data with the=208 °C andngg=2.41x 10'° ¢ 3,

T T T T T T T T T T T 1
0 100 200 300 400 500
Delay time (ns)
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o kic=(6.1+1.2 X 10 cnPs?, (35)
while the effective cross section is
7 oo3&=(1.240.2 x 10 cn?. (36)

The error bars given in Eq$35) and (36) are the statis-
tical errors only. In Ref[49], we examine the effects of the
nonzero % ; state lifetimes and the nonzero duration of the
boxcar averager fluorescence collection window on the ex-
- perimental values fol e In that reference, we solve the
2 1 coupled-state rate equations in the weak and strong pumping
limits and show that the errors in our measured thermaliza-
] I tion rates due to these effects are less than 50% in the worst

1_"rherm (106 s l)

case(large I'jerm €arly time, weak pumping limitand are
typically less than 20%. Roughly speaking, averaging over
the 20-ns boxcar gate duration is found to have little effect
on the measured thermalization times, which range between
0 —r - r - r T 1 200 ns and lus. The nonzero 5; state lifetimes(~70 ng
0 1 2 , ?5 B 4 > are more significant because they introduce a systematic er-
Cs Density (107 cm™) ror into the results. Although our recorded signal is tie 5
FIG. 9. Plot ofl'y,erm s Cs density. The solid line represents the —5Ds)2 fluorescer_me observed at tirhe sensitivity of the
best straight line fit to the data, and its slope gives the value of thgr(?be laser techmque. to ffaSt Versus .SIOW a.toms occurs at the
velocity-changing collision rate coefficientk\c,écz(&lil.a point of absorptlor(whlt_:h,.ln general, is earlier thar’dug to
¥ 1090 e sl the nonzero B; state lifetime§ rather than at the point of
emission. In the weak pumping limifweak probe laser

time and very late time delays have large error bars due t“mlt)’ we find that this effect does not depend strongly on

. . _tne value ofl "¢ (for the range of y,em values used in this
the fact“that t”he observed line s_hapes are "?‘ImOSt pure faswork), but does depend strongly on the observation time.
or pure “slow” atom line shapes in those limits and therefor

. ®However, if we instead use a strong pumping mdsiélich
they are not sensitive to the value Bf ¢/ ! g pumping md

A plot of Ty VErsus cesium ground-state density iSshould be more applicable for the present experimeéhén

- . this effect is dramatically reduced as the effective upper-state
shown in Fig. 9. The error bars represent the standard dev"li"ifetime is decreased due to stimulated emission. In this latter

tion qf the averagedl e values fqr aI.I data taken at a given case, light-induced drift effects could be included by assign-

density. If the observed thermalization of (685,) atoms ing different thermalization rates to thé®§, and s, lev-

was due only to collisions with ground-state cesium at0msels[37], but this would represent a higher-order correction to

we would expect the rate equations. Thus we conclude that the systematic er-

(33  rors inkGEc andoGE" which are determined from an aver-
age over many¥'y,erm values obtained at different observation

wherekycc andatc are the velocity-changing collision rate times and densities, are probably no more than 20%.
coefficient and the velocity-averagddffective cross sec-

tion, respectively, andv) is the average collision speed
(which is approximately equal to the speed of the excited- ELECTRONIC STATES RESPONSIBLE FOR THE
atom created in the photodissociation proge€air data do OBSERVED PHOTODISSOCIATION OF Cs.

show this linear relationship. However, the nonzero intercept This section addresses the question of which electronic
implies that thermalization also occurs through collisionssiates of Csare responsible for the photodissociation pro-
with impurity gases in the sealed cesium cell. Thus we fit theess observed in this work. Our analysis draws on the theo-
thermalization rate versus Cs density with the function  retical potential curves of Spid&3], the selection rules for
(34) predissociation and photodissociatif#9], and the experi-
ments of Collinset al.[2]. Because Collingt al.[2] noticed
where we assume that the impurity contributk{ﬁicmm is  that the blue Csphotolysis band they observed closely re-
constant in temperature. We do not know much about theembled the shape of tHe&— X absorption band, they sug-
nature or concentration of the impurities in our cell, so we dogested that the photolysis most likely occurred through pre-
not try to determinek/t.. However, we have also observed dissociation of the bounB 11, state by the repulsive limb of
the effects of the impurities in the same cell in studies of thehe 332l+J state. Conversely, they attributed the green Cs
fine structure changing collision process, (€%, +X  photolysis bandwhich also produces®+6S atoms to di-
—C96P,,)+X, where X is the impurity collision partner rect dissociation to the 2. state. It is now known that there

_ _ _ _eff
I'therm= kvecNes = (avecv)Nes = oyec(viNes

_Cs Im _1Cs
Ltherm= kvccNes + Kyechim = Kygches + const,

[49]. are two upper states associated with the-X absorption
The slope of the best-fit line yields the cesium velocity-band: 3'3! (dissociating to the $+6S limit) and 311, (dis-
changing collision rate coefficient, sociating to the P+6S limit) [54-56. Figure 1Qa) shows
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FIG. 10. (a) Selected Cspotential energy curves from Rdb3]. Solid lines represent singlet states while dotted lines represent triplet
states(b) Correlation diagram showing the adiabatic coupling between the Hund'y@asmwlecular states at the ground-state equilibrium
separatiorR=4.66 A and the Hund’s cade) separated atom limits.

selected theoretical potentials from REB3]. Only excited green part of the spectrum, as Colliesal. [2] suggested,
ungeradestates are accessible with single-photon excitatiorwhile the 33!« X3! bound-free absorption peaks in the
from the ground state. From the diagram, it appears that thilue. Figure 1(b) shows a correlation diagram for the states
predissociation mechanism suggested by Coltinal.[2] is  dissociating to the B +6S atomic limit, where it can be seen
quite plausible. We calculated rates for this process using thgyat both the 23 and 3°% states dissociate adiabatically
computer codeCONT [57] and the potentials of Ref53]. g the @;,+6S;,, limit. This behavior appears to be incon-
T_he_ originalab initio potentials led to rather sm_a}ll predisso- sjstent with the observation of Collires al.[2] that the D,
ciation rates(<10° s'!). However, slightly modified poten- a¢omic level is approximately 1.8 times more likely to be
tials yielded much larger rates. Shifting thés3, potential populated than the DB, level by blue light photolysis of
curve upward in energy by-500 cn1® or shifting itto larger ¢ “However, we note that the 3 state crosses the'2I
internuclear separations by0.16 A produced predissocia- state at intermediat® [see Fig. 163)]’ and theQ=1 corT;J—

i -1
tion rates greater than 18 é)onents of these states are expected to couple through the

The other possible mechanlsm is direct excitation to th spin-orbit interaction. Thus the doubly degenerdle-1
continuum of one of the varioumgeradestates dissociating P ) . . :
component of 332u is likely to dissociate diabatically to the

h + ic limit. Of th [ ibl
to the D +6S atomic limit. Of these six possiblengerade 5Dy,+ 65y, limit, while the singly degenerat€)=0" is

states, we can immediately eliminate thésZ, 211, and /2 AN
2°11, states because absorption from the ground state ikely to dissociate to the Bg/,+ 65y, limit. Similarly, Col-

these states does not occur in the blue part of the spectrufiyS €t al-[2] found that ®5, was approximately 2.8 times
[7-12,58,59 The 1'A, state cannot be reached from the @S likely to be populated asDy, in the green photolysis
ground stateX '3* due to theAQ=0,+1 selection rule. band. The 23 state dissociates adiabatically to thBs%
Transitions from the ground state to thé'Al, state=1  +6Sy limit. But it crosses the én_u state(which dissociates
component are allowed by the() selection rule, but are still  to the D, limit) at intermediate internuclear separation and
forbidden by theAA=0,+1 andAS=0 selection rulegal- the Q2=0" components of these states should also couple
though neitherA nor Sis a good quantum number for the through the spin-orbit interaction.
heavy Cs moleculg. We conclude that the photodissociation of, @solecules
We also calculated direct bound-free absorption spectraith blue light studied in the present work most likely occurs
involving the 33" and 2’3" states usingconT [57] and  through direct excitation of the & state or by predissocia-
the theoretical potentials of Ref53]. We found that the tion of the bound 3I1, state by 3*3;. This conclusion is
bound-free part of the 2"« X 123 absorption peaks in the consistent with the results and analysis of Collgtsl. [2].
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VI. CONCLUDING REMARKS A.M. was partially supported by the U.S. Department of

We have studied the thermalization of fast, excited cesiumEducaItlon through the GAANN program.

atoms by collisions with slow ground-state atoms. The reacAPPENDIX: EFFECT OF THE THERMAL DISTRIBUTION

tion process can be described by OF POPULATION OVER ROVIBRATIONAL LEVELS
OF THE MOLECULAR GROUND STATE ON THE “FAST”
Co5Ds/2)tast* C6Sy/2) — CASDgy)sion + CLESyo)- EXCITED-ATOM VELOCITY DISTRIBUTION
(37) AFTER PHOTODISSOCIATION

This velocity-changing collision process is different from the  To consider this effect on the “fast” excited-atom velocity
resonance exchange process studied by Huenneieab  distribution, we start by assuming that the initial population
[60] and Kaufmanret al. [61] where atom trajectories are of molecular ground-state ,J) levels follows a thermal dis-
not necessarily altered, but excitation is transferred througkipution:
the exchange of a virtual or real photon. Calculated reso-
nance exchange cross sections are very large, greater than N(v,J) = (23 + 1)exp[—@] (A1)
10712 cn? [60-64. However, the resonance exchange pro- ’ kg T
cess is not significant in the present case because Bhe SBecause a areat ber of rovibrational level th I
— 6S transition is dipole forbidden and the resonance ex- great number of rovibrational 1evels are thermaiy
change cross section should, therefore, be several orders %qulated, we may tredt, ; as a continuous variable. We
magnitude smaller. There might still be resonance exchang%an approximate the molecular enefggferenced td o) as
collisions of C$5D) and C$6P) atoms, but the density of E, ;= wev +BJ(J+1), (A2)
the latter species is five orders of magnitude lower than the
ground-state density, so this process can also be neglecte‘ﬁ
The velocity-changing collision cross section we obtain in
the present work is~1071* cn? and is consistent with other
previously measured velocity-changing collision cross sec
tions[17,21,25. de\ 1
As discussed in Sec. Ill C, the experimental data reported ~ 9y=0(E)dE > N(v =0,9)dI=N(v = 0,3)($> dE
here were analyzed using the strong collision model. Unfor-

herew, andB;, are the vibrational and rotational constants.
"For thev=0 level, the density of rotational levels with
energies betweel andE+dE is proportional to the number
of levels betweerd andJ+dJ, wheredJ=(dJ/dE)dE:

tunately, the time dependence of the measured excitation line BJ(J+1)

shapes is not sufficiently large to justify a detailed compari- (2J+ Dexp - kT ]

son of the strong-collision model with more sophisticated x (2J_+ 1B dE

collision kernels. Nonetheless, the present work demon- : €

strates that photodissociation can produce excited atoms with E

well-defined speeds that are much greater than those found in eXp ~ E’

a thermal vapor and that can be controlled with the photo- 5 dE. (A3)
e

dissociation laser wavelength. The thermalization of these
fast, excited atoms through velocity-changing collisions isThis is the only vibrational level that contributes f& g
the first collision process we have studied using this unique< E<E; ,. Similarly, forv=1,
velocity-selected source. In this first project we have only -
looked at one range of initial velocities(v=vg (23 + Lexp| - ©etBJU+1)
=5.1X10* cm/9 corresponding to a photodissociation (E)dE = L kgT
wavelength of 475.8 nm. In future work we plan to vary the Go=1 2J+1)B,

initial velocity systematically by changing the photodissocia- p{ 7

dE

—~

tion laser wavelength. We also plan to use state-selective ex
techniques to improve the velocity resolution. Another pos- _ 1 4E (Ad)
sible experiment is to look for anisotropic velocity distribu- Be '

tions from photodissociation with polarized light by using a ) ) ) o )
spatially displaced probe beam and comparing results fofve can generalize this to include all vibrational levels with

different polarizations of the photodissociation laser. We be Fv.a=0<E and sum over all levels to obtain

lieve that it is possible to use the basic technique outlined in E E
this paper to study the velocity dependence of a wide variety Umax exp{— ﬁ] EXP[— k_T}
of atomic collision processes involving excited atoms, and g(E)dE« >, B dE= (Unaxt 1)—BdE.
this is the direction of our future work. v=0 Be Be
(A5)
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express the molecular rovibrational energy as a function of

Umax< "~ < Umaxt 1. (A7) atomic velocity:
e
Thus we can writév .+ 1) = E/ we. The resulting density of P
states is therefore given by E, 1= Mgy~ vp). (A11)
g(E)dE exp{— E}dE, (A8)  Thus the probability of finding excitedlb atoms with ve-
weBe keT locities betweervpy, andvph+d3vph after photodissociation is
and normalization yields the final result equal to the probability of finding ground-state molecules
with rovibrational energies betweds and E+dE prior to
E E photodissociation
E)dE= exp - — |dE. A9 '
HENE= 2 p[ kBT] A9
The speed of an excitedDbatom just after it is created f OV dvpn= P (vp)dmviduy, = g(E)dE, (A12)

through the photodissociation of a molecule initially occupy-

ing levelv, J of the ground state is obtained from the relation . T .
g v 9 where we assume that the velocity distribution is isotropic.

mvgh: AE = (fiwpump= Espses) + E, 9= mvg +E, (Note that the _polariz_ed photodis_soz_:iatipn laser pulse may
(A10) produce an anisotropic veI(_)C|ty distribution. In future Work_
we plan to use a spatially displaced probe beam to study this
where again, all energies are referenced to uh®, J=0  effect—see Sec. VI.Using Eq.(A9) for the density of states
energy level of the molecular ground state. We can thereforave find

2 2 2 2 2

2m° vV = vo) exp{ - M(vp,— vg)
kg T

0 for vpn < vy.

Bv,, f > v,
9(E) Eo|3vph: ksT)?  4mo2, ]d ph 10T Uph = Vo

2
Amug, dvpp

f OV vy, = (A13)
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