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Energy-pooling collisions in cesium: & ;+6P;—6S+ (nl=7P,6D,8S,4F)
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We report experimental rate coefficients for the energy-pooling collisions R5g)6
+Cs(6P4/5) —Cs(6Sy) +Cs(nly) and Cs(63) +Cs(6P35) — Cs(6S,)0) +Cs(nly) where nly=7Py,,
7P3, 6D3p, 6D, 8Sy)p, 4Fs,, Or 4F,,. Atoms were excited to either thePg, or 6P5, State using a
single-mode Ti:sapphire laser. The excited-atom density and spatial distribution were mapped by monitoring
the absorption of a counterpropagating single-mode ring dye laser beam, tuned to eithey }he85,,, or
6P3,— 7D3); siptransitions, which could be translated parallel to the pump beam. Transmission factors, which
describe the average probability that photons emitted within the fluorescence detection region can pass through
the optically thick vapor without being absorbed, were calculated for all relevant transitions. Effective lifetimes
of levels populated by energy-pooling collisions are modified by radiation trapping, and these factors were
calculated using the Molisch theory. These calculated quantities have been combined with the measured
excited-atom densities and fluorescence ratios to yield absolute energy-pooling rate coefficients. It was found
that the rate for production, in all cases, is greatest 0t But that 1/2-1/2 collisions are significantly more
efficient than 3/2-3/2 collisions for populatind®7 It was also found that 4, is populated two to three times
more efficiently than P5,, in 1/2-1/2 collisions, but that theF fine-structure levels are approximately equally
populated in 3/2-3/2 collision$S1050-294{@6)00508-2

PACS numbsds): 34.50.Rk, 34.90tq

[. INTRODUCTION renko. However, energy pooling in cesium is of current in-
terest because such collisions could be an important loss
In 1972, Klyucharev and Lazarenkid] reported that mechanism in ultracold laser traps, especially now that trap
when cesium vapor was resonantly excited to tRelévels, densities of 18! to 102 cm™2 are within rangd16]. In ad-
fluorescence from thel® atomic levels, which lie near twice dition, the large fine-structure of the cesiunP g levels
the 6P energy, could be observed. The population in themakes the study of cesium energy pooling more interesting,
high-lying levels was attributed to excited-atom-excited-since the combinations 6 ,+ 6P, 6P,+6P5, and
atom collisions in which the two atoms pool their internal 6P, + 6P, are more or less resonant with various highly
energy to produce one ground-state atom and one in a Mokgcited stategsee Fig. L The large fine-structure splittings
highly excited statenl;. (in this casenl; =6D3; 512 also allow study of the role of angular momentum in the
energy-pooling process. To the best of our knowledge, there
CH6P;) +CH6P;)=Csnl;/)+CH6Sy)). (1) have been only a few quantitative studies to date on energy
pooling in cesium. In their original paper, Klyucharev and
Collisions of this type have since come to be called “energy-Lazarenkd 1] estimated from experiment that the cross sec-
pooling collisions” and they have been the subject of muchtion for procesg1) was less than 10° cn? for nl=6D at a
study in alkali-metal homonuclegR—5] and heteronuclear temperature of 528 K. Later, Borodin and Komar7]
[6,7] systems, as well as in other metal vap8s-15| over  determined theoretically that the cross section exceeds
the last 20 years. 1.5x 10 *® cn for this process af =500 K. Yabuzaket al.
While the majority of previous alkali-metal work has con- [18] carried out an experimental study of the inverse process,
centrated on sodiun{2—4] there has been little work on Cg6D)+CH6S)—Cg6P)+Cs6P) and found a cross sec-
cesium following the initial paper by Klyucharev and Laza- tion of (1.5733x10 ** cn? at 530 K. Preliminary experi-
mental results on the process CBE)+ Cs(6P5,)
—Cs(7P;)+Cs(6S;,) have recently been obtaindd9]
*Present address: Automated Production Technology Divisionand additional results forf,, excitation, along with details
Sound A147, NIST, Gaithersburg, Maryland 20899. of the 6P, experiment will appear shortl20].
"Present address: Dipartimento di Fisica della Materia, Geofisicae It is the purpose of this manuscript to present quantitative
Fisica dell’Ambiente, Universitadi Messina, Salita Sperone 31, experimental results for rate coefficients and cross sections

98166 Sant’ Agata, Messina, Italy. for the cesium energy-pooling procd$sy. (1)]. Such mea-
*Permanent address: Institute of Physics, University of Zagrebsurements are complicated by the need to know both the
P.O. Box 304, Zagreb 41000, Croatia. density and the spatial distribution of excited atoms in the

Spresent address: Laboratoire de Physique des Lasers, Universitapor. In this work, the excited-atom density and spatial dis-
Paris-Nord, Avenue J. B. Clement, 93430 Villetaneuse, France. tribution were measured using a weak probe laser. In addi-
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tion, radiation trapping, radiative cascade, optical pumping, ll. THEORY

and other effects must also be considered. Rate coefficients
for energy pooling with product stated;;=7P,,,, 7P3, _ _
6D, 6D5n 8y 4F s, and 4, are reported. The energy-pooling process described by @yproduces

This paper is organized as follows. Section Il presents &toms in the highly excited states,;, which lie near twice
rate equation model used to extract the energy-pooling ratée energy of the pumped resonance state Fig. 1b)].
coefficients from the measured fluorescence ratios. It alsiate equations can be used to derive theoretical expressions
discusses radiation trapping and related optical depth prodor the populations in these higher excited states, which in
lems in detail. Experimental details, including a descriptionturn yield expressions for the energy-pooling rate coeffi-
of the excited-atom density measurement are presented fients. Note that, for the most part, this discussion follows
Sec. lll. Results are given in Sec. IV along with a discussiorthat of Neuman, Gallagher, and Coogé5]. The steady-
of various sources of error. Finally, our conclusions are prestate rate equation for the population in state following
sented in Sec. V. pumping of &, reads

A. Rate equations
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anJr[nGPJ(F)]Z nnIJ,(F)

hnIJy(F):O: 2 - 7_eff , i)
nIJ,
which has the solution
Moty (1) = 3Kni, [Ngp (N1P701 (3)

Here,kmj, is the rate coefficient for process), and rﬁfj, is
the effective lifetime for atoms in statd ;, . Note that in the

absence of quenching collisions and radiation trapping,

(Tﬁf,fy)*1 is just the sum of the EinsteiA coefficients for
transitions connecting statg ;, to all lower levels. However,

at higher atom densities, radiation trapping will reduce the
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Factors such as the absolute detection efficiency and col-
lection solid angle are experimentally difficult to determine.
Therefore it is advantageous to measure fluorescence ratios.
Specifically, we measure the ratio of fluorescence from the
statenl;, , populated through energy pooling, to fluorescence
observed on the directly pumped resonance transition; i.e.,
on the & ;—6S;,, transition

phat
| nly—n'l’ )\GPJH6SU2 Enlyp—n'l’ 3 * nlyy—n'l’ g

nat
)\nl‘],ﬁn’l 'y €6P;—6S;), FGPJHGSI/Z

Koty 7o, S[Nep,(1)]2d%r
2 Jnep (r)dr

I 6P;—6S,),

TnIJy—m’I'Jn

X

T6P3—>651/2

effective radiative rate for transitions to the ground state. We

will find that radiation trapping can also occur, under some ®)
circumstances, for transitions terminating on levels directIyFina"y, we can solve Eq(5) for the rate coefficienk,
populated by the laser. Note that the factor 2 introduced in v
Eqg. (2) is due to the fact that theF5, atoms are identical. | e .
Therefore hgp]?/2 is proportional to the number of excited- T e e et el
atom pairs in the volume, as first pointed out in RE&fL]. nly lep,6s,,/€6P,6s,,

We are interested in the fluorescence corresponding to the .
transition nl;;—n’l’; emitted by atoms in the particular Nniy—nir Fggﬁesﬂz Tep, 65, 2
volume which is imaged onto the slits of our monochro- X N phat T i
mator. This is given by the following: 6Py=8S1z iy —nriry, Tnly=n g Enly

- Inep (F)dr
Inljrﬂn’l’Jn_J'Vollnlyﬂn’l’_]n(r)d r Xf[nepJ(F)]zdSr . (6)
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Herehc/)\n,JHnWJ,, is the energy of a fluorescence photon

nat :
()\nIJ,—m’I’J” nlyr—n’l’ g is the

natural radiative rate of the transitiomm|JHn,|,J,, is the de-

is the transition wavelengthl’

In the present experiment, the detection volume is a thin strip
of height Ay~ 150 um oriented along the (laser propaga-
tion) axis[see Fig. ?)]. If we assume that the excitation is
uniform along thez axis, and becausky is small, we write

the volume integrals in Cartesian coordinates, and immedi-
ately carry out the integrations ovgrandz

InIJ/Hn’I’JH/SnIJ/Hn’I’J”

I(r'l|\];: I /8
6P;—6S,,,’ ©6P;—6S;,,

nat
Miy—nry Tepies,,  Tep,-6s,,

nat nat T
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2 R rngp (X)dX

i) SR Rnge () 17dx”

X(Tﬁffylr ™

tection system efficiencgincluding effects due to the photo- Where R is thte cell radius. Note that, in this expression,

multiplier, monochromator grating, and any filters usetl Fg?j,ﬂn,,,y,fﬂ?y is the branching ratio for thel; —n’l’ ;.
the frequency of interest, ardf}/4 is the probability that  transition, and ¢2f /712") is a factor which characterizes the
the fluorescent photon is emitted into the finite collection toct of radiati Jt - thel ., state lifeti

solid angle of the detection system. Here we have assumeeJ ect of radiation trapping on g state fitetime.
that collisions and radiation trapping quickly destroy any
atomic alignment or orientation, and thus the emissions are

isotropic. Finally, Ty, .ni/,, is the average probability that  Because of the high density of ground-state atoms and the
the photon emitted in the detection direction will passstrength of the resonance transitions, it is unlikely that reso-
through the vapor between its point of origin and the cellnance photons can escape the cell without being reabsorbed.
walls without being absorbed. This probability depends orThus the excitation lives longer in the vapor than one natural
the distribution of both thenl;, and n’l’;, atoms in the excited-state lifetime. There are two major effects of radia-
vapor as well as on the details of the transition line shapetion trapping in the present context. The spatial distribution
The calculation ofl'nb,ﬁn,,,J will be described in Sec. Il B. of excited atoms is different than the distribution initially

"

B. Radiation trapping and optical depth effects
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produced by the pump laser, and the effective lifetime of theHere o, 1/, () is the absorption cross section at angu-
excited atomsgand hence the time in which they can undergo|gy frequencyw. Thus, CTmJ,Hn'l'J,,(w)/fffmj,gnw/J,,(w)dw

energy-pooling collisionsis lengthened over the natural ra- ig the normalized probability that a photon of frequenay
diative lifetime. Both of these effects are properly taken intowii  pe  emitted  at any  position x and

account in Eq(7), which uses calculated effective lifetimes ext] — Gt (w)fsnw (x')dx]is the probability that the
gy J

and transmission factors, and spatial integrals over the me%—hoton of frequency» emitted atx can escape through the

Sur_ﬁ? steady-lgtatdetdlstrlbgthn 0; e>t<C|te_d atoms. defined (possibly nonuniform distribution of lower-state atoms
e normalized transmission factors in E) are define nn,,,J,,(x’) and reach the cell wall a distancR< x) away.

as follows: For a line with hyperfine structure, the absorption coeffi-
cients add; Ky, nir (@) =ZZEKni Fycnnirm (o)
=EFEF,amJ,(F)Hm,J,,(F,)(w)nn,,,y,(p). Thus if we as-

= fvm mj,(F) Pescape,,,J,,(F)d3r /fVolnnIJf(F)dSr sume that the lower-state hyperfine levels are populated sta-

TnIJy—m’I'Jn

nly—n tistically, we may define a line-shape factm;b,%n,,,y(w)
R R for the full transition
_ escape
= fﬁanJ,(x)PmJHn,I,J”(x)dx /fanJ,(x)dx, Kt i (@)
Tty el (@)= ———
(8) nlyren’l’, nn’I’Jn

S S, () )
where our specific detection system geometry, described S A T T

above Eq.(7), has been used in the last step. The escape
factor Pﬁ,sjaﬂi,,,y(x) is the probability thatnl;,—n'l’
photons emitted at positioxn can escape the cell in the de- Where g(F)=2F"+1 is the statistical weight of level

tection direction through the vapor path lengBx) with- n_’I "w(F"). F_inally, th_e_ absorption cross sections fpr indi-
out being reabsorbed vidual hyperfine transitions are each given by a Voigt func-

tion of the form

(10

escape Ol (F)e—n'l’ "(F')(w)
PnIJ,ﬁn’I’J,,(X) ’ :
nat
)\2 g(F) FnIJ,—m’I'J,anIJ,—»n’I’J//
:J O-n|Jr<—n’|’Jrr(w)eXF{_O-TT'Jf‘*n,l’J”(w) _gg(F,) 7Tl/2A

o eXF[_(w’_me,(F)_»nw'J,,(F'))Z/Az]
do [ [ ouywr oo x| do ,

(w_w,)2+(rnl‘],—>n’l"],,/2)2

©) (11)

R
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wherel'y , _q/,, is the Lorentzian linewidthfull width at  [29—30 and Milne [31] theories in the limitskyl =10 and
half maximum (FWHM) in angular frequency units A Kol <10, respectively, as has been shown in RE2§] and

—1/\2kT/m is the Gaussian(Doppley linewidth (full [28]. Herekg is the line-center absorption coefficient, and
width at 1 maximum in angular frequency unitsand is the effective escape distance. However, to model the re-

is the line-center frequency of the sults of the present expgriment, we use the Molistlal.
theory of radiation trappind32,33 (see also Ref[34])

T is the absolute temperature, amdis the cesium atomic WhiCh. redgcgs to the Holstein and Milne results in the ap-
mass. Thus the normalized tra’msmission factys propriate limits. The most severe, and in the context of the
_ ' Sy =Tl present experiment most significant, trapping occurs on the
in Eg. (7) can be calculated for any transition from Egs. 6P,—6S,), resonance transition. However, these trapping
(8)—(11) if the hyperfine structure and Lorentzian linewidth effects are all included in the transmission factor
of the transition, and the spatial distribution of the Iower—-|—6pj_>esll2' The 7P, —6S,, transitions are the only transi-

staten’| ;. atoms is I_<nown. The only significant gssumptiontions to the ground state for which we must calculate effec-
that has been made is that the lower-state hyperfine levels e radiative rates

populated in a statistical ratio. This assumption will be dis- According to the general formulation of Holstdi29,30,

cussed further/b/elow. For each hyperfine transition of thqDayne and Coof35], and van Trig36], for certain geom-
variousnly, —n'l’y and &,—6S,, transitions of Interest, o yjoq the steady-state excited-atom spatial distributian
and at each temperature, we calculaig, )1/ ,,r)(®)  can pe expanded in a series of orthogonal eigenmodes
as a function of frequency using the Voigt algorithm of Refs.n(f)zgjajnj r). Each eigenmode is a mathematical solu-
[22] and[23] (see alsd24]). tion of the radiation diffusion equation characterized by a
Note that we have not taken optical pumping into accounskingle exponential decay ra; :gjrna{ Here,g; is the es-
when discussing the ,—6S,, transmission factor. Since cape factor for mod¢, andI™ is the natural radiative rate
the pump laser we use is single mode, with a linewidthfor the excited state. Note that the individual eigenmode so-
which is small compared to the ground-state hyperfine splitiytions are nonphysical, sinc@xcept for the fundamental
ting of 9.193 GHz, we pump atoms almost exclusively frommodg each has regions of negative amplitugee, for ex-
one hyperfine component. Due to optical pumping, atomample, Figs. 1 and 2 of Ref36]). Nevertheless, these eigen-
will tend to accumulate in the othéunpumped hyperfine  modes form a complete set, and any actual excited-atom spa-
level. ~ For  example, if ~we pump the tjgl distribution can be expanded as a linear superposition of
6S,(F=4)—6P,,(F’'=4) transition, atoms will accumu- them.
late in the &,,,(F=3) level. Consequently, reabsorption of e model our cell as a cylinder of radif&s= 1.05 cm and
photons at the B,;,—6S,,(F=3) transition frequency will |ength L, with L>R. In this experiment we measure the
be much more severe than for those at thecylindrically symmetric steady-state excited-atom spatial dis-
6P 1/, 6S,(F =4) frequency. However, this optical pump- tribution nep (r), and we assume that theP7. density is

ing only occurs within the pump laser column which is sur- roportional to ngp_(r)]2 according to Eq(3). Thus we can
rounded by a much larger volume of ground-state atomg 6P; ,
calculate the mode amplitudes from

where the ratio of hyperfine level populations is approxi-

mately statistical. The transmission factor is determined pri- R R

marily by these atoms outside the laser column. Thus we aj:f [nepj(r)]znj(r)rdr /f [ngpj(r)]zrdr.

believe that use of a transmission factor based on a statistical 0 0

distribution of atoms in the §,,, hyperfine levels is justified. (13

However, this assumption of a statistical ratio of ground-F

state hyperfine level populations used in these calculations is R /

a significant source of uncertainty in our analysis. factor gzp , s, IS given by a weighted average of the
From Eqg.(7) it can be seen that the effective lifetime of decay rates for the individual eigenmodes

the statenl;, is also needed in order to determine the energy- off nat

pooling rate coefficienky, ,. In the present context, colli- 1“7PJH631,2: 97PJHes1,2F7PJHesl,2

sional quenching ofl; atoms can be neglected. However,
due to radiation trapping,

@nl g, (F)—n'l" 3u(F")
nly(F)—n’'l’;»(F") transition.k is Boltzmann’s constant,

; ; o eff
inally, the effective radiative raté€'zp , g5 ,. OF escape

B FggtJHesl,zzjgjajfnj(r)dgr
=i/ n(r)d3r

-1
eff _ eff
rmj,—{ 2 meen'wyl FQ%‘J,HGSMEjgjajfgnj(r)rdr
n'l’ g — = (14)
. 2ja;fon;(r)rdr
— 2 Fnat (12) i

o Gnig—n"1yd niy—nir | o In the present work, we model our results using the

v Molisch theory of radiation trappinf32,33. This theory is
where Fef ., is the effective radiative ratgand bfaseq upon nqmerlcal m_tegratlon 01_‘ th.e.HoIstem _rad|at|0n
nlyr—=n’17 g diffusion equation and yields analytic fitting equations for

Unl, —n'17,, IS the escape factpof the transition. the escape factors and eigenmodes. Most important, Molisch
Radiation trapping has been studied extensively for Dopet al. give escape factors for the ten lowest eigenmodes

pler broadened alkali resonance lif@5—28. Effective ra-  which allows an accurate expansion of the excited-atom spa-

diative rates can be calculated accurately using the Holsteitial profile in Eq.(14). In this case, where the radiation trap-
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ping is dominated by the Doppler core of the line, the escap@he hyperfine levels of B, are sufficiently separated in
factor for thejth mode is given according to Molisadt al.  energy that transitions toR5,(F'=3) and &,,(F'=4)

[33] by the expression are treated separately. The hyperfine level separation in the
6P, state is much smaller, however, and we treat transitions

1 to 6P, as a composite line as discussed above. Trappin
D_ - Jn([koRIZ]+€) 312 p . pping
gr=|1+ m? KoRVIn([koR/2] +€) corrections of this type reduce the effective radiative rates by

up to 80%, but are typically less than 60% for the
6D; —6P; transitions and always less than 6% for the
8S,,,— 6P transition where @ is the level pumped by the
laser. Again, the effects orﬁffJ are typically less than those
The Cf)efﬁCie”tsmjD andcj for the first ten modes are tabu- on the effective radiative rates;26% except in two cases
lated in Table 1 of Ref[33]. (the superscripD stands for (see Table )l for Nl =6D .5 and <2% for nly =8S,,.
Doppler line shape andkoR is the line-center opacity. Note Note that trapping on transitions terminating on the fine-
that the escape factqy;” used here is the inverse of the girycture level @, which is not directly populated by the

Molisch trapping factog defined in Ref[33]. laser is generally quite small, since fine-structure level

To calculatel“?fFf,J,_,651/2 we first determined the Molisch  changing collisions

Doppler line-shape cylinder eigenfunctions as described in

Ref. [33] (see also Ref[34]). We then calculated the mode CH6P;) +CH6Sy)=CH6P;) +CH6Sy5)  (17)
amplitudes of the experimentally measured excited-atom _ N _ )

spatial diStfibUtiome,(F)“[napJ(F)]z using Eq.(13). This  are relat|vely_ rare at t_he dens_ltles of this experiment. Trap-
information was used in Eq14), along with the lowest ten ping on transitions which terminate on levels other th&p.6

mode escape factors from E{.5), to calculate the radiative and 6P, can always be neglected.
escape factor of each hyperfine transition.

In our use of Eq(15) for lines with unresolvechyperfine . THE EXPERIMENT
structure, we replace the line-center optical deigyR, cal-
culated for the line without structure, y,,,R, wherek ,a,iS
the maximum absorption coefficient for the line with struc- ~ The experimental setup is shown in Fig. 2. Cesium metal
ture (see Refs[26], [28], and[37]). The latter is the lower iS contained in a cylindrical Pyrex celEnvironmental Op-
state density times the maximum absorption cross section dfcal Sensors, Ing.of inner length 7.0 cm and inner radius
the composite line from Eq(10). In the case of the 1.05cm. The cell is contained in a cross-shaped brass oven
7P, —6S,,, transitions, the lower-state hyperfine structure(not shown in the figure with four quartz windows, which is
is well resolved, but the upper-state structure is not. Thus wBeated with resistive heater tapes. Three thermocouples are

~ coikoR In(koR) +c g koR+ 5, (koR)?| ™+
1+cgkoR+ Cq(koR)?

. (19

A. Setup and fluorescence measurements

calculate attached to the cell in order to monitor temperature. Typi-
cally the three temperatures agree to within 5-6 °C, and are
F?EJHGSU; g7pJ,HGSM(F:3)F’7‘$}J,_>651/2(F:3) constant to within 2 °C over the course of a set of measure-

ments. The liquid cesium metal can be seen to sit at the site
+g7pJ,_,651/2(F:4)F’7‘§J,H651/2(F=4), (16) where the coldest temperature is registered.

The density of cesium atoms in the vapor phase is calcu-
where we consider the upper-state hyperfine levels to bkted from the Nesmeyanov vapor pressure forni8. At
populated in statistical equilibrium by the energy-poolingroom temperature, the various hyperfine components of the
process. Values df?EJHGSM calculated using the procedure cesiumD; "f;f? are opticslly thig. ThUbS the line-center ab;

- : at sorption coefficient can be used to obtain an accurate value
desc.rlbed .above are used to determﬁ'&y/ Py and these for Fzhe atom density at that temperature. We find that the
are listed in Table | where the results are presented. value obtained in this manner is larger than the Nesmeyanov

~Under our conditions, radiative rates are reduced by trapyajye by 4.5%. Since this corresponds to a temperature dis-
ping by less than 45% for theP;,,— 6S,, transition, but by crepancy of only 1/2 °Gwhich is equal to the uncertainty in
as much as 90% for thePg,,—6S,, transition, using the oy temperature measuremente assume that the Nesmey-

”S}Ufa' radiative rates r?aft Warng88]. However, values of gnoy curve is fairly accurate in this temperature range. We

7P, —6s,, differ from 775 55 by 70% in the most ex-  estimate that ground-state densities obtained in this manner
treme case. are accurate te-5—10% in the temperature range 23—-92 °C.
Finally, with strong pumping we must worry about trap-  The cesium atoms are excited to particular hyperfine com-
ping on transitions which terminate on th@ glevels. These ponents of the By, and 65, states using a single-mode
transitions, which include 8,,—6P; and €D;,—6P;, are  Ti:Sapphire lasefCoherent model 899-29, pumped by 10 W
of sufficiently low optical depth under the conditions of the all lines from an argon-ion laserTypical Ti:Sapphire laser
present experiment that we treat them using the Molischpower was 580 mW at thB, line and 650 mW at th®,
theory, but retain only the fundamental mode of the expaniine. Laser linewidth was-1 MHz. Although several excita-
sion. The @, level populations are not uniformly distributed tion geometries were tried, our most accurate data were taken
in space since the pump excitation is not uniform. Howevemith the Ti:Sapphire lasethereafter called the pump lager
we measure the spatial distribution of the laser excited 6 gently focused into the cell ugina 4 mfocal length lens. A
atoms(see Sec. l). Therefore we can estimate an effective 2.03 mm aperture just before the entrance window was used
escape radius for photons resonant with these transitionto better approximate a top-hat spatial profile, which was
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measured at the position of the center of the cell using aised to attenuate the strolly andD, line signals so that
two-dimensional charge-coupled-devigeCD) array (Spec-  they could be recorded using the same monochromator slits
traSource Instruments LYNXX PC PlusThe beam diameter and PMT voltage. The wavelength-dependent relative detec-
at the cell center was found to bel.3 mm under these tion system efficiency, including the effects of all filters, was
conditions. ) ~ measured using a calibrated tungsten-halogen IgHp A

The pump laser could be tuned to particular hyperfinefree-standing photomultiplietPMT2-Hamamatsu R406 or
transitions of either th®, or D, line of cesium. FoD, line  Re36 was used with either B, or D, line interference filter
excitation, the full hyperfine structure of both upper andig monitor the resonance line radiatidgsee Fig. 2 This

lower states is well resolved. However, D, excitation, the  gy1qveqd constant monitoring to guard against frequency or
upper-state hyperfine splittings are smaller than the DOppleﬁower drift of the pump laser
widths. Thus we pump a combination of upper hyperfine ’

levels; either & (F=3)—6P4,(F'=2,3,4) or _ )
6Sy(F=4)—6P4,(F' =3,4,5). Optical pumping of the B. Measurement of the_ex_cneq atom density
ground-state hyperfine levels reduces the number of atoms and spatial distribution
that can be pumped to the excited state. However, this is not A single-mode cw dye laséCoherent 699-29, using LD-
a problem in the present work since the density and spatigt00 dye pumpedypa 6 W krypton ion laser was used to
distribution of excited atoms is directly measured. probe the density and spatial distribution of the atoms ex-
Transmission of the pump-laser beam through the celkited to the &, levels. The probe-laser power was reduced
was monitored using photomultiplier PMT@Hamamatsu to typically 10-100 nW using neutral density filters, and the
model R406 (see Fig. 2 At the lower densities studied in probe beam diameter was reduced to 0.75 mm or less at the
this work, the attenuation of the laser beam along the lengtienter of the cell usma 1 mfocal length lens and an aper-
of the cell could generally be neglected even when the lasetre. Both pump- and probe-laser beams were well colli-
was tuned directly to resonance. However, at high densitymated over the length of the cesium cell.
absorption at line center of a particular hyperfine transition The probe beam could be moved spatially across the cell
caused severe attenuation of the laser beam before it reachg@imeter using the mirror mounted on the translation stage
the observation region at the center of the cell. In either casghown in Fig. 2. The probe laser frequency was scanned
we set the laser frequency to maximizB $-6S,, fluores-  across the various hyperfine transitions of either the
cence from the observation region. At higher densities thi$p,,— 7D, the 6P3,— 7Ds,, or the &,—8S,, transi-
meant that the laser frequency was slightly detuned from lingion and the absorption of the probe intensity was monitored
center, so that again the attenuation could generally be nersing photomultiplier PMT4(Hamamatsu R928 In this
glected. Thus the density of excited atoms could be considecase, the probe beam was chopped, but the pump beam was
ered to be independent ef[see Fig. 2b)]. This turns out to  not (see Fig. 2
be a very good approximation at our low densities, and is The transmission of the probe-laser beam through a length

still reasonable at the higher densities. L of the vapor is given by

A pair of lenses and an image rotator were used to image
fluorescence onto the slits of a 0.22 m monochromépex lo(L)=1,(0)e k1" y—sp (@l =] (0)e™ 7n'l'y—6p,(@)Nep L
model 1681 with 1200 groove/mm grating blazed at 500 (18

nm. With 300um slits (providing a spectral resolution efl ) _ o ) )

nm) and 1:2 imaging, the volume from which fluorescencefor light of frequencyw. Herel ,(0) is the incident intensity,
was collected was a strip of widthy~150 um and length  n'1",,—ep, iS the absorption cross section at frequengy
0.5 cm oriented along the laser propagatiangxis. A GaAs and Nep, is the density of atoms in the lower state of the

(Hamamatsu model R63@hotomultiplier tubePMT1) was  probe transition(which is assumed to be independentzof

used to detect the resolvedP§,—6S,, 6P3,—6S),  Equation(18) can be solved fongp. as
7P4/,—6S,)5, 7TP3,—6S;,, and @4,— 6P, fluorescence J

on each data run. An S-1 PM{Hamamatsu model R-406
replaced the GaAs tube for one data run at 92 °C to record
neal’-lnfl’al’ed 47/2—>5D5/2, 4F5/2—>5D3/2, 6D5/2—>6P3/2,

and @3,— 6Pz, ), fluorescence, in order to obtairF4

and s, energy-pooling rates relative to the more system- We carried out calculations of the maximum absorption
atically studied P; and @5, rates. &,,—6P; fluores- cross sections of each of the three probe transitions used in
cence was also recorded using either PMT on a few runghe experiment, based on oscillator strengths given by
The pump laser was chopped, and the PMT signals wer@/arner[38], and hyperfine level branching ratios calculated
processed by a lock-in amplifier and displayed on a charfrom the formulas of Condon and Shortl¢41]. Hyperfine
recorder. level splittings were taken from Reff42] and each compo-

A long-pass filter(either Schott RG-610 or RG-69%Was nent was modeled as a Voigt line with Lorentzian width
placed in front of the monochromator entrance slits for alldetermined by resonance broadening in the lower level, and
but the P— 6S fluorescence to eliminate 2nd order scatter-Gaussian width determined by Doppler broadening at the
ing from the grating. A short-pass filtéReynard 942 or 944, particular cell temperature. The absorption cross section was
with cut-on wavelength of 675 or 700 nm, respectiyelias  calculated as a function of frequency, and the maximum of
used to block scattered, andD, line fluorescencéwhich  this function was used with the measured maximum probe-
could otherwise leak through the monochromatehen re-  laser beam attenuation in E(L9) to obtain an absolute de-
cording the P fluorescence. Neutral density filters were termination of the excited-atom density. The spatial distribu-

1 <|w(0)
In
Un’l’J/M—GPJL lw(L)

Nep,= - (19
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tion of excited atoms was mapped from the measured probenay be uncertain by as much as 30—-40%, due primarily to
beam absorption versus position as the probe beam wake assumption that the ground-state hyperfine level popula-
translated across the cell diameter parallel to the pump beartions are in a statistical ratio. Considering these various
sources of statistical uncertainty, we estimate overall errors
IV. RESULTS AND DISCUSSION of ~50% in our measured energy-pooling rate coefficients.
Position dependentf®, state densitie)gp (X), Were re- In addition, various other systematic effects and uncer-
ded g P ibed > h 6P, I ' 4 th tainties should also be considered before we arrive at final
corded as described in Sec. lll. These values, an t.egnergy-pooling rate coefficients. First, the cesium ground-
squares were nu_mencally mtegratgd over the observaﬂogtate atom density was obtained from the Nesmeyanov vapor
zone (cell diameter to yield the factors f 15391 and th dt t W
IR nen ()% TR [ nen ()2 in Eq (7). The 6P, densi- pressure ormu@S_] and the measured temperature. We es-
—R6P, -RLepP, A J timate the uncertainty in the ground-state density at 5—-10%

ties were also used in Eq®)—(11), with the hyperfine level i, oyr temperature range, but this uncertainty only affects the

splittings of Ref.[42] and the resonance broadening rates ofynergy_pooling results through its influence on the transmis-
Ref. [43], to calculate the transmission factofge e, -

5 sion factors and ;. effective lifetimes, where it is roughly
Measured values offngp (r)]° were used to calculate the a linear effect in the Doppler broadened lirfi29,30. Sec-
radiation diffusion mode amplitudes; [Eq. (13)] for the  ond, all oscillator strengths used in this work were taken
7P, — 6S,, transitions. These amplitudes, in turn, were from the theoretical paper of Warng38], since a complete
combined with the oscillator strengths of Warfigg] to find ~ and self-consistent set is available in this one reference.
the effective radiative rate]gf;fg, 6s... using Eqs(14)—(16). However, considerable discrepancy exists between various
- - v e sets of theoretical oscillator strengths for cesii@®,44—47
Effective radiative rates for the fundamental radiation diffu- _ . S
sion mode were determined using the measured &tom and any systematic errors in the chosen values will directly
g’ntroduce systematic errors in our final results. Based on the

density and spatial distribution for relevant transitions, as . 4 . : .
described in Sec. Il B. Finally, the effective and natural ra.various available oscillator strengths, we estimate uncertain-

nat nat H
diative rates were summed to obtain the effective lifetimedi€S in Ty’ 7ai;, ranging from 2% to 23% for the
rﬁfy as in Eq.(12). All of this information was then com- 6D—6P and 8—6P transitions. However, for

bined with the measured fluorescence raficsrrected for 7Py —6S,; the uncertainty can be more than a factor of 2.
detection system efficientyn Eq. (7) to yield values for the ~ Thus, the &5, 7/, 85y, and @y, 5/, €Nn€rgy-pooling rates
various energy-pooling rate coefficients. The rate coefficienfif® not seriously affected by uncertainty in the oscillator
values obtained for different transitions and at different temStrengths, but the F7,, rates can be strongly affected.
peratures are given in Table I. As can be seen from the rate equation for the stdje
Despite the care that was taken in accounting for tRg 6 [Ed- (2)], we have neglected cascade from higher-lying lev-
spatial distribution and radiation trapping on all transitions oféls which are also populated by the energy-pooling process.
interest, it is clear from Table | that significant discrepanciednclusion of EQ'S process would involve the addition of a
exist between values df;p ,, or values ofkep,,, taken at  t€rm Zpn Iy oy Ny, to the right-hand side of Eq.

different temperatures or with different pump geometries(2). From the radiative rates of Warng@nodified by trapping
This is, in part, due to the fact that the uncertainties in indi-calculations where needednd the measured energy-pooling
vidual measurements are fairly large. Fluorescence ratiogate coefficientgTable ) we find that cascade processes do
probably have an uncertainty of as much as 25% due to theot affect ourD,; pumping results by more than 10% in the
use of neutral density filters to attenuate theandD, line  worst case. FoD, pumping, we find that bothB and 8
fluorescence. We estimate the uncertainties in the raticascade could be responsible for major contributions to the
fFfRnGPJ(x)dx/fFjR[nGPJ(x)]de to be approximately 15%. 7P signals. However the error bars kgs are quite large and
Uncertainties inTmJHn'vJ,, and Tﬁ{f/ largely offset each the rate coefﬂmen.t may b_e st_rongly temperat_ure dependent
&1 nats - ) since energy pooling to 8is highly endothermig¢8S fluo-
other when the produdty, .-, (7ni,, /77y is taken. This  yoscence signals were small and very noisy at temperatures
is because an over estimation of the amount of radiatiomelow 85 °Q. Moreover, if the P signals in theD, pump-
trapping results in a transmission factor which is too low, buting case are due primarily toS8-7P cascade, we would
an effective lifetime which is too high. Values of expect to see P3,—6S,, fluorescence signals that are

ff t s h . .
T7py,-65,,( 77,/ Trp,,) are probably good to within 25%, twice as large as theP,—6Sy,, signals, and experimen-

while the values off,p. e (75 /72" ) are accurate to tally this is not the case. Thus we can neither confirm nor
TP11p= 85,15\ TPy 5 T7Py,

3 S Lo
at least 10% because the trapping is much less severe on tﬁ%le out a significant cascade contribution to tre Signals

" -y " in"the D, pumping case.
s v o o, We Mt is0 considr caisonal mixng among fne.

o ) S ) . structure leveldgi.e., 7P3,+M < 7P+ M) and collisional
trapping corrections for transitions which terminate on these .~ .
levels. the values of - (Teﬁ 1772 for the 4F, 8S excnatlon_ transfer processes _such e}§+6M4:>7P+M,

' nlyr=n1" A nly, Enly ' == whereM is a ground-state cesium or impurity atom. Such
and €D states are accurate to within 15@xcept in one or  processes can also distort the apparent energy-pooling rate
two casepsince both corrections are small and tend to cancoefficients. We can estimate the concentration of impurities
cel. Finally, the largest source of statistical uncertainty in then our sealed cell by analysis of the ratio of sensitized fluo-
rate coefficients listed in Table | is that due Tge .65,  rescencdi.e., fluorescence from the levelP§: that is not

These transmission factors are as small as 0.004 and th@umped by the lasgto direct fluorescence at room tempera-
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ture. The measured ratio is much too large to be explained byhen pumping thé, transition.

cesium-cesium collisions according to the experimental cross Considering only the statistical sources of uncertainties,
sections of Czajkowski and Krau$é8], and thus must be we have determined a set of best values of the measured rate
attributed to collisions with impurities. Czajkowski, McGil- coefficients which is presented in Table Il. However, it
lis, and Krause[49] have investigated excitation transfer should be kept in mind that the overall accuracy of these
among the cesium; levels due to collisions with inert gas results may be limited by the various systematic effects dis-
atoms, but their measured cross sections, which range froftssed above.

2x102! to 3x107!° cn?, are also much too small to ac-

count for the amount of transfer we observe in our sealed V. CONCLUSIONS

cell. However, the impurities in our cell are more likely to be ) o

diatomic molecules which possess internal degrees of free- 1he energy-pooling rate coefficients reported here can be
dom, and excitation transfer in collisions of cesiurR 6at- gxpressed as velocity-averaged cross sections using the rela-
oms with such molecules is likely to involve relatively large 10N
rate coefficients. If we assume an excitation transfer rate co-
efficient of 102° cm®s ™%, then an impurity gas pressure of
~3.7x10 2 Torr (~1x10** cm 2 impurity density is re-

quired to produce the observed population transfer. Basedere on,,(v) and oy, are the velocity-dependent and
upon this impurity density, and assuming relatively large rateselocity-averaged cross sections, respectivelis the colli-
coefficients for various excitation transfer proces¢sse, sion velocity, and is the mean collision velocity given by
e.g., Refs[50-54), we can show that 8—4F transfer by

anJr:<0'nIJ,(U)U>%0'nIJ,r (20)

impurities contributes less than 10% uncertainty to our — [BRTM +M,| "2 ey
energy-pooling rates in the worst case, and that-67P A I VRV =17810°T* cm/s. (21)

collisional excitation transfer produces an effect on the

energy-pooling results which is comparable to that of|n this last expressionR=8.31 J(K mole) is the gas con-
6D—7P radiative cascade. Excitation transfer within the stant, T is the absolute temperature, akty andM, are the
7P, and @, manifolds, due to collisions with impurities molar masses of the two colliding atoms. The last equality in
or ground-state cesium atoms, can cause a skewing of theg. (21) is appropriate for collisions between two cesium
ratio of the energy-pooling rates to the various fine-structuritoms(M, =M ,=0.1329 kg/molg
levels. This is probably the cause of the decrease of values ofay, for the energy-pooling processes studied in
kzp,,,/K7p,, With increasing temperature for boy andD,  this work (obtained by averaging all data collected over the
line pumping. range 337-365 Kare presented in Table Il along with the
Finally, we note that in this experiment we only measurefew values that have been obtained by other authors. Our
the population of atoms in the directly excitedPg fine-  cross sections for energy pooling to thB éevels are con-
structure level. However, due to excitation transfer from onesistent with the experimental estimates of Klyucharev and
fine-structure level to the othdéinduced by collisions with Lazarenko[1] and Yabuzakiet al. [18] as well as with the
ground-state atoms and impuritiethere is always some theoretical estimate of Borodin and Komardr]. Our val-
population in the other B; level as well. The density in the ues of the rate coefficients for the process
collisionally populated level is too small to be measured usCS6P3/,)+Cs6P3,)—CS7P/, 3)+CS6S;,) obtained at
ing our absorption technique, but it can be inferred from thdow density are in agreement within the rather large error
D,/D, line fluorescence ratio. At the highest temperaturebars with the values we have obtained under very different
used in this experiment, we find that the density ratio ofexperimental conditiongl9,20.
atoms in the collisionally populated level to those in the level The results of Table Il show thatFg,,+ 6P, collisions
directly populated by the laser is less than 0.04. From there more effective thanf;,+ 6P5, collisions at populating
rate coefficients given in Table | and the relative populationsthe 7P;, levels. This is expected from consideration of the
it is clear that &,,-6P,, collisions cannot significantly in- energy deficits. Similarly, 8 and 4 are populated much
fluence the results obtained for thB §,-6P5,, rates and vice more effectively by 3/2-3/2 than by 1/2-1/2 collisions. In
versa. However, B,,,-6P5, collisions might have a system- addition, when pumping witl, light, 7P, is two to three
atic effect on these results, since the rate coefficients for themes more likely to be populated tharfP3,. For D, pump-
latter process could be significantly greater than those foing, 7P, and 7P, are approximately equally populated.
6P5,-6P35, Where the energy defect forl=7P or 6D in For the @, levels we find that B4, is more strongly
Eq. (1) is considerably smaller for 1/2-3/2 collisions than for populated than Bs, by 1/2-1/2 collisions while Bz, is
3/2-3/2 collisions. For the B product state, the 1/2-3/2 en- more strongly populated thanDg,, by 3/2-3/2 collisions.
ergy deficit is comparable to the 1/2-1/2 deficit, but it is However, in the latter case, the error bars are large and not
positive for 1/2-3/2 collisions and negative for 1/2-1/2 colli- much data exists. Thus these conclusions must be taken with
sions. Similarly, 1/2-3/2 collisions may significantly affect a grain of salt. In previous studies of energy pooling in Sr
the measured 1/2-1/2 rate coefficient for populatirg) 8t  [10,55 and Ba[15] it was found that the energy deficit does
present, we have no way to estimate the magnitude of thieot play a strong role in determining the rate coefficients. In
effect (which we plan to investigate through a two-laser ex-Sr, the rates fall off somewhat witAE for endothermic
citation experiment It is possible that this effect is respon- processes, since only a fraction of collision pairs have a rela-
sible for the slight increase in the apparent energy-poolindive kinetic energy greater thahE. In the case of Ba, the
rate coefficientsk7F,l/2 and k7p3/2 with increasing temperature energy-pooling rates are largely independent of energy defi-
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TABLE Il. Best values for the cesium energy-pooling rate coefficients and cross sections obtained in this work, along with those obtained
by other workers.

CS(GDS/» + CS(6P3/2)HCS(n |J/) + CS(6S]_/2)

Rate coefficientcm® s™1) Cross sectioricn?)

nlj, This work (a) Other values This worka) Other values
7Py, (5.9x2.7)x10 2 (3.1+1.§x107 12 ® (1.8+0.8)x10 *° (0.9+0.5)x 1016 ®
7Pap2 (6.1+3.1)x10"*2 (3.8+1.9x107 2 ® (1.8£0.9 %1076 (1.1+0.5x10716 ®
6D3) (9.0+2.9x10™ 1 <4x107°© (2.7+0.9x10°15 <1080
>6X 10_11 @ >1.5X 10—15 (d)
(6.2°59x10710 (1L5759x10714 @
6Ds), (1.9+1.0x10°1° <4x107°0© (5.6+2.8x10 1° <1073
>6x10" 11 @ ~1.5x1015 @
4F ), (1.2£0.6)x10™ (3.6-1.8x10° 16
4F 7 (2.0£1.0x10™ 1 (6.0+3.0x10 16
8Sy (1.7£0.8x10™ (5.2+2.2x10°16

CS(GD:L/z) + CS(6P1/2)—>CS(n |Jr) + CS(%]_Q)

Rate coefficienfcm®s™1)

Cross sectiorfcn?)

nly, This work (a) Other values This worka) Other values

7P (1.3+0.6)x10°1° (3.8+1.9x10°°

7P3p (4.5+1.4x10 11 (1.3+0.4x10 1°

6D (4.4+0.99x10°%° <4x107°© (1.3+0.3 x10° %4 <1013 ©
>6x10" 1t @ >1.5x10" 5 @
(6.27§9)x10710 @ (1.559)x107 14 @

6Ds), (2.7+1.4x10°1° <4x107° © (8.0+4.0x10°%° <108 ©
>6x10" 1t @ >1.5x10" 5@

4F g, <3x10™ 1 <8x1071°

4F 4, <3x10 1! <8x10716

8S,, (1.1+0.6)x10 12 (3.3+1.7)x10° 7

8T =337—-365 K. Note that error bars given in the table reflect statistical uncertainties only. We believe that these values are probably
accurate to withir~50% when estimates of possible systematic uncertainties are included. See text.

PExperimental values from Ref19]. T=370 K.

“Upper limit from experimental work of Refl]. T=528 K.

dLower limit from theoretical work of Ref[17]. T=500 K.

®Experimental estimate of rate coefficient for the inverse procesé6DGg)+CS6S,,)—Cs(6P)+Cs(6P). T=530 K. From
Ref.[18].

cit, even for endothermic processes. This surprising resulD, pumping seems to indicate that, in some cases, angular
was attributed, in part, to the fact that levels with the largesmomentum may play a role in the energy-pooling process,
energy deficit also have the largest statistical weigh®. In ~ such that processes which require the conversion of angular
addition, these studies found no strong angular-momenturmomentum associated with the orbital motion of the two
propensity rules. High-lying singlet and triplet states werecolliding atoms, into internal electronic angular momentum,
populated with approximately equal rates, and although leveccur with lower rates.

els with higherL values are more strongly populated than In the near future, we plan to extend the present set of
those with lowelL values, this may also be due to the highermeasurements by adding another laser to the experimental
statistical weights of the form¢f5]. These effects were as- setup. With this modification, we will be able to simulta-
cribed to the breakdown dfS coupling in the heavy Sr and neously populate theR,;;, and 6P, levels, and thus we will

Ba atoms. Because of this breakdown, propensity rules corbe able to study the®,,,+ 6P5, collisions which may have
cerning total electronic angular momentdnmight be more  the largest energy-pooling cross sections.

relevant. The Sr and Ba results indicate tABt states are
strongly populated by'P;+1P; and P;+3P; collisions.

Our present results for cesium indicate a contrary trend. Here
we also find a breakdown dfS coupling in cesium, which Financial support for this work was provided by the Na-
lies next to barium in the periodic table. However, in cesiumtional Science Foundation under Grant PHY-9119498. The
all relevant levels are spin doublets, and thus spin changinguthors from Pisa also acknowledge support from the EEC
collisions are not observable in the present experiment. NeWetwork Grant ERBCHRXCT 930344. One of the authors
ertheless, the fairly dramatic difference between the ratio ofS.M.) is grateful to ICTP, Trieste, for financial support dur-
7P, and 7P, energy-pooling rate coefficients f@, vs  ing his stay in Pisa.
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