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Radiative lifetimes, collisional mixing, and quenching of the cesium 5Dz levels
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We report the results of a series of pulsed and cw laser experiments which measure spontaneous and
e8'ective lifetimes of the Cs(SDJ) levels and investigate excitation-transfer collisions involving Cs(SDJ)
atoms and ground-state-cesium perturbers. With cw excitation of the dipole-forbidden but electric-
quadrupole-allowed 6S&/2~5D, /, transition, we monitor the ratio of sensitized to direct fluorescence,
i.e., I5D 6p /I5D 6p . A rate-equation analysis of these data yields values for the

3/2 1/2 5/2 3/2

Cs(SDS/2)+Cs(6S)~Cs(5D3/2)+Cs(6S) excitation-transfer rate, and for the rate of quenching of
Cs(SD) by ground-state perturbers. The role of out-of-multiplet quenching is discussed at length, and
we have demonstrated that quenching by ground-state atoms dominates over that by cesium dimers un-

der these conditions. In the pulsed-laser experiments, the temporal evolution of the 5DJ ~6S and cas-
cade 6PJ —+6S fluorescence was observed following either direct forbidden-line pumping of one fine-

structure level, or indirect excitation of both fine-structure levels (i.e., molecular excitation followed by
predissociation). Analysis of the buildup and decay rates of the various levels as a function of cesium

density yields values for the natural lifetimes of the Cs(SD&) levels, as well as for the excitation transfer
and quenching rates. Best values for the lifetimes and cross sections for Cs-Cs collisions obtained from

0 0
these combined experiments are v» =1250+115 ns, o.5/& 3/2=36+8 A', and cr» =30+3 A'. In addi-

tion, numbers for the 6P level-quenching cross sections due to collisions with Cs atoms and Cs2 mole-
0 0

cules, respectively, were obtained: o.6&(Cs)=6.6+3.0 A' and 0.6&(Cs2)=863+260 A. In the discus-

sion, we show how these new values can be used to reconcile the seemingly discrepant results of several

previous studies.

PACS number(s): 34.50.Fa

I. INTRODUCTION

Investigations of collisional energy transfer in excited
atomic and molecular states are of fundamental impor-
tance for a detailed understanding of inelastic or reactive
collisions. Measurements of e6'ective lifetimes and their
dependence on pressure represent an accurate method for
the determination of absolute cross sections of inelastic
collisions in excited electronic states. An independent,
steady-state method for measurements of collision cross
sections is based upon studies of sensitized fluorescence.
A comparison of the results from these two techniques al-

lows a more reliable determination of systematic errors
caused by radiation-trapping, line-broadening, and

quenching effects. The present paper reports on such
measurements of lifetimes and collisional deactivation of
the Cs(SDJ ) levels, and compares the results of the two

techniques.
Collisional transfer from one alkali-metal-atom fine-

structure level to another (often called fine-structure mix-

ing) has been studied extensively over the past 35 years.
(See Refs. [1—16] for a selection of the more recent litera-
ture in this field. Reference [17) provides a complete re-
view of the literature until 1975.) Such processes can be
described by

A (n, 1)J +X~A (n, I )J.+X,

where 3 represents the alkali-metal atom, and X is the
collision partner (which may be a ground-state atom of
the same species, a noble-gas atom, or another type of
foreign-gas atom or molecule). Processes such as these
are among the simplest forms of collisional excitation
transfer and are therefore an important testing ground
for theory.

One of the best studied sequences of collisional transfer

among fine-structure levels involves the cesium nDJ
states and ground-state-cesium perturbers:

Cs(nD, ~z )+Cs(6S, ~~ )=Cs(nD3/2 )+Cs(6S, zz ) . (2)

Process (2) for n =6—13 has been studied by Tam et al.
[1] and Sirko and Rosinski [8]. It has been found that,
for these Rydberg levels, the mixing cross sections are ba-
sically geometric. In previous work, several authors have

attempted to complete this sequence of measurements on
the low end by studying mixing among the 5DJ levels

[11,18]. However, such measurements are difficult due to
the long wavelengths required for both the pumping and
the detection.

The first estimate of the cross section for process (2)
with n =5 was made by Wu and Huennekens [19], who

pumped Cs2 molecules with blue and green lines from an

argon-ion laser and observed emission from atomic states
populated by collisions and/or predissociation. The 5DJ
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Cs(SDz )+Cs(6S)~Cs(6P, 6S)+Cs(6S) . (3)

Since densities were not varied in their study, Davanloo
et al. could only report a total 5D state collisional
quenching rate of 4.7 X 10 s ' at their Cs density of
2.6 X 10' cm . If it is assumed that process (3) is re-
sponsible for the quenching, then the cross section de-
rived from these results is 46+ 10 A, almost three times
greater than the Davanloo mixing cross section of 17 A
This was surprising given that the 5DJ levels are separat-
ed by only 100 cm ', while the separation between 5D
and 6P is almost 3000 cm

More recently, Keramati, Masters, and Huennekens
[11]carried out a somewhat more direct measurement of
the 5DJ mixing rate [process (2)]. These authors directly
excited the dipole-forbidden but electric-quadrupole-
allowed transition 6S

& /2 ~5D 5/2 using a cw dye laser,
and monitored the cascade 6PJ~6S

& /2 fluorescence in
the near infrared. Since 5D5/2 radiates exclusively to
6P3/2 only 6P3/2 ~6S fluorescence is observed in the ab-
sence of collisional mixing. As the cesium density is in-
creased, an increasing amount of 6P, /2 ~6S fluorescence
is observed. However, the 6P

& /2 population can result
from mixing that occurs in either the 5D or the 6P mani-
fold. To discriminate between these two channels, a
second set of measurements was carried out, under the
same conditions, and essentially simultaneously, in which
6P3/2 was pumped directly from the ground state using a
cw diode laser. This allowed the contribution from 6P+
fine-structure mixing to be effectively subtracted out, and

0
a 5DJ mixing cross section of 70+28 A was obtained. In
this work, it was assumed that quenching due to process

levels were detected by observation of the weak
5DJ~6S,/2 dipole-forbidden but electric-quadrupole-
allowed emission In this work, it was found that the
5D5/2 to 5D3/2 state population ratio was approximately
equal to 2 and independent of cesium density in the stud-
ied range 8X10' [Cs] & 1.4X10' cm (where [Cs]
represents the cesium atomic density). Since the com-
plete mixing ratio in thermal equilibrium is

(g2 jgi )exp( bE—//kT)=1. 1 (which was observed in an
identical cell under the same conditions but with —,

' atmo-

sphere of neon buffer gas added), this implied either a
very small mixing cross section ( & 2 A ) or an inexplica-
bly large cesium atomic- or molecular-quenching rate.
These measurements were consistent with an earlier ex-
periment of McClintock and Balling [20], who measured
a 5D, /2 ~6S, /2 to 5D 3/2 ~6S) /2 forbidden-transition
line-intensity ratio of 2.26 when exciting cesium vapor at
a density of -2. 5 X 10' crn with 488-nm cw radiation.

Davanloo et al. [18] obtained the first quantitative
determination of the 5DJ mixing cross section. Their ex-
periment also involved pumping the Cs2 molecule with
visible light. However, they used a pulsed dye laser and
probed the resulting excited-state atoms with a second
delayed pulsed dye laser. They obtained the value
cT5/2 3/2 17+10 A for the process Cs(5D, /2 )

+Cs(6S)~Cs(5D3/z)+Cs(6S). However, to fit their
data they needed to include a quenching term which they
implied was of the form

(3) was negligible since it requires conversion of almost
3000 cm ' of internal energy into kinetic energy. In-
stead, these authors assumed that the dominant quench-
ing mechanism would be

Cs(SD~ )+Csz(X 'X+ )~Cs(6P, 6S)+Cs2", (4)

where Cs2(X 'X+ ) and Cs2' represent ground- and
electronically-excited-state cesium molecules, respective-
ly. Process (4) is expected to have a large cross section (in

sodium, cross sections for similar processes have been
measured [21] to be -370 A ) since the multitude of ro-
vibrational levels in each electronic state creates a high
probability for near-resonant energy transfer. However,
because no electronic states lie 3000 cm ' above the
ground state, it is most likely that process (4) would lead
primarily to the Cs(6S) product. Under the conditions of
Ref. [11] ([Cs2]&10' cm ) process (4) was also con-
sidered to be negligible.

Because of the apparent discrepancies between the re-
sults of these previous experiments, we decided to carry
out a complete set of measurements to determine the
Cs(SDz) fine-structure-mixing cross section and to care-
fully investigate the role of quenching. We report here
the results of both cw and pulsed laser studies of these
processes. Our results generally confirm those of Davan-
loo et al. [18], although there is some quantitative
disagreement. With these results it is now also possible
to reconcile the seemingly contradictory results of all pre-
vious experiments.

This paper is organized as follows. In Sec. II, we
present the rate equations and their solutions which were
used in the analysis of both the pulsed and cw laser ex-
periments. Section III describes both experimental set-
ups. Section IV gives our results and compares them
with those of previous works. Finally, Sec. V presents
our conclusions.

II. RATE EQUATIONS

Figure 1 shows a cesium energy-level diagram with ar-
rows representing all processes which were considered in
the present work. In the five-state model, we have la-
beled 5D5/&, 5D3/2, 6P3/2 6P, /2, and 6S&/2 as states 4, 3,
2, 1, and 0, respectively. I"s are radiative rates while R's
represent fine-structure mixing. Q's are quenching rates.
It can be seen that separate rates have been included for
quenching of the 5DJ levels to both 6PJ. levels and to 6S.
The 6P levels can only quench to 6S. No excitation
transfer into higher manifolds of states is considered
since this would require conversion of )7k T of kinetic
energy into internal energy.

A. cw experiment

In the cw experiment carried out here, the SD &/2 level
was pumped directly from the ground state on the
dipole-forbidden but electric-quadrupole-allowed 6S, /2~5D5/2 transition. The steady-state rate equation for
the 5D3/2 density (n3 ) is therefore given by
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B. Pulsed experiment

In the pulsed experiment, information about mixing
and quenching rates is obtained more directly from the
time dependence of the various excited-state populations
which are monitored by the fluorescence. Since the dura-
tion of the laser pulses used in this experiment was less
than 500 ps, the excitation can be considered to be a 5
function in time, and the following rate equations are val-
id after the end of the laser pulse:

ri 4 =R 34n 3
—(I 4+ Q4+R43 )n4,

ri 3 =R43n4 —(I'3+ Q3+R34)n3,

ri2=(r +Q42)114+(132+Q32}tt3

+R 12n1
—(I 2p+Q2p+R21)tt2,

(9a)

(9b)

(9c)

1 Q41 4+( 31+Q31) 3

+R 2n12 (I +Q1p+R12)n, (9d)

with I'4 —= I 4p+ I'42 and Q4
——Q4p +Q41 +Q42 ~ (Here we

have neglected energy pooling and other excited-
atom —excited-atom collision processes since the number
of excited atoms produced by the weak pulsed laser is
quite small. )

Equations (9a) and (9b) may be solved once the initial
conditions are specified. In general, we find

set n3(0}=0and obtain

n4(0}
n4(t}= [(co+—I 4

—
Q4

—R43)exp( co—t)
( co+ co

—(co —I 4
—

Q4
—

R43 ) exp( c—o+t )]

(12a)

and

n4(0)R43
n3(t ) = [ exp( co—t }—exp( co+ t )—] . (12b)

(co+ co )

For pumping of the 5D3&2 state, Eqs. (12a} and (12b)
remain valid if the subscripts 4 and 3 are simply inter-
changed.

When the 5DJ levels are populated by predissociation
of the Cs2 molecule, following excitation into the E 'X„+

state by the 488-nm Ar+-laser line, the more general
equations [(10a) and (10b)] must be used, with the ap-
propriate initial condition [i.e., at the end of the laser
pulse the ratio n3(0) ln4(0)-1. 5; see Ref. [23]].

Finally, we note that when either of the 5DJ levels is
excited, the pulsed rate equations (9) may be solved for
the 6PJ level populations. These may be represented by
the following:

n1, 2 ~1,2 exp( ~—t }+~1,2 e"p( ~+t )

n4(0)
n4(t)=

(co+ co ) where

+C, 2 exp( At)+D—
1 ,2exp( A+t ), —

, (13}

X [ (co+ —I 4
—

Q4
—R 43 )exp( —co t )

—(co —I 4
—

Q4
—R 43 )exp( —co+t ) ]

n 3(0)R 34+ [exp( co t )
—exp( —co+t }—]

(co+ co )

g~=, (I „+I2p+Q1p+Q2p+R 12+R21)

+—,'[(I 1p
—12p+Q111—Q2p+R12 R21}

+4R»R» ]'" . (14)

and

n3(0)
n3(t)=

(co+ co )

X [ (co+ —I 3
—

Q3
—R34}exp( co t)—

—(co —I'3 —
Q3

—R 34)exp( co+t )]—
(10a)

The amplitudes are, in general, quite complicated, and
will not be reproduced here.

III. EXPERIMENT

A. c~ experiment

n4(0)R43+ [ exp( co t) —ex—p( —co+t)],
(co+ —co )

(10b)

with

co+= —,'(I 3+I 4+Q3+Q4+R34+R43)

+ '[(I —I +Q —
Q +R —R ) +4R R ]'i .

For the specific case of direct pumping of the 5D5&2 level
on the quadrupole transition from the ground state, we

The setup for the cw laser experiment is shown in Fig.
2. Pure cesium vapor was confined in a cross-shaped
stainless-steel cell with sapphire windows which has been
described in previous publications [24,25]. The cell,
which is connected to a vacuum and gas-handling system
through a series of valves, is heated by a set of cartridge
heaters to a temperature which was fixed at 601 K
throughout the measurements. The cesium density is
controlled by the temperature of an independently heated
reservoir located in a sidearm of the cell. Two sapphire
rods, filling two arms of the cross, create a slab-shaped
interaction region with a thickness of 0.55 cm. Cesium
atomic densities were determined by the absorption
equivalent width technique, using a white-light source.
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FIG. 2. Schematic diagram of the setup for the cw experi-
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Such absorption scans of the 6S,&2~6P3/2 transition
could be obtained in either pure cesium, or in cesium-
argon mixtures. In either case, the equivalent width of
the resonance transition is dominated by pressure
broadening, and is given by [24]

' 1/2
g2 LnI, I „„c 8m2 gi

(15)

Here g& and gz are the statistical weights of the lower
and upper states, respectively, A, is the transition wave-

length, I. is the absorption path length, n is the atom den-

sity, and I „„is the natural radiative rate (Einstein A

coefficient) of the transition. I'„ the collisional line-

broadening rate, has a contribution from self-broadening,
and if argon is present, one from foreign-gas broadening;
i.e., I,=nc, k, ' '+nA, k, ' '. The self-broadening
constant is taken from Ref. [26] (k, ' '=7.51X10
cm s '). Theoretical self-broadening rates of Ref. [26]
have been verified in the case of sodium [5] to within ex-
perimental uncertainties of +15%. k, ' '=5.33X10
cm s ' from Ref. [27]. Cesium densities derived from
the equivalent width technique are typically accurate to
within approximately 10—15 %, but differ from those ob-
tained from the Nesmeyanov vapor-pressure formula [28]
by as much as a factor of 2 (see also Ref. [11]).

Cs2 molecular densities can be obtained from the equi-
librium constant K, ( T ) = [Cs] /[Cs2], which in turn de-

pends on the Cs2 ground-state molecular constants [29].
Using the constants of Weickenmeier et al. [30], we ob-
tain

K, (T)=1.37X1022T '3exp( —5.22X10 /T)

X [1—exp( 60 46/T )]—. (16)

for T in K. At the fixed cell temperature of 601 K, we
have K, (T=601 K)=5.43X10' cm

Cesium atoms in the vapor were excited using a mul-

tirnode cw dye laser tuned to the 6S~5D&/z electric

I3] k42 E3i T3'j R43

I42 4~so~ X31 642 r42 R 34

~42 e31 r31
a '

~31 ~42 r42

(17)

where a is defined just below Eq. (6) and is equal to 1.19
at 601 K. The experimentally measured fluorescence ra-
tio was found to increase with argon pressure, but sa-
turated at a value of 1.15. (This same value was obtained
at P =100 and 259 Torr, thus verifying that the approxi-
mation R 34 ))I'3, Q3 is valid. ) Thus we find that

(A42/A 31 )(E3 /E142)( I 31/r42) = 1.15 X 1.19= 1.37 for
our detection system.

A series of measurements of I» /I42 was then carried
out in pure cesium vapor for a range of densities between
1.1X10"and 1.1X10' cm . Equation (6) was then fit

to these values using the above calibration and taking

k43 R43 /[Cs] and q3
=—Q3 /[Cs] (or q3 —Q3 /[Cs2]

=Q3K,q/[Cs] depending on the form of quenching
[process (3) or {4)]which is assumed} as the fitting param-
eters. The results of this procedure are presented in Sec.
IV.

B. Pulsed experiment

The experimental setup for the pulsed measurements is
shown in Fig. 3. The cesium vapor was contained in a
2.3-cm-diam linear heat-pipe oven [31,32] in which the
argon gas pressure was set to the cesium pressure calcu-
lated from the Nesmeyanov vapor pressure formula [28]
for the relevant temperature. It was verified that this
procedure resulted in true heat-pipe regime operation.

quadrupole transition. Fluorescence was detected
through the two faces of the slab-shaped interaction re-
gion in directions that were perpendicular to the laser
propagation axis. In one direction, the total 6P3/2~6S
fluorescence was monitored using an S-1 photomultiplier
and a Cs-D2-line interference filter. In the other direc-
tion, fluorescence was directed into a 0.22-m monochro-
mator with a 150-line/mm grating, and 3-mm slits (re-
sulting in a spectral resolution of -90 nm, which was
suIcient to separate the 5DJ~6PJ. fine-structure com-
ponents). Light passing through the monochromator at
A, =3.01 and 3.49 pm, corresponding to the 5D3/2
~6P, /2 and 5D5/2~6P3/2 transitions, respectively, was
detected with a liquid-nitrogen-cooled InSb detector
{Electro-Optical Systems). These signals were divided by
the total 6P3/2~6S fluorescence intensity, which was
simultaneously monitored, in order to correct for minor
drifts of the laser frequency. The laser beam was
chopped and lock-in detection was used. Signals were
recorded with a strip-chart recorder.

Calibration of the detection system at the two wave-
lengths was carried out by measuring the ratio I31/I42 at
low cesium density (-1X10' cm } but with a large
pressure (100 300—Torr) of argon buffer gas. Under these
conditions, collisions with the inert gas atoms cause
much excitation transfer between the fine-structure levels
but presumably no quenching. Thus Eq. (6) is valid with
R34))I 3, Q3. Therefore we find
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FIG. 3. Setup for the pulsed-laser experiment. Direct excita-
tion of the Cs(SDJ) levels was achieved using a synchronously
pumped dye laser, while for the molecular excitation scheme an
Ar+ laser (A.=488 nm) was operated in a cavity-dumped cw
configuration. Fluorescence was time resolved by means of the
delayed-coincidence technique.

Thus the cesium pressure was simply equal to that of the
buffer gas. The heat-pipe temperature was varied in the
range 480 K& T&637 K, corresponding to a cesium
atomic pressure ranging between 0.11 and 10 Torr.

The vapor was excited using a cavity-dumped, mode-
locked-laser system which was used in two con-
figurations. For direct excitation of the dipole-forbidden
transition 6S

& &2
~5D& ( A, =689.7 and 685.1 nm for

J=—,
' and —', , respectively) ultrafast pulses were provided

by a dye laser operating with DCM dye [4-
(dicyanomethylene)-2-methyl-6-(p-dimethyl-aminostyryl)-
48-pyran], synchronously pumped by a mode-locked
Ar+ laser. A cavity-dumper system inserted in the dye-
laser cavity allowed us to vary the repetition rate up to 4
MHz. The pulsewidth of 400 ps was monitored by a fast
photodiode and a sampling oscilloscope. The laser wave-
length was measured by means of a computer-controlled
Fabry-Perot wavemeter [33].

In the second configuration, the 5DJ levels were popu-
lated by exciting the Cs2 molecule with the 488-nm Ar+
laser line to levels (O', J') of the E 'X„+ state, which pref-
erentially predissociates to the 5D3&2 level [23,34]. In
this case the Ar+ laser operated in the cw regime in an
extended optical cavity by removing the output coupler
mirror. A cavity-dumper system made up part of this ex-
tended cavity, providing laser pulses of about 20 ns in
width. The larger pulsewidth compared to the mode-

locking operation was, however, sufficiently short for our
investigation because the effective lifetimes of the studied
levels are in the microsecond range.

The laser beam was focused in the middle of the heat
pipe by means of a lens with 50-cm focal length. The
fluorescence on the electric quadrupole 5D~6S and the
cascade 6P+6S fluorescence was detected transverse to
the laser-excitation axis. The fluorescence was collected
on the entrance slit of a 1-m monochromator with a

0
1200-line/mm grating (10-A/mm dispersion) and detect-
ed by means of a photomultiplier (RCA model C31034A).
The slits were fully opened (3 mm) to improve the signal-
to-noise ratio, especially for the forbidden 5D ~6S
fluorescence. Lifetime measurements with direct excita-
tion of a 5DJ level and detection of its fluorescence were
not possible because the resonance fluorescence was com-
pletely masked by the scattered laser light which saturat-
ed the photodetector. However, the sensitized fluores-
cence, originating from collisional excitation transfer
from the other fine-structure level, could be spectrally
separated and detected. The scattered light, which was
still present on the sensitized fluorescence, could be easily
discriminated due to the short pulsewidth of the laser.
With the other scheme, based on molecular excitation
with the 488-nm Ar+-laser line, the scattered light was
readily removed by inserting a cutoff filter in front of the
heat-pipe window.

The time evolutions of the 5D and 6P levels were ob-
tained by means of the delayed-coincidence technique
[35]. The fluorescence photon starts a voltage ramp
which is stopped by the laser trigger signal, and a time-
to-amplitude converter provides a voltage signal that is
stored in a multichannel analyzer. For both excitation
schemes mentioned above the laser repetition rate was
chosen as high as possible with respect to the studied de-
cay rates. The counting time required to obtain good
statistics on the fluorescence decay curves was shorter
( T=30 min) for the molecular excitation scheme than for
the direct excitation of the quadrupole 6S~SD transi-
tion (T=60 min), demonstrating the more efficient way
of populating the 5D levels through the predissociation
channel. Since typical count rates of approximately one
count per 100 laser pulses were used, pileup effects were
negligible.

Finally, the data were sent to a computer, allowing us
to fit the decay curves with single- or multiexponential
functions.

It should be noted that excited atomic levels were pop-
ulated only weakly either by the molecular photodissocia-
tion or the forbidden atomic line pumping. The largest
excited-atom densities were obtained using the photodis-
sociation technique, and thus are certainly limited by the
molecular density which is roughly two orders of magni-
tude smaller than the ground-state-atom density. In fact,
since the pulsed laser used for this pumping was itself
quite weak, and the photodissociation process is not
100%%uo efficient, the actual excited-state densities were
probably several orders of magnitude smaller than this
limit. The low fluorescence-photon count rates obtained
with wide-open monochromator slits attest to the small
excited-atom populations. Thus, under these conditions,
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excited-atom —excited-atom collision processes, such as
energy pooling and associative ionization, can be corn-
pletely neglected.

IV. RKSUI.TS AND DISCUSSION

A. cm experiment

Figure 4 shows the results obtained in the cw experi-
ment. Due to the fact that the laser was pumping a very
weak dipole-forbidden transition, and that the monitored
fluorescence occurred in the infrared where detectors are
not very sensitive, the signal-to-noise ratio was not as
high as one might like. The error bars on the experimen-
tal points in Fig. 4 are estimates which we believe cover
the measurement uncertainty in the fluorescence ratios,
as well as the uncertainty in the cesium density.

The data are fit by a function of the form of Eq. (6). If
the dominant quenching term is atomic [process (3)], then
the fitting function becomes

I3, k43 [Cs]

I42 I 3+(q3+ak43)[Cs]
(18)

k43[Cs]

I 3+ak~3[Cs]+(q3/K, )[Cs]
(19)

where in the last step we have used the fact that the cell
temperature was kept constant in the experiment.

It can be seen that the function in Eq. (18) builds
linearly with density at low densities and saturates at the
value N/[ a+( q/3k 4)3] at high densities. If Eq. (19) is

On the other hand, if the dominant quenching term is
molecular [process (4)], then the data must be fit by the
function

I» k43 [Cs]=E
I 3+ak43[Cs] +q3 [Csz]

correct, then the data will build up linearly, saturate, and
eventually turn over and decrease as the density is in-
creased further. In either event, we know that the
quenching term is important since the data are clearly sa-
turating at a value that is much less than that which
would be obtained in the absence of quenching,
X/a=1. 15. However, the data in Fig. 4 do not cover a
sufficiently large range of densities to distinguish between
Eqs. (18) and (19) on their own. Higher densities than
those reported in Fig. 4 could not be studied here since
the silver 0-ring window seals degrade under such condi-
tions.

Nonetheless, we can conclude that the atomic quench-
ing mechanism and Eq. (18) are correct for the full range
of Cs2 densities studied here by also considering the ear-
lier results of Wu and Huennekens [19].Those authors
report I3o/I4p =0.5, independent of density for densities
in excess of 10' cm following excitation of the Cs2
molecule with an argon-ion laser. Adding —,

' atmosphere
of neon resulted in I3o/I4o=0. 91. Since [Cs~]/[Cs] was
more than a factor of 5 greater in that earlier work than
in the present experiments, it is clear that these results
are inconsistent if the quenching is molecular, but are
completely compatible if the quenching is atomic. (In
particular, fitting the current data with a molecular-
quenching term yields q3=3.6X10 cm s '. With this
value, I3p/I4p should have dropped to -0.2 at
[Cs]=10' cm in the Wu and Huennekens experiment
if the quenching is molecular. ) This conclusion is also
verified by the more-accurate pulsed-laser data presented
in Sec. IV 8, which allow direct observation of the
quenching, and show that it is linear in atomic number
density.

Based upon this discussion, we fit the data of Fig. 4
with Eq. (18) in a weighted least-squares procedure.
From this fit, we obtain the following values for the mix-
ing and quenching rate coefficients:

k~3=(1.36+o»)X10 ' cm s (20)

0.70

0.63—

0.56—

0.49—

0.42—

0.35—
C9

0.28—

0.21

0.14

0.07

0.00--
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[Cs] (10' at.icm )

FIG. 4. Plot of I»/I&2 vs cesium density in the cw experi-
ment. The solid line is the least-squares best fit of the data using

two free parameters (k43 and q3).

q3=(1.0+ )X10 ' cm s (21)

I3$ /I42 (X/N' )(I3p /I4o )

=%[a(I3o /Ido ) ] (I3o/I4o) =0.68

In the fit, we used a theoretical value [36] I 3=1.17X 10
s ', as was done in Ref. [11]. Because in the pulsed-laser
experiment (see Sec. IU B) we measured I'5D =&5D'

=8.0X10 s ' (where r5D is the average lifetime of the
5DJ levels in the absence of collisions), we assume that
this number is only accurate to -20%. This uncertainty
in I 3 and possible systematic errors in [Cs] are the main
contributors to the error limits in Eqs. (20) and (21).

In this fit, the parameter q3 is not determined nearly as
weH as k 43 since the two parameters are partially corre-
lated and since the density range of the data was not very
large. However, we note that Wu and Huennekens's re-
sult can be added to the present data field to improve the
fit. Their result for the 5DJ ~6S forbidden-line-intensity
ratio translates into a value of
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'2o43=33+9 A (23)

This is in good agreement with the saturation limit of
0.71 predicted from the present results [(20) and (21)] and
Eq. (18). Including this point in our fit, the mixing and
quenching rates are hardly affected [k43=(1.42+0.39}
X10 ' cm s ' and q3=(1.14+0'44}X10 ' cm s '],
but the uncertainty in the quenching is reduced consider-
ably.

If we assume that the cross sections are independent of
velocity, we may define an average cross section by

k=(crv &=oV, (22)

where u=[8RT(M~+M2)/nM, M3]'~ is the mean rela-
tive velocity of the two colliding atoms. Under our con-
ditions, T=601 K, we find v =4.36 X 10 cm/s and there-
fore the combined cw measurements result in
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and

o 3=26+12 A (24)

B. Pulsed experiment

for the mixing and out-of-multiplet-quenching cross sec-
tions.

FIG. 5. Time-resolved fluorescence of the quadrupole-
allowed cesium 5D3/$~6S&/& transition (A, =689.7 nm) at (a)
T=257'C and (b) T=287'C, following direct laser pumping of
the 5D5/2 state from the 6S&/2 ground state. The solid curves
are the best fit of the data using Eq. (12b), while the two ex-

ponentials with decay constants co+ and co are represented by
dashed lines.

In the pulsed experiment, the 5DJ levels could be pop-
ulated either directly using the dye laser (tuned to the
6S—!5DJ electric-quadrupole transition frequencies) or
by predissociation following pumping of the E states of
the Csz molecule using the mode-locked argon-ion laser
at A, =488 nm. While the former excitation scheme was
needed to prepare a single 5DJ level, and therefore neces-
sary to obtain information on the fine-structure mixing
rate, the latter scheme resulted in much better signal-to-
noise ratios and proved more useful in obtaining the nat-
ural lifetimes and quenching rates.

Typical time-resolved fluorescence signals of the
5D3/2~6S»2 transition are shown in Fig. 5 at two
different temperatures. The 5D3/2 level was populated by
fine-structure collisional mixing following direct excita-

tion of the 5D5/z level.
Regardless of pumping scheme, the 5DJ ~6S fluores-

cence can be described as a sum of two exponentials with
decay constants given by Eq. (11). For direct 5' level

pumping using the dye laser, we obtain co+ from the
buildup rate and co from the late time decay of the
transferred component (sensitized fiuorescence com-
ponent). The directly pumped component cannot be used
because the photodetector becomes saturated with scat-
tered laser light.

For relatively high densities where I 3
—r4

«R34 R43 Eq. (11) cannot be easily approximated,
since we do not know the magnitude of Q3

—Q4. How-
ever, if we assume that Q3 =Q4 —=QD, then Eq. (11) can
be approximated in this limit as

r3+ I 4 (a —1) I 3
—I'4 (a+1)R43+(a+1)R43

co~=s~ —— k +Qn+
2

r3+I 4 (a 1) I 3
—I'4 (a+1)o43+(a+1)cr43

2 (a+1) 2 2
[Cs]v . (25)

[In the high density limit, the first two terms on the
right-hand side of Eq. (25) are small compared to the
density-dependent terms. However, they will be needed
later for the extrapolations of s+ to zero density. The ap-
proximation given here for the density-dependent term is
equivalent to the approximation that Q3

—
Q4 «R 34

+R43 The latter inequality is probably satisfied by
roughly a factor of 10 at all densities. ]

The dependences of s+ and s on [Cs]v yield typical
Stern-Volmer plots whose slopes give

and

o 5v (from s ) (26a)

o3D+(a+1)o43 (from s+) . (26b)

Values of co+ and co obtained by fitting the time depen-
dence of the sensitized 5D3/2~6S, /2 fluorescence are
plotted in Fig. 6 versus [Cs]v. We have verified that the
sensitized fluorescence decay rates co+ obtained from the
direct excitation of both 5DJ fine-structure levels are con-
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TABLE I. Lifetimes and radiative decay rates of the Cs(SDJ ) levels.

Ref. r
5D3/2 6P1/2 r (s-')

5D3/2 ~6P3

5D3/2

=(r
5D3/2 ~6P

+ I 5D 6p ) (ns)
3/2 3/2

7
5/2

r (s-') =(r )
' (ns)5D 5/2 6P3/2 5D

5 /2 6P3/2

Theory
Warner [36]
Fabry [42]
Stone [43]
Heavens [44]
Theodosiou [45]

10.5x 10
8.42x 10'
9.23 X 10
9.4x10'

1.22 X 10
0.99x 10'
1.08x 10'
1.1x10'

855.6
1062

970.3
952
908.7

8.40x10'
6.97X10
7.45 X 10
7.30x10'
7.80x 10'

1190
1435

1342

1370
1282

Experiment

This work'

Marek [46]
1250+115
890+90

1250+115
890+90

'Average lifetime of the 5DJ levels. Individual lifetimes could not be obtained because of fine-structure mixing at the lowest densities studied.

Average lifetime of the 5DJ levels. Individual lifetimes could not be obtained because of fine-structure mixing occurring in collisions with xenon
buffer-gas atoms.

two 5DJ fine-structure levels, while the slope provides the
quenching cross section. In this manner we obtain

and

5D 1250+150 ns (30)

o 5D =30+3 A (31)

These values are in agreement with those obtained from
the direct atomic-excitation scheme, but are determined
with higher accuracy.

Our results for the 5D state lifetimes are compared to
previous theoretical and experimental values in Table I.
Our mixing and quenching rates are presented in Table
II, where they are also compared to the results of previ-
ous measurements.

It is also useful to look at the 6P~6S cascade fluores-
cence in the pulsed experiment to see what it can tell us.
In general, the solutions for the 6'. level populations
when pumping one of the 5DJ levels [Eqs. (13) and (14)]
are too complicated to provide much insight. However,
if we consider the simpler three-level model shown in Fig.
8, which ignores the fine-structure splittings, we obtain

riD = —(I Dp+I D+sQ pD+Q )D=s(I D+QD)nD (32a)

and

np (~Dp+QDp }nD (~p+Qp }np

with the solutions

(32b)

nD(t }=nD(0)exp[ —(I D+QD)t]

and

( I Dz+ QDz )nD (0)
np(t)=

(rD+QD I't Qt )——

(33a}

X [exp[ —(1 t, +Q~}t]—exp[ —(I' DQ+)Dt]J .

(33b)

In this simplified model, it can be seen that the 6P popu-

lation will build up with the faster and decay with the
slower of the two rates (I D+QD } and (I p+Qp). Since
the observed 6P fluorescence decays much more slowly
than the 5D fluorescence, it is clear that (I ~+Q~ } is the
slower rate. Thus the 6P fluorescence buildup rate
roughly gives I D+QD, while the slow decay rate gives
I'p + Qp. The 6P ~6S fluorescence is highly trapped
[37,38]. However, in the density range studied, the trap-
ping is dominated by the self-broadened line wings, and
I p is roughly constant [22). Thus plots of the slower 6P
level decay rate versus atomic or molecular cesium densi-
ties provide information on the quenching mechanisms
and trapped lifetimes.

In our pulsed experiment, we have recorded both the
D, and Dz resonance fluorescence, but a systematic
analysis was made only for the 6P3/2 6S~/2 cascade

TABLE II. Cs(SDJ) fine-structure mixing and quenching
cross sections.

Reference

Wu and
Huennekens [19]'

Davanloo et al. [18]
Keramati, Masters,

and Huennekens [11]b
This work

pulsed
cw
best values

Geometric"

0

~5/2 3/2

&2
17+10
70+28

55+25
33+9
36+8

14

0 2
05D (A )

46+10

30+3
26+12
30+3

'This result can now be discarded since it was based upon an as-
sumption that no quenching occurred (see text).
This result is approximately a factor of 2 too large due to

neglect of atomic quenching (see text).
'The geometric cross section was approximated by the hydro-
genic expectation value of the square of the orbit radius given
by [47] r = 'n* [5n* +1——31(1+11]ao,where n*=2.55 is the

effective principal quantum number for the Cs(SD) state, and
ao =0.529 A is the Bohr radius.
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FIG. 8. Simplified energy-level diagram showing processes
considered in the analysis of the cascade fluorescence signals.
Q's are quenching rates and 1 's are radiative rates.

r, +Q, =r, „+o,(Cs)U„„[Cs]

+op�(cap)Uc

c [Cs2] (34)

where o p(Cs) and o p(csz) are the quenching cross sec-
tions for atomic and molecular collisions, and vc, zs and

vc, c, are the mean relative velocities of the two col-
'2

lision partners.
The cross sections obtained from a fit of the data in

Fig. 9 are

fiuorescence (A, =852. 1 nrn). This was because the
efFiciency of the photomultiplier was low at the wave-
length A, =894.3 nm of the other doublet component, re-
sulting in a reduction of the signal-to-noise ratio.

The density dependence of the slower decay rate was
obtained by fitting the late time decay of the time
resolved fluorescence with a single exponential. These
data are plotted in Fig. 9, which illustrates that, in the
range of temperatures explored in our experiment
(207—364'C), the dependence of I p+Qp on vapor pres-
sure is linear in [Cs] only at low temperatures. At higher
temperatures the dimer concentration, which grows fas-
ter than [Cs], dominates the quenching of the 6P levels.
The experimentally observed decay rate of the 6P3/2 level
was therefore fitted to the expression

FIG. 9. Dependence of the decay rates for the 6P3/2 level as
a function of atomic and molecular densities. Solid line is the
best fit using Eq. (34), while the dotted and dashed lines refer to
the molecular and atomic quenching, respectively (the radiative
term I p,z has been added to the atomic-quenching contribu-
tion).

C. Discussion

The results presented here generally reconcile all previ-
ous measurements of the cesium 5DJ fine-structure-
mixing and out-of-multiplet-quenching rates. They also
clearly demonstrate that the 5D level quenching is due
primarily to ground-state cesium atoms [process (3)].
The results presented here for the mixing and quenching
rates are in reasonable agreement (but slightly outside
combined experimental uncertainties) with those ob-
tained by Davanloo et al. [18).

In Ref. [11],Keramati, Masters, and Huennekens ob-
tained the value cr43 70+28 A . This result was based
on the assumption that the quenching was molecular
[process (4)], and due to the low densities of their experi-
ment, was negligible. Since it is now clear that the
quenching is actually atomic, the results of Keramati,
Masters, and Huennekens must be reexamined using a
model which includes the quenching terms Q3t, Q3$ Q4],
and Q4z. The important term here in this context is Q4, ,
which creates additional population in the 6P, &2 state
(the monitored quantity in the experiment of Ref. [11]
was Itch'Izc ). In the limit of low density (I »R, Q ), we

find that Eq. (8) reduces to

and

o p(Cs)=6. 6+3.0 A

o p(csz) =863+260 A

(35a)

(35b)

low density
Iio R, I, R Q,+ +

20 P 5D 20 10 20

(36)

The intercept of the decay rate at [Cs]=0 in Fig. 9 gives
the inverse trapped lifetime r,z'(6P3&z)=1.2X 10 s
which is in reasonable agreement with the value
0.91 X 10 s ' calculated from the Holstein theory
[37,38] for a cylindrical heat pipe of radius 1.15 cm in the
limit where the trapping is dominated by the quasistatic
wings.

This is identical to Eq. (11) of Ref. [11]except for the ex-

tra term involving Q&t. Thus the quantity actually mea-

sured in Ref. [11]was k43+q4, (I 3/r») rather than sim-

ply k43 which those authors reported to be 2.6X10
cm s '. Using the value of k43 measured in the present
cw experiment, we find q4t =(1.2+1.0)X10 ' cm s

which is consistent with the present determinations of the
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quenching rates.
In light of these present results, one must also recon-

sider the published results of Wu and Huennekens [19].
In that work, predissociation and collisional depopula-
tion of the Csz(E) states was studied by monitoring the
ratio of atomic to molecular fluorescence, as a function of
density, following excitation of the molecule with a cw
argon-ion laser. The two atomic states that are
significantly populated by these mechanisms are 7S and
5D. While quenching of excited atoms by Csz molecules
was explicitly considered, and quenching by impurities
was discussed at length, quenching by ground-state atoms
[process (3)] was neglected. For the 7S state, inclusion of
such terms would add an additional term q7s[Cs] to the
denominator of the right-hand side of Eq. (18) (of Ref.
[19]). This in turn would multiply the right-hand side of
Eq. (22) of Ref. [19] by I 7s/(17S+q7s[Cs]). If we as-
sume that the 7S state atomic quenching is comparable to
that reported here for the 5D state, then this factor is —1

at low densities and -0.86 at [Cs]=3X10' cm
Moreover, such quenching would cause a deviation from

linearity of the I7s/IE-versus-density curve, which was
not observed below [Cs]=3X10' cm (see Fig. Sa of
Ref. 19). Therefore it can be concluded that the 7S state
results, I p7s and k7s of Ref. [19],are correct as printed.

The 5D state results of Ref. [19] are more strongly
affected by atomic quenching and more difficult to
correct due to the possibility that quenching of 7S might
also populate 5D. In particular, the inclusion of atomic
quenching terms requires that the right-hand side of Eq.
(19) of Ref. [19] be replaced by [I p5n +k 5n [Cs]
+ q7s 5g)[Cs] [Cs(7S)] / [Csz(E)]] / jl,n + q, ii[Cs]
+k5i, [Csz]]. Here, I'p, n is the rate for predissociation
of the Csz(E) states to the 5D+6S atomic limit, and k&n
is the rate coefficient for the process Csz(E )

+Cs(6S)~Csz(X)+Cs(SD). k5n is the rate coefficient
for the back transfer to the molecule [this is the same as
the molecular quenching, process (4), in the present
work]. Using the modified version of their Eq. (18)
presented above, we obtain a modified version of Eq. (23)
of Ref. [19]:

I p5z&+kzn[Cs]+q7s 5n[Cs)(I p7s+k7s[Cs])/(I 7s sp+q7s[Cs]+k7z[Csz])
X

I 5n+q5n[Cs]+ksn[Csz]
(37)

The zero-density intercept of Eq. (37) still yields the
predissociation rate (intercept of I5n /IE —I'psn /I, n ) so
that Eq. (26) of Ref. [19]and the 5D predissociation rates
I p5~ reported in that reference are still correct. Howev-

er, since the extrapolations to zero density are made from
data taken above 10' cm, where q5n[Cs] is still com-
parable to I 5z, the reported uncertainties in I p5& should
be increased; these values are probably only accurate to
within a factor of 2.

Because of the complexity of the situation represented
by Eq. (37), and the fact that we do not have accurate
values for the 7S state quenching rates, we must discard
the conclusion of Ref. [19] that k5n &6X10 " cm s
At present, we simply do not have enough information to
make any useful statement about the magnitude of k5&,
although it is likely to be small since this process is not
resonant.

Wu and Huennekens argue that collisional mixing was
not occurring among the 5DJ sublevels under the condi-
tions of their experiment. Since this conclusion was in er-
ror, it was also not correct to report predissociation rates
to each 5DJ level individually. The values of I p5~ re-
ported in their Table II are essentially correct as dis-
cussed above. However, the values of I p5& and

3/2
I p5~ reported there must now also be discarded. The

5/2

arguments they made to obtain a calibration factor C,
which can be used to place the relative photolysis mea-
surements of Refs. [23] and [39] on an absolute scale, are
also changed since only the total 5D predissociation rate

I p5~ was, in fact, measured. The value they report,
5.8X10 ' cm, should now be increased to 8.7X10
cm with the same error bars. In fact, the present results
eliminate the apparent discrepancy in the relative 5DJ
production rates observed in Refs. [19]and [23]. Howev-
er, it should also be mentioned that the "predissociation
rates" presented in Ref. [19]are average values of the dis-
sociation rates of all v, J levels that happen to be pumped
by the multimode laser that was used. In fact, the predis-
sociation rates of Ref. [19] were based on total lifetimes
measured using the phase-shift technique which assumes
single-exponential decay. Recently, Bieniak and Szonert
[40] have shown that at least three exponentials are need-
ed to describe the molecular state lifetimes. Again, this
points to an averaging over pumped and detected levels
and explains Bieniak and Szonert's concern that the Wu-
Huennekens predissociation rates are so small. We hope
that, using currently available narrow-band lasers, predis-
sociation rates for individual v, J levels will soon be avail-
able.

Once we understand that the 5D level quenching is
predominantly atomic, it is useful to.consider how this
can come about. The 6P3/p state lies 2767 cm ' below
the 5D3/p level. Quenching of the 5Dz levels must occur
through a highly repulsive potential curve of the 6P+6S
manifold. The most likely candidate is the 2 X„+ state,
which according to the most recent calculations by
Krauss and Stevens [41] is -2000 cm ' repulsive at
R =11.3 a.u. A simple extrapolation indicates that the
2 X„+ state would be 2767 cm ' repulsive near R =9.5
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0
a.u. =5.0 A. Thus a gas-kinetic cross section on the or-
der of mR -80 A is possible through this channel. This
estimate is not inconsistent with the quenching cross sec-'2
tion of -30 A reported here.

V. CONCLUSIONS

In summary, we have presented the results of a series
of pulsed and cw laser experiments designed to study ra-
diative decays and collisional excitation-transfer process-
es involving the Cs(SDz} levels in pure cesium vapor. In
particular, we have determined that the principal quench-
ing mechanism of the 5Dz levels is atomic in nature [pro-
cess (3)] as originally implied by Davanloo et al. [18].
We have determined absolute magnitudes for both the
fine-structure mixing and 5Dz out-of-multiplet quenching
cross sections with each number being determined from
more than one independent technique. Our best values
for these cross sections are

sistent with the trend observed in Ref. [1] for the higher
Cs(nDJ) levels. Specifically, the experimental cross sec-
tions were found to agree well with the geometric cross
sections for n =7—10. However, for 6D, the experimen-
tal value was larger than geometric by a factor of 2.6.

In addition, we have experimentally determined the
average natural lifetime of the 5DJ levels,

~&D =1250+115 ns . (40)

o t ( Cs~ ) =863+260 A

and with Cs atoms

(41a)

o't, (Cs) =6.6+3.0 A (41b)

From the analysis of the cascading 5D&/2»2~6P3/p~6S
& /p fluorescence we have also determined the 6P3/2

level quenching cross sections for collisions with Cs2 mol-

ecules

'2
5/2 3/2

43=36 8 A (38)
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These results are substantially in agreement with the pre-
vious results of Davanloo et al. [18] (although slightly
outside combined error limits) and reconcile the seeming-

ly contradictory results of Refs. [11],[18],and [19]. The
mixing rate is also seen to be a factor of 2.9 larger than
the geometric cross section (see Table II}. This is con-
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