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We have investigated collisions involving fast, excited Cs atoms produced by photodissociating Cs2 mol-
ecules with a pulsed dye laser. The velocities of the atoms in the 5D state formed by the process
Cs2sX 1Sg

+d+"vpump→Cs2
* →Css5Dd+Css6Sd 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
5D3/2→5F5/2 excitation line shape, we are able to monitor the time evolution of the velocity distribution of
these 5D 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 Css5D3/2d atoms with ground-state Cs atoms has been determined. The resultkVCC

=s6.1±1.2d310−10 cm3 s−1 corresponds to an effective velocity-changing collision cross section ofsVCC
Cs,eff

=s1.2±0.2d310−14 cm2.

DOI: 10.1103/PhysRevA.71.012711 PACS numberssd: 33.80.Gj, 32.70.Jz

I. INTRODUCTION

Photodissociation of molecules into fast, excited atoms
using a tunable laser provides a technique for producing at-
oms with well-defined velocities for collision studies. The
present work represents our first attempt to develop this con-
cept into a useful technique. We demonstrate that fast, ex-
cited Cs atoms with a known velocity distribution can be
produced through photodissociation of Cs2 molecules, and
we then observe the evolution of the excited atom velocity
distribution due to velocity-changing collisions with ground
state Cs atoms.

Photodissociation of Cs2 molecules into ground- and
excited-state cesium atoms has been observed since the early
1980s. Pioneering work was described in a series of papers
by Collins and co-workersf1–6g. The process they studied
may be written

Cs2sX 1Sg
+d + "vpump→ Cs2

* → Cssn,d + Css6Sd, s1d

whereX 1Sg
+ is the ground state of the cesium molecule and

Cs2
* represents an excited state or states that can be reached

by a photon of energy"vpump. The identities of these excited
molecular states are different for different dissociation prod-
ucts Cssn,d and will change withvpump. In general, they are
not known, although possible assignments can be made using
theoretical potentials. However, the dissociating molecular
state must be either a state that is repulsive at all internuclear
separations or a bound state that is pumped above its disso-
ciation limit. In either case, the molecule splits apart into one
excited- and one ground-state atom. The excess energy of the
photon above the dissociation threshold goes into the kinetic
energy of the resultant atoms. Collinset al. f2g speculated
that photodissociation of Cs2 molecules with blue light was

caused by excitation to theE 1Pu molecular states7P+6S
atomic limitd, which then underwent predissociation to a re-
pulsive3Su

+ state coupled to the 5D+6Sdissociation limit. In
addition, the group at Kobe University has done extensive
work on theC 1Pu, D 1Su

+, and 23Pu states that predissociate
via the 23Su

+ state to the 6P+6S limit f7–12g.
The excited atoms produced in the photodissociation pro-

cess can be observed directly through the fluorescence they
emit, by probe laser absorption, by probe-laser-induced ion-
ization as in the work of Collins and co-workersf1–6g, or by
probe-laser-induced fluorescencesLIFd. In the case of ab-
sorption, if the probe laser has a sufficiently narrow band-
width sas in the present workd, the velocity distribution of the
fast, excited atoms can be inferred through the increase of
the Doppler broadening of the absorption line shape. The
technique of probing the velocity of excited-state atoms by
observing the Doppler shift or Doppler broadening of asso-
ciated spectral lines is called Doppler velocity spectroscopy
and has been used for a wide range of atomic and molecular
studiesf13–18g.

The excited atoms produced by photodissociation undergo
thermalizing collisions with ground state Cs atoms and with
other species. The study of velocity-changing collisions in
general has proven to be a rich fieldf19–35g. Studies of
velocity-changing collisions are essential in the understand-
ing of such phenomena as the diffusion of atoms in a vapor
f33g, collision-broadened line shapesf21,27,28g, and light-
induced drift f23,24,26g. Since the details of velocity-
changing collisions depend on the interaction between the
colliding atoms, measurements of thermalization can yield
important information about the interatomic potentialsf30g.
For ground-state atoms, velocity-changing collisions can be
investigated through studies of atomic diffusion. For atoms
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in excited states, short lifetimes generally preclude studies of
this type. Therefore, velocity-changing collisions involving
excited states have been studied primarily in two-step line
shapef21,27g and light-induced driftf26g experiments.

In two-step line shape studies, a narrow-band laser is used
to excite a single velocity group from within a thermal popu-
lation. The thermalization of this selected velocity group is
then monitored through the broadening of probe laser transi-
tions to a more highly excited state as a function of density
of the collision partner. While these studies have yielded
much important information about velocity-changing colli-
sions and their effects on line shapes, the range of velocities
that can be selected is limited by the requirement that the
laser detuning be within one or two Doppler widths of line
center. This is because the wings of the spectral line are
dominated by the Lorentzian function resulting from natural
and pressure broadening. These wings have contributions at
all frequencies from each velocity group and therefore pro-
vide no selectivity. For sodium atT=500 K, this requirement
limits the range of velocities that can be studied tov
&23105 cm/s.

The technique we have developed goes beyond the usual
pump-probe methodology, which typically yields either time-
averaged line shape informationswhen two cw lasers are
usedd or time-resolved populations without line shape infor-
mationswhen two pulsed lasers are usedd. By 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
thermalization, we obtain both the time resolution of the
pulsed laser and the frequency resolution of the cw laser, so
that time-resolved line shapes can be recordedf36g.

This paper presents our results on the production of fast
Css5Dd atoms by pulsed laser photodissociation of Cs2 and
the subsequent thermalization of the fast, excited atom popu-
lation. By observing Doppler broadening of the Css5D3/2d
→Css5F5/2d excitation line shape using a narrow-band cw
Ti:sapphire laser in a time-resolved fashion, we are able to
monitor the velocity distribution of the excited Cs atoms as a
function of time. Because high initial speeds can be ac-
cessed, this technique complements the two-step line shape
studies. Our analysis provides a model for the line shape of
the nascent fast atoms, including the homogeneous line
shape due to natural broadening and optical pumping of the
hyperfine levels, and Doppler broadening. We also formulate
the expected time evolution of this line shape, using the
strong-collision modelf37g. The line shape is a time-
dependent linear combination of contributions from “fast”
and “thermalized” excited atoms. By fitting our data to this
model, we determine effective rate coefficients and cross
sections for velocity-changing collisions with an initial ve-
locity of ,53104 cm/s. For comparison, the mean thermal
velocities arev̄=s2.6–2.8d3104 cm/s for our temperature
rangeT=161–226 °C.

II. EXPERIMENT

A. Experimental setup

The current experimental setup is shown in Fig. 1. Ce-
sium metal, contained in a sealed cylindrical Pyrex cell
sOpthos Instrumentsd with a diameter of 25 mm and a length
of 8 cm, was heated to temperatures in the range of

FIG. 1. Experimental setup. M, BS, L, ND, and IF represents mirror, beam splitter, lens, neutral density filter, and interference filter,
respectively.
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161–226 °C. At these temperatures the cesium atomic den-
sity ranges from 3.731014 to 4.531015 cm−3, while
the molecular Cs2 density is in the range 3.431011

–1.231013 cm−3 f38g. A homemade, tunable, pulsed dye la-
ser, pumped by the third harmonics355 nmd of a Spectra-
Physics DCR-11 Nd:YAG laser, was used to photodissociate
Cs2 molecules. Using Coumarin 480 dye, the laser typically
produces 6 ns pulses at 10 Hz, with energies between 20 and
50 mJ, in the wavelength range from 463 to 497 nm. The
multimode laser linewidth was determined to be,30 GHz
using a series of solid etalons. The pulsed dye laser was used
to pump Cs2 molecules to a repulsive statesor to the repul-
sive wall of a bound state above its dissociation limitd that
dissociates to the 6S1/2+5DJ atomic dissociation limits or to
a bound state that predissociates to these limitsf2,3g. A Co-
herent Model 899-29 cw Ti:sapphire laser, pumped by 10 W
from an argon ion laser, produces 100–900 mW of power
near 800 nm, with a linewidth of,1 MHz. This laser was
used as a probe to further excite the 5D atoms to the 5F
state. Typically, we chose 5D3/2→5F5/2 as the probe transi-
tion. Neither laser beam was focused in this experiment.

Fluorescence was detected at right angles to the Cs cell by
one of two detectors. The first detector is a Hamamatsu R928
photomultiplier tubesPMTd attached to the output of a Spex
1681, 0.22-m monochromator. The monochromator resolu-
tion is 3.6 nm/mm, with a 1200 lines/mm grating blazed at
500 nm, and slit widths of 50mm to 2 mm were used to
obtain reasonable signal to noise with acceptable resolution.
Resolved fluorescence was recorded by scanning the mono-
chromator with both lasers held at fixed frequencies. Alter-
natively the monochromator was set to transmit 5F5/2, 7/2
→5D5/2 atomic fluorescence while the probe laser was
scanned over the 5D3/2→5F5/2 transition to obtain excitation
spectra. In this latter application, the monochromator acts as
a filter to isolate fluorescence from the 5F state. The second
detector is a free standing PMTsHamamatsu R928d with an
interference filterfl0=811 nm, 8.7 nm full width at half
maximum sFWHMd bandpassg attached to the front of the
detector mount. With this detector, total broadband fluores-
cence on the 5F5/2,7/2→5D5/2 transitionss808.2 nmd was re-
corded while scanning the Ti:sapphiresprobed laser over the
5D3/2→5F5/2 transitions801.8 nmd. Combinations of Schott
NG-5, NG-4, and NG-3 neutral density filters were placed in
the Ti:sapphire beam before the Cs cell to reduce the power
to 100–150 mWsbeam radius,1 mmd in order to reduce
power broadening of the spectral lines without too much loss
of signal to noise.

A third PMT sHamamatsu R2368d was used to detect the
Ti:sapphire laser intensity transmitted through the cell. These
transmissionsor absorptiond measurements were used to de-
termine the density of 5D 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
before the cell to protect the PMT and to ensure that the
absorption remained in the weak fieldslineard regime. For
these measurements the probe laser power incident on the
cell was in the tens ofmW range. An RG 780 long pass filter
and an 811-nm interference filter were placed in front of the
detector to discriminate against scattered photodissociation
laser light.

A Stanford Research Systems model 250 boxcar averager
and gated integrator was used to process both fluorescence
and absorption signals. The advantage of the boxcar is that it
allows the averaging of signals associated with multiple dye
laser pulses for each data point recorded, as well as the abil-
ity to set a gate to perform measurements within a certain
time window. Electronic noise related to the firing of the
pulsed Nd:YAG laser prevented clean signal acquisition dur-
ing the first 20 ns after the pulsed laser fired. Thus the earli-
est fluorescence collection window we used began at a delay
of 20 ns after the end of the dye laser pulse. The end of the
photodissociation dye laser pulse was taken to bet=0. Timed
excitation spectra were taken by scanning the cw probe laser
over the 5D3/2→5F5/2 transition while the boxcar gate was
set to monitor 5F5/2,7/2→5D5/2 fluorescence over a 20 ns in-
terval. The time between the end of the dye laser pulse and
the center of the boxcar detection windowswhich we will
henceforth refer to as the “delay time”d was varied for each
scan in order to get a clear picture of the time evolution of
the spectral line shapes. We observed that the decay of the
fluorescence signal in time was consistent with the radiative
lifetime of the cesium 5D states1 msd, leading to the con-
clusion that no significant ionization was occurring due to
the combined effects of both lasers. In addition, we used the
monochromator to search for fluorescence from high-lying
excited states other than 5D or 5F that would likely be pro-
duced by recombination of ions in the vapor. No such fluo-
rescence was observed, thereby confirming that no signifi-
cant ionization was taking place.

B. Experimental results

An example of our observations of the thermalization of
fast, Css5D3/2d atoms is shown in Fig. 2. The recorded sig-
nals represent 5F5/2,7/2→5D5/2 fluorescence as the probe la-
ser was scanned over the 5D3/2→5F5/2 transitionsexcitation
spectrad following pulsed laser photodissociation of Cs2 mol-
ecules. Each data point represents an average over 30 shots
of the pulsed dye laser. The 5D3/2→5F5/2 excitation line
shape, recorded in the early times,30 ns after the firing of

FIG. 2. 5F5/2,7/2→5D5/2 fluorescence signal recorded as the
probe laser is scanned over the 5D3/2→5F5/2 transition. The fluo-
rescence signals shown are for delays of 30 nssPd and 710 nsssd
after the photodissociation pulse.
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the pulsed dye laserd before thermalizing collisions have had
a chance to occur, is clearly broadersFWHM,1.5 GHzd
than the late time scans,710 ns after the pulsed laser fires,
FWHM,1.0 GHzd. This early time broadening is due to the
fact that excited atoms produced through photodissociation
have high speeds that lead to an increased Doppler broaden-
ing of the probe laser transition. As time goes on, the line-
width decreases due to thermalizing collisions that tend to
reduce the speed of the excited atoms. Since the time neces-
sary to thermalize the excited-atom speed distribution de-
creases with increasing cesium densityssee Sec. IVd, it is
clear that collisions with other cesium atoms are at least
partly responsible for the thermalization.

Data were taken at several different cell temperatures. The
ground-state cesium density corresponding to each tempera-
ture was obtained from the vapor pressure curve of Nesmey-
anov f38g. The probe laser was scanned over the 5D3/2
→5F5/2 transition and 5F5/2,7/2→5D5/2 fluorescence was de-
tected in a 20-ns window at a number of different delay
times. For lower densities, the thermalization process takes
longer, and delays up to 1ms were used. At higher densities,
delays up to only a few hundred nanoseconds were neces-
sary. Three scans of the probe laser across the 5D3/2
→5F5/2 transition s,30 minutes eachd were recorded for
each delay time at each density in order to more accurately
determine the linewidth.

III. THEORETICAL ANALYSIS

This section describes our analysis of the velocity distri-
bution of fast atoms created by molecular photodissociation.
This velocity distribution plays a crucial role in the interpre-
tation of the probe laser excitation line shapes observed ex-
perimentally. We will discuss the effects of molecular motion
and the thermal distribution of population over rovibrational
levels of the molecule prior to photodissociation, natural
slifetimed broadening, pressure broadening, and optical
pumping. The effects of thermalizing collisions after photo-

dissociation are also included, using the strong collision
model. We begin with a very simple model, and then we
introduce the refinements necessary for a quantitative de-
scription of the experiments.

A. Simple model for the “top hat” line shape

We consider first the velocity distributionf s0d that would
arise in the idealized, limiting case that all absorbing Cs2
molecules are in the rovibrational ground state. We also as-
sume that the molecules are at rest in the laboratory—that is,
they have no center-of-mass translational motion—and that
they dissociate isotropically. Finally, we neglect homoge-
neous broadening in this simple model.

Figure 3 illustrates the process we consider. A Cs2 mol-
ecule is excited from a single rovibrational level of the elec-
tronic ground state to the continuum of levels associated with
a hypothetical repulsive state that dissociates to the Css5Dd
+Css6Sd separated atom limit. Photons with a broad range of
energies can be absorbed, with probabilities determined by
bound-free Franck-Condon factorsf39g. If we let "vpump be
the energy of the pump laser photon andEv,J be the energy of
the molecular rovibrational level of the electronic ground
state before photodissociation, then the energy difference

DE = "vpump+ Ev,J − E5D+6S s2d

goes into translational energy of the resultant free atoms.
Here the asymptotic energy of the dissociation limitsE5D+6Sd
and all other energies will be referenced to thev=0, J=0
level of the Cs2 molecular ground state. Since these atoms
have equal massessmd, they shareDE equally, and the speed
vph each atom gains from the photodissociation process is
given by

1

2
DE =

1

2
mvph

2 . s3d

In our ideal case, the dissociated atoms will all have the same
speed,vph=v0, wherev0 is determined from Eqs.s2d ands3d
by settingEv,J=E0,0=0:

FIG. 3. Schematic diagram
showing the production of fast,
cesium 5D atoms using molecular
photodissociation. The identity
and shape of the upper dissociat-
ing state are not knownsbut see
Sec. Vd.
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DE = "vpump− E5D+6S= mv0
2. s4d

Under these conditions, the distribution of velocitiesvph is

f s0dsvphd =
1

4pv0
2d svph − v0d, s5d

where f s0dsvphdd3vph is the probability that the excited 5D
atom has acquired a velocity betweenvph andvph+d3vph as a
result of the photodissociation process.

We now consider the 5D→5F probe laser absorption line
shape that would result from this simple velocity distribu-
tion. When all homogeneous broadening effectsswhich will
be considered in Sec. III Dd are neglected, the absorption line
shapek5D→5FsDvd 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-
rection defined by the probe laser wave vectorkL. We can
write

k5D→5FsDvd = NE f s0dsvphdd sDv − kL ·vphdd3vph, s6d

where Dv;v−v0 is the detuning of the probe laser fre-
quency v from the line center frequencyv0 of the 5D
→5F transition, ukLu=v0/c, and N is a normalization con-
stant. The integrals can be evaluated analytically, leading to

k5D→5FsDvd =5N
c

2v0v0
for uDvu ø

v0v0

c
,

0 for uDvu .
v0v0

c
.

h s7d

k5D→5FsDvd describes a “top hat” line shape: constant over a
certain region and zero everywhere else. The width of this
line shape can be much larger than a typical Doppler-
broadened Gaussian line shape associated with a thermalized
distribution of atoms. This situation will arise if the transla-
tional energyDE available after photodissociation satisfies
DE@kBT where kB is Boltzmann’s constant andT is the
absolute temperature.

B. Realistic velocity distribution

We now consider a more sophisticated model for a veloc-
ity distribution fsvd that includes the effects of each Cs2 mol-
ecule’s internal rovibrational energy and translational energy
prior to photodissociation. Henceforth, we will concentrate
specifically on the 5D3/2 atoms produced by molecular pho-
todissociation.

The first effect we consider is that many rovibrational
levels in the molecular ground state are thermally populated,
and therefore 5D3/2 atoms with velocities greater thanv0 will
be produced by the photodissociation process. As shown in
the Appendix, the distribution of thermally populated rovi-
brational levels of the molecular ground state prior to photo-
dissociation can be modeled by a density of states

gsEv,Jd =
Ev,J

skBTd2 expF−
Ev,J

kBT
G , s8d

where Ev,J, now regarded as a continuous variable, is the
initial rovibrational energy.sRecallE0,0=0, soEv,Jù0.d In-
cluding the effects of this distribution, but still neglecting the
center of mass translational motion of the Cs2 molecule, we
find that the distribution of cesium 5D3/2 atom velocities af-
ter photodissociation isssee the Appendixd

f s1dsvphd

= 5 2m2

skBTd2

vphsvph
2 − v0

2d
4pvph

2 expF−
msvph

2 − v0
2d

kBT
G , vph . v0

0, vph ø v0.

h

s9d

The second effect that we consider is that molecules in the
vapor have center-of-mass translational velocity before the
photodissociation pulse breaks them into separated atoms.
This center-of-mass velocityvc.m. is passed on to both disso-
ciating atoms and simply adds to the velocity acquired
through photodissociation. We can now regardvph as the
velocity acquired by the atoms in the rest frame of the Cs2
molecule; the total velocity of a photodissociated atom in the
laboratory frame is

v = vph + vc.m.. s10d

Prior to photodissociation, the molecules in the vapor have
center-of-mass velocities that can be described by a
Maxwell-Boltzmann distributionf40g:

f molecule
MB svc.m.d = S M

2pkBT
D3/2

expS−
Mvc.m.

2

2kBT
D , s11d

where M =2m is the mass of the Cs2 molecule. The final
distribution of velocitiesfsvd, characterizing the 5D3/2 atoms
just after they are created by photodissociation, is given by a
convolution of the velocity distribution in the rest frame of
the parent Cs2 moleculef s1dsvphd with the distribution of Cs2
center-of-mass velocities:

fsvd =E f s1dsv − vc.m.df molecule
MB svc.m.dd3vc.m.. s12d

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

C. Strong-collision model

The velocity distribution derived in Sec. III BfEq. s12dg
applies only in the absence of collisions. Now we consider a
simple collision model that includes the effect of thermaliz-
ing collisions and that will enable us to interpret the time
dependence of our measured line shapes. The key physical
point is that collisions gradually change the velocity distri-
bution of excited 5D3/2 atoms produced by photodissociation
fand described by Eq.s12dg to a Maxwell-Boltzmann distri-
bution depending on the temperature. Our time-dependent
excitation line shapes allow us to monitor this evolution.
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We adopt a very simple Boltzmann equation for the
density-velocity distributionr5D3/2

sv ; td of the 5D3/2 atoms
f41g:

]r5D3/2
sv;td

]t
= − fGcollsvd + G5D3/2

gr5D3/2
sv;td

+E Ksv8 → vdr5D3/2
sv8;tdd3v8, s13d

where the collision rateGcollsvd is determined by the collision
kernelK,

Gcollsvd =E Ksv → v8dd3v8, s14d

and G5D3/2
is the total radiative decay rate out of the 5D3/2

level. We adopt a simple expression for the kernel based on
the strong collision modelf37,41,42g,

Ksv → v8d = Gthermf atom
MB sv8d, s15d

where f atom
MB is a normalized Maxwellian distribution,

f atom
MB svd = S m

2pkBT
D3/2

expS−
mv2

2kBT
D . s16d

The strong-collision model assumes that one single collision
is sufficient to thermalize the velocity distribution of the at-
oms involved. The effective rate of such collisions is given
by Gcollsvd=Gtherm. Even if one physical collision does not
totally randomize the velocity, the strong-collision model is
often still quite good ifGtherm

−1 is regarded as the time over
which several collisions together effectively randomize the
velocity. Substituting the specific form of the kernelK given
by Eq. s15d into Eq. s13d, we find

]r5D3/2
sv;td

]t
= − sGtherm+ G5D3/2

dr5D3/2
sv;td

+ Gthermf atom
MB svdn5D3/2

std, s17d

where

n5D3/2
std =E r5D3/2

sv8;tdd3v8 s18d

is the total density of atoms in the 5D3/2 level at timet. fNote
that according to Ref. f43g, the Css5D3/2d
+Css6S1/2d↔Css5D5/2d+Css6S1/2d collisional excitation
transfer rate is smaller than the 5D3/2 radiative decay rate
even at the highest densities used in the present study and
much smaller than the thermalization rates measured here.
Thus on the time scale of interest for the present experiment,
we are justified in neglecting 5D3/2↔5D5/2 collisional trans-
fer in Eqs.s13d ands17d, especially since the thermalization
rates are expected to be comparable for both fine structure
levels.g Integrating both sides of Eq.s17d over v and using
Eq. s18d leads to an equation forn5D3/2

std whose solution is

n5D3/2
std = n0 exps− G5D3/2

td, s19d

wheren0 is the initial density of 5D3/2 atoms just after pho-
todissociation. With this solution forn5D3/2

std, Eq. s17d can
be solved exactly:

r5D3/2
sv;td = exps− G5D3/2

tdhr5D3/2
sv;0dexps− Gthermtd

+ n0f1 − exps− Gthermtdgf atom
MB svdj. s20d

This solution has a clear physical interpretation. The leading
exponential factor represents the overall radiative decay out
of the 5D3/2 level. The first term inside the braces represents
the decay of the initial velocity distribution of 5D3/2 atoms
due to collisions, at the rateGtherm. The second term shows a
corresponding increase in the number of thermalized 5D3/2
atoms described by the Maxwellian distribution.

We can now identify the termr5D3/2
sv ;0d in Eq. s20d as

being proportional to the velocity distributionfsvd fEq. s12dg.
The velocity distribution att=0 characterizes the “fast”
5D3/2 atoms produced by the photodissociation process. In
the strong-collision model analysis, the Maxwellian distribu-
tion describes the “slow” atoms that have been thermalized
by collisions. We can rewrite Eq.s20d in a way that empha-
sizes this interpretation:

r5D3/2
sv;td = n5D3/2

sfastd stdfsvd + n5D3/2

sslowdstdf atom
MB svd, s21d

where the “fast” and “slow” atom densities are given by
appropriate fractions of the 5D3/2 atoms that have or have not
undergone a thermalizing collision,

n5D3/2

sfastd std = n5D3/2
stdexps− Gthermtd s22d

and

n5D3/2

sslowdstd = n5D3/2
stdf1 − exps− Gthermtdg. s23d

D. Homogeneous line shape

In order to model the 5D3/2→5F5/2 probe-laser-induced
excitation line shape, we must convolute the intrinsic homo-
geneous line shape of the transition with the Doppler shift
determined by the component of the atomic velocity in the
direction of the laser propagation. Several effects contribute
to the homogeneous broadening in the present case. We con-
sider naturalslifetimed broadening, pressure broadening, and
optical pumping. We will include these effects in a rate equa-
tion model for the density-velocity distributions of the 5D3/2
and 5F5/2 levels. The solution to the rate equations,
r5F5/2

sv ,Dv ; td, at various times and various probe laser de-
tunings from the 5D3/2→5F5/2 transition, gives the homoge-
neous line shapeHsDv−kL ·v ,td for the probe laser excita-
tion scans, because the observed 5F→5D5/2 fluorescence at
time t and probe laser detuningDv for atoms moving with
velocity v is simply proportional to the density of 5F atoms
with velocity v at time t and detuningDv.

Natural broadening can be described by a Lorentzian
function representing each of the hyperfine components of
the 5D3/2→5F5/2 transition. For natural broadening, the
Lorentzian half widthGN is given by
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GN = o
j

A5D3/2→ j + o
k

A5F5/2→k, s24d

whereAi→ j is the spontaneous emission ratesEinsteinA co-
efficientd for the transition between levelsi and j . In the
present case,GN=1.543107 s−1 f44g.

Pressure broadening due to Cs-Cs collisions can also be
represented by a Lorentzian function with a density depen-
dent linewidth,Gbr=kbrnCs. To the best of our knowledge, the
Css5D3/2d→Css5F5/2d broadening ratekbr has not been de-
termined. However, a crude estimate iskbr,4
310−9 cm3 s−1 sbased on available data for other alkali col-
lisional broadening ratesf45–47gd. For our range of Cs den-
sities,nCs=3.731014–4.531015 cm−3, Gbr is likely to be in
the range 73105–33107 s−1, and thus might be significant
at our higher densities. However, due to the uncertainty, we
decided to neglectGbr in our homogeneous line shape model.
Tests in which we increasedGtotal=GN+Gbr by as much as a
factor of 2 indicate that neglect ofGbr has little effect on our
results. We also ignore Cs-Cs2 collisions because the mo-
lecular density is much lower than the atomic density.

In the present experiment, the intensity of the probe laser
is sufficiently high that optical pumping effects are expected.
Optical pumping occurs when the laser depletes the popula-
tion of those lower-state hyperfine levels that possess al-
lowed transitions with which the laser is nearly resonant.
Through spontaneous emission, this population is then redis-
tributed among the various hyperfine levels. In the present
experiment, the probe laser intensity was,5 W/cm2 sre-
quired to yield acceptable signal to noised while the satura-
tion intensity of the 5D3/2→5F5/2 transition is 1.6 mW/cm2

fEqs.s7.4.5d and s7.5.4d of Ref. f48gg.
We now describe the rate equation model that was used to

determine the density of uppers5F5/2d state atoms, with ve-
locity v. We can write a set of time-dependent rate equations
that depends on the quantityDv−kL ·v, which incorporates
the effects of the probe laser detuning and the atomic veloc-
ity component in the direction of the probe laser propagation.
A schematic diagram of the energy levels and transitions is
given in Fig. 4. The 5D3/2 level is made up of four hyperfine
levels sF=2, 3, 4, 5d, which we label as levelsi =1, 2, 3, 4,

respectively. The hyperfine structure of the 5F5/2 level is ne-
glected, as the level splittingss,10 MHzd are smaller than
the homogeneous linewidth. We also take into account the
5F5/2→6D3/2,5/2 decay channelssin addition to 5F5/2
→5D3/2,5/2d in determining the radiative rate out of the 5F5/2
level sG5F5/2

<1.433107 s−1d f44g. In the present context, we
neglect velocity-changing collisionssthese will be incorpo-
rated into the model in Sec. IVd, as well as collisional exci-
tation transfer to other levels. However, we demonstrate in
Ref. f49g that 5D3/2↔5D5/2 and 5F5/2↔5F7/2 collisional
mixings have no significant effect on our measured thermal-
ization rates. Therefore, here we consider an open five-level
system with densities dependent on both the probe laser fre-
quency and the time after the pulsed photodissociation laser
initially populates the 5D3/2 level. The rate equations de-
scribing the evolution of population in the five levels are

ṙ5F5/2
sv,Dv;td

= o
i=1

4

Pi→5F5/2
sDv − kL ·vdrisv,Dv;td − FG5F5/2

+ o
i=1

4
gi

g5F5/2

Pi→5F5/2
sDv − kL ·vdGr5F5/2

sv,Dv;td,

ṙisv,Dv;td

= FG5F5/2→i

+
gi

g5F5/2

Pi→5F5/2
sDv − kL ·vdGr5F5/2

sv,Dv;td

− fPi→5F5/2
sDv − kL ·vd + G5D3/2

grisv,Dv;td.

s25d

In these equations,

Pi→5F5/2
sDv − kL ·vd =

Bi→5F5/2

c
I laserLisDv − kL ·vd

s26d

is the probe laser pumping rate, which enters in both absorp-
tion and stimulated emission terms,Bi→5F5/2

is the EinsteinB
coefficient,LisDv−kL ·vd is the Lorentzian line shape func-
tion sdue to natural broadening but neglecting pressure
broadening, as explained previouslyd for the i →5F5/2 transi-
tion evaluated at the Doppler-shifted laser detuning
Dv−kL ·v, I laser is the laser intensity, andgi and g5F5/2

are
statistical weights. The first equation describes the evolution
of the 5F5/2 population for velocity classv, which is propor-
tional to the measured 5F→5D5/2 fluorescence signal for
that velocity class. The second equation describes the evolu-
tion of population in each of the four hyperfine levels of the
5D3/2 statesi =1–4dd for this velocity class. The initial con-
ditions are that the densityr5F5/2

sv ,Dv ; td of the upper
s5F5/2d level is zero att=0 and that the 5D3/2 hyperfine lev-
els are populated att=0 sby the photodissociation processd in
a ratio determined by their statistical weightss5:7:9:11d. The

FIG. 4. Energy level diagram used to construct the optical
pumping model for the cesium 5D3/2→5F5/2 transition. The indices
i =1–4correspond to the notation used for the 5D3/2 hyperfine lev-
els in the rate equations given by Eq.s25d.
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system of equations was solved numerically as a function of
time for each detuning parameterDv−kL ·v using the MAT-
LAB routine ODE45, which uses a Dormand-Princes4,5d
Runge Kutte formulaf50g combined with adaptive step size
selection. The calculation was done for each probe laser de-
tuning on a grid of 10 MHz.

For reasons given earlier in this section, we relate the
homogeneous line shape function withr5F5/2

sv ,Dv ; td:

HsDv − kL ·v,td ~ r5F5/2
sv,Dv;td. s27d

The proportionality constant is chosen so that the integral of
the homogeneous line shape functionHsDv−kL ·v ,td over
Dv is equal to unity.

Figure 5 displays the results of this calculation. The re-
sults are shown as a function of detuning for several fixed
times. For small but nonzerot, the solution is just the sum of
four Lorentzian lines associated with the four hyperfine lev-
els of the 5D3/2 state, populated in their statistical ratio. As
time progresses, optical pumping effects begin to distort the
homogeneous line shape. In the late timesa few hundred
nanoseconds after the photodissociation pulsed the strong
probe laser has severely depleted the population of those
hyperfine levels with nearly resonant transitions, creating
dips in the line shape at the resonant frequencies of the hy-
perfine transitions. Additional broadening in the wings of the
line is now the prominent feature of the line shape. In the
next section, we will convolute this homogeneous line shape

with the velocity distribution to model the full probe laser
excitation line shape. Because the solution is time dependent,
a different homogeneous line shape function must be used to
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 shapesSec. III Dd while neglecting velocity-
changing collisions. We have also considered the effects of
velocity-changing collisionssin the absence of the probe la-
serd using the strong collision modelsSec. III Cd. 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
sexcitationd line shape for an atom moving with velocityv is
proportional to the Doppler shifted homogeneous line shape
determined in Sec. III D. For a sample of 5D3/2 atoms char-
acterized by density-velocity distributionr5D3/2

sv ; td, the line
shapesnormalized 5F→5D5/2 fluorescence intensity as a
function of probe laser detuning near the 5D3/2→5F5/2 tran-
sition at timetd is given by the convolution

I5F→5D5/2
sDv,td =

1

n5D3/2
std E HsDv − kL ·v,tdr5D3/2

sv;tdd3v.

s28d

Substituting the form ofr5D3/2
sv ; td determined in Eqs.

s21d–s23d leads to

I5F→5D5/2
sDv,td

=
n5D3/2

sfastd std

n5D3/2
std

I5F→5D5/2

sfastd sDv,td +
n5D3/2

sslowdstd

n5D3/2
std

I5F→5D5/2

sslowd sDv,td

= exps− GthermtdI5F→5D5/2

sfastd sDv,td

+ f1 − exps− GthermtdgI5F→5D5/2

sslowd sDv,td, s29d

where we have defined separate contributions from the “fast”
and “slow” components of our model velocity distribution:

I5F→5D5/2

sfastd sDv,td =E HsDv − kL ·v,tdfsvdd3v s30d

and

I5F→5D5/2

sslowd sDv,td =E HsDv − kL ·v,tdfatom
MB svdd3v. s31d

Note that the homogeneous line shapeHsDv−kL ·v ,td is
time dependent, due to the optical pumping effects, so both
fast and slow line shapes have a small dependence on time.
For each time of interest, one must calculate a fast and a
slow atom line shape. The calculation is performed numeri-
cally. HsDv−kL ·v ,td is determined from the solution to the

FIG. 5. Homogeneous line shapeHsDv−kL ·v ,td obtained from
the solution to the optical pumping rate equation modelfEq. s25dg
for the time-dependent 5F5/2 state density-velocity distribution
r5F5/2

sv ,Dv ; td fcf. Eq. s27dg.
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rate equationsfEq. s25dg as described earlier;fsvd is deter-
mined by numerical integrationfEqs.s9d–s12dg, and f atom

MB svd
is known analyticallyfEq. s16dg. The line centersv=v0d is
taken as the weighted average of the four 5D3/2sFd→5F5/2

hyperfine transitionsf51g. The line shapesI5F→5D5/2

sfastd and

I5F→5D5/2

sslowd are separately normalized so that their integrals
over detuning are unity.

Figure 6 shows examples of these line shapes. The fast
atom line shape is broad because of the Doppler shifts asso-
ciated with high speeds and is slightly asymmetric due to
shifted centers and weightings of the four hyperfine compo-
nents. The slowsthermald atom line shape more closely re-
sembles a Voigt profile, but is somewhat different because
the homogeneous line shape is not a pure Lorentzian, even in
the earliest times.

We fit our data at each delay time to a linear combination
of fast and slow atom line shapesfEq. s29dg. The explicit
form of the fitting function we used is

I5F→5D5/2
sv − v0,td

= Bhexps− GthermtdI5F→5D5/2

sfastd sv − v0,td

+ f1 − exps− GthermtdgI5F→5D5/2

sslowd sv − v0,tdj + C.

s32d

In this expression,B is the overall normalization factorstak-
ing into account detector efficiency, etc.d andC is a base line
correction that takes into account the nonzero voltage offset
of the boxcar averager. Neither of these fitting parameters is
significant in determining the thermalization rate, but must
be allowed to vary in order to obtain satisfactory fits of the
data and accurate values forGtherm. The line center frequency
v0 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
the end of the photodissociation laser pulse and the center of
the fluorescence collection window, and fit the data with the

four parameterssB, C, v0, andGthermd, using a general least-
squares fitting programf52g. Data were taken at several de-
lay times for a given Cs ground-state density. A plot ofGtherm
as a function of time forT=208 °C snCs=2.4131015 cm−3d
is shown in Fig. 8. The strong-collision model predicts that
Gthermshould be a constant in time and this appears to be true
within experimental uncertainties.

For each Cs ground-state density, a best value ofGtherm
was determined from a weighted average of all scans and
delay times recorded at that density. We note that very early

FIG. 6. FastsPd and slowssd atom line shape functionsfde-
fined in Eqs.s30d ands31dg computed for a delay time of 30 ns after
the photodissociation pulse and a cell temperature of 208 °CsnCs

=2.4131015 cm−3d. The line shapes have been normalized to have
the same area.

FIG. 7. Fit of one 5D3/2→5F5/2 excitation line shape, recorded
at a delay time of 300 ns, to a linear combination of fast and slow
atom line shapes. The fitting parameters for this data set areB
=88.9, C=0.146, andGtherm=3.733106 s−1. The frequency scale
was adjusted by 0.096 GHz, in order to match line center. The cell
temperature for this data set wasT=208 °C and nCs

=2.4131015 cm−3. The experimental points are represented by
open circlesssd and the solid curve is the fit.

FIG. 8. Plot ofGtherm sobtained from the strong collision model
fit of the datad vs time after the photodissociation laser pulse atT
=208 °C andnCs=2.4131015 cm−3.
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time and very late time delays have large error bars due to
the fact that the observed line shapes are almost pure “fast”
or pure “slow” atom line shapes in those limits and therefore
they are not sensitive to the value ofGtherm.

A plot of Gtherm versus cesium ground-state density is
shown in Fig. 9. The error bars represent the standard devia-
tion of the averagedGthermvalues for all data taken at a given
density. If the observed thermalization of Css5D3/2d atoms
was due only to collisions with ground-state cesium atoms,
we would expect

Gtherm= kVCCnCs= ksVCCvlnCs; sVCC
eff kvlnCs, s33d

wherekVCC andsVCC
eff are the velocity-changing collision rate

coefficient and the velocity-averagedseffectived cross sec-
tion, respectively, andkvl is the average collision speed
swhich is approximately equal to the speed of the excited
atom created in the photodissociation processd. Our data do
show this linear relationship. However, the nonzero intercept
implies that thermalization also occurs through collisions
with impurity gases in the sealed cesium cell. Thus we fit the
thermalization rate versus Cs density with the function

Gtherm= kVCC
Cs nCs+ kVCC

Im nIm = kVCC
Cs nCs+ const, s34d

where we assume that the impurity contributionkVCC
Im nIm is

constant in temperature. We do not know much about the
nature or concentration of the impurities in our cell, so we do
not try to determinekVCC

Im . However, we have also observed
the effects of the impurities in the same cell in studies of the
fine structure changing collision process, Css6P3/2d+X
→Css6P1/2d+X, where X is the impurity collision partner
f49g.

The slope of the best-fit line yields the cesium velocity-
changing collision rate coefficient,

kVCC
Cs = s6.1 ± 1.2d 3 10−10 cm3 s−1, s35d

while the effective cross section is

sVCC
Cs,eff= s1.2 ± 0.2d 3 10−14 cm2. s36d

The error bars given in Eqs.s35d and s36d are the statis-
tical errors only. In Ref.f49g, we examine the effects of the
nonzero 5FJ state lifetimes and the nonzero duration of the
boxcar averager fluorescence collection window on the ex-
perimental values forGtherm. In that reference, we solve the
coupled-state rate equations in the weak and strong pumping
limits and show that the errors in our measured thermaliza-
tion rates due to these effects are less than 50% in the worst
caseslarge Gtherm, early time, weak pumping limitd and 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
200 ns and 1ms. The nonzero 5FJ state lifetimess,70 nsd
are more significant because they introduce a systematic er-
ror into the results. Although our recorded signal is the 5F
→5D5/2 fluorescence observed at timet, the sensitivity of the
probe laser technique to fast versus slow atoms occurs at the
point of absorptionswhich, in general, is earlier thant due to
the nonzero 5FJ state lifetimesd, rather than at the point of
emission. In the weak pumping limitsweak probe laser
limit d, we find that this effect does not depend strongly on
the value ofGtherm sfor the range ofGtherm values used in this
workd, but does depend strongly on the observation time.
However, if we instead use a strong pumping modelswhich
should be more applicable for the present experimentd, then
this effect is dramatically reduced as the effective upper-state
lifetime is decreased due to stimulated emission. In this latter
case, light-induced drift effects could be included by assign-
ing different thermalization rates to the 5D3/2 and 5F5/2 lev-
els f37g, but this would represent a higher-order correction to
the rate equations. Thus we conclude that the systematic er-
rors in kVCC

Cs andsVCC
Cs,eff, which are determined from an aver-

age over manyGthermvalues obtained at different observation
times and densities, are probably no more than 20%.

V. ELECTRONIC STATES RESPONSIBLE FOR THE
OBSERVED PHOTODISSOCIATION OF Cs2

This section addresses the question of which electronic
states of Cs2 are responsible for the photodissociation pro-
cess observed in this work. Our analysis draws on the theo-
retical potential curves of Spiesf53g, the selection rules for
predissociation and photodissociationf39g, and the experi-
ments of Collinset al. f2g. Because Collinset al. f2g noticed
that the blue Cs2 photolysis band they observed closely re-
sembled the shape of theE←X absorption band, they sug-
gested that the photolysis most likely occurred through pre-
dissociation of the boundE 1Pu state by the repulsive limb of
the 33Su

+ state. Conversely, they attributed the green Cs2
photolysis bandswhich also produces 5D+6S atomsd to di-
rect dissociation to the 21Su

+ state. It is now known that there
are two upper states associated with theE←X absorption
band: 31Su

+ sdissociating to the 7S+6S limit d and 31Pu sdis-
sociating to the 7P+6S limit d f54–56g. Figure 10sad shows

FIG. 9. Plot ofGthermvs Cs density. The solid line represents the
best straight line fit to the data, and its slope gives the value of the
velocity-changing collision rate coefficient,kVCC

Cs =s6.1±1.2d
310−10 cm3 s−1.
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selected theoretical potentials from Ref.f53g. Only excited
ungeradestates are accessible with single-photon excitation
from the ground state. From the diagram, it appears that the
predissociation mechanism suggested by Collinset al. f2g is
quite plausible. We calculated rates for this process using the
computer codeBCONT f57g and the potentials of Ref.f53g.
The originalab initio potentials led to rather small predisso-
ciation ratess&103 s−1d. However, slightly modified poten-
tials yielded much larger rates. Shifting the 33Su

+ potential
curve upward in energy by,500 cm−1 or shifting it to larger
internuclear separations by,0.16 Å produced predissocia-
tion rates greater than 108 s−1.

The other possible mechanism is direct excitation to the
continuum of one of the variousungeradestates dissociating
to the 5D+6S atomic limit. Of these six possibleungerade
states, we can immediately eliminate the 21Su

+, 2 1Pu, and
2 3Pu states because absorption from the ground state to
these states does not occur in the blue part of the spectrum
f7–12,58,59g. The 11Du state cannot be reached from the
ground stateX 1Sg

+ due to theDV=0, ±1 selection rule.
Transitions from the ground state to the 13Du state V=1
component are allowed by theDV selection rule, but are still
forbidden by theDL=0, ±1 andDS=0 selection rulessal-
though neitherL nor S is a good quantum number for the
heavy Cs2 moleculed.

We also calculated direct bound-free absorption spectra
involving the 33Su

+ and 21Su
+ states usingBCONT f57g and

the theoretical potentials of Ref.f53g. We found that the
bound-free part of the 21Su

+←X 1Sg
+ absorption peaks in the

green part of the spectrum, as Collinset al. f2g suggested,
while the 33Su

+←X 1Sg
+ bound-free absorption peaks in the

blue. Figure 10sbd shows a correlation diagram for the states
dissociating to the 5D+6Satomic limit, where it can be seen
that both the 21Su

+ and 33Su
+ states dissociate adiabatically

to the 5D5/2+6S1/2 limit. This behavior appears to be incon-
sistent with the observation of Collinset al. f2g that the 5D3/2

atomic level is approximately 1.8 times more likely to be
populated than the 5D5/2 level by blue light photolysis of
Cs2. However, we note that the 33Su

+ state crosses the 21Pu
state at intermediateR fsee Fig. 10sadg, and theV=1 com-
ponents of these states are expected to couple through the
spin-orbit interaction. Thus the doubly degenerateV=1
component of 33Su

+ is likely to dissociate diabatically to the
5D3/2+6S1/2 limit, while the singly degenerateV=0− is
likely to dissociate to the 5D5/2+6S1/2 limit. Similarly, Col-
lins et al. f2g found that 5D5/2 was approximately 2.8 times
as likely to be populated as 5D3/2 in the green photolysis
band. The 21Su

+ state dissociates adiabatically to the 5D5/2

+6S1/2 limit. But it crosses the 23Pu stateswhich dissociates
to the 5D3/2 limit d at intermediate internuclear separation and
the V=0+ components of these states should also couple
through the spin-orbit interaction.

We conclude that the photodissociation of Cs2 molecules
with blue light studied in the present work most likely occurs
through direct excitation of the 33Su

+ state or by predissocia-
tion of the bound 31Pu state by 33Su

+. This conclusion is
consistent with the results and analysis of Collinset al. f2g.

FIG. 10. sad Selected Cs2 potential energy curves from Ref.f53g. Solid lines represent singlet states while dotted lines represent triplet
states.sbd Correlation diagram showing the adiabatic coupling between the Hund’s casesad molecular states at the ground-state equilibrium
separationR=4.66 Å and the Hund’s casescd separated atom limits.
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VI. CONCLUDING REMARKS

We have studied the thermalization of fast, excited cesium
atoms by collisions with slow ground-state atoms. The reac-
tion process can be described by

Css5D3/2dfast+ Css6S1/2d → Css5D3/2dslow + Css6S1/2d.

s37d

This velocity-changing collision process is different from the
resonance exchange process studied by Huennekenset al.
f60g and Kaufmannet al. f61g where atom trajectories are
not necessarily altered, but excitation is transferred through
the exchange of a virtual or real photon. Calculated reso-
nance exchange cross sections are very large, greater than
10−12 cm2 f60–62g. However, the resonance exchange pro-
cess is not significant in the present case because the 5D
→6S transition is dipole forbidden and the resonance ex-
change cross section should, therefore, be several orders of
magnitude smaller. There might still be resonance exchange
collisions of Css5Dd and Css6Pd atoms, but the density of
the latter species is five orders of magnitude lower than the
ground-state density, so this process can also be neglected.
The velocity-changing collision cross section we obtain in
the present work is,10−14 cm2 and is consistent with other
previously measured velocity-changing collision cross sec-
tions f17,21,25g.

As discussed in Sec. III C, the experimental data reported
here were analyzed using the strong collision model. Unfor-
tunately, the time dependence of the measured excitation line
shapes is not sufficiently large to justify a detailed compari-
son of the strong-collision model with more sophisticated
collision kernels. Nonetheless, the present work demon-
strates that photodissociation can produce excited atoms with
well-defined speeds that are much greater than those found in
a thermal vapor and that can be controlled with the photo-
dissociation laser wavelength. The thermalization of these
fast, excited atoms through velocity-changing collisions is
the first collision process we have studied using this unique
velocity-selected source. In this first project we have only
looked at one range of initial velocitiessvùv0

=5.13104 cm/sd corresponding to a photodissociation
wavelength of 475.8 nm. In future work we plan to vary the
initial velocity systematically by changing the photodissocia-
tion laser wavelength. We also plan to use state-selective
techniques to improve the velocity resolution. Another pos-
sible experiment is to look for anisotropic velocity distribu-
tions from photodissociation with polarized light by using a
spatially displaced probe beam and comparing results for
different polarizations of the photodissociation laser. We be-
lieve that it is possible to use the basic technique outlined in
this paper to study the velocity dependence of a wide variety
of atomic collision processes involving excited atoms, and
this is the direction of our future work.

ACKNOWLEDGMENTS

The authors would like to thank Professor H. Katô for
providing a copy of the theoretical Cs2 potentials of Spies.
This work was supported by NSF Grant No. PHY-0244767.

A.M. was partially supported by the U.S. Department of
Education through the GAANN program.

APPENDIX: EFFECT OF THE THERMAL DISTRIBUTION
OF POPULATION OVER ROVIBRATIONAL LEVELS

OF THE MOLECULAR GROUND STATE ON THE “FAST”
EXCITED-ATOM VELOCITY DISTRIBUTION

AFTER PHOTODISSOCIATION

To consider this effect on the “fast” excited-atom velocity
distribution, we start by assuming that the initial population
of molecular ground-statesv ,Jd levels follows a thermal dis-
tribution:

Nsv,Jd ~ s2J + 1dexpF−
Ev,J

kBT
G . sA1d

Because a great number of rovibrational levels are thermally
populated, we may treatEv,J as a continuous variable. We
can approximate the molecular energysreferenced toE0,0d as

Ev,J = vev + BeJsJ + 1d, sA2d

whereve andBe are the vibrational and rotational constants.
For the v=0 level, the density of rotational levels with

energies betweenE andE+dE is proportional to the number
of levels betweenJ andJ+dJ, wheredJ=sdJ/dEddE:

gv=0sEddE~ Nsv = 0,JddJ= Nsv = 0,JdSdE

dJ
D−1

dE

~

s2J + 1dexpF−
BeJsJ + 1d

kBT
G

s2J + 1dBe
dE

=

expF−
E

kBT
G

Be
dE. sA3d

This is the only vibrational level that contributes forE0,0
,E,E1,0. Similarly, for v=1,

gv=1sEddE~

s2J + 1dexpF−
ve + BeJsJ + 1d

kBT
G

s2J + 1dBe
dE

=

expF−
E

kBT
G

Be
dE. sA4d

We can generalize this to include all vibrational levels with
Ev,J=0,E and sum over all levels to obtain

gsEddE~ o
v=0

vmax expF−
E

kBT
G

Be
dE= svmax+ 1d

expF−
E

kBT
G

Be
dE.

sA5d

Herevmax is determined from

Evmax,J=0 , E , Evmax+1,J=0, sA6d

which yields
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vmax,
E

ve
, vmax+ 1. sA7d

Thus we can writesvmax+1d<E/ve. The resulting density of
states is therefore given by

gsEddE~
E

veBe
expF−

E

kBT
GdE, sA8d

and normalization yields the final result

gsEddE=
E

skBTd2 expF−
E

kBT
GdE. sA9d

The speed of an excited 5D atom just after it is created
through the photodissociation of a molecule initially occupy-
ing levelv, J of the ground state is obtained from the relation

mvph
2 = DE = s"vpump− E5D+6Sd + Ev,J = mv0

2 + Ev,J,

sA10d

where again, all energies are referenced to thev=0, J=0
energy level of the molecular ground state. We can therefore

express the molecular rovibrational energy as a function of
atomic velocity:

Ev,J = msvph
2 − v0

2d. sA11d

Thus the probability of finding excited 5D atoms with ve-
locities betweenvph andvph+d3vph after photodissociation is
equal to the probability of finding ground-state molecules
with rovibrational energies betweenE and E+dE prior to
photodissociation,

f s1dsvphdd3vph = f s1dsvphd4pvph
2 dvph = gsEddE, sA12d

where we assume that the velocity distribution is isotropic.
sNote that the polarized photodissociation laser pulse may
produce an anisotropic velocity distribution. In future work
we plan to use a spatially displaced probe beam to study this
effect—see Sec. VI.d Using Eq.sA9d for the density of states
we find

f s1dsvphdd3vph =
gsEd

4pvph
2

dE

dvph
d3vph = 5 2m2

skBTd2

vphsvph
2 − v0

2d
4pvph

2 expF− msvph
2 − v0

2d
kBT

Gd3vph for vph . v0,

0 for vph ø v0.
6 sA13d
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