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Energy pooling collisions of two cadmium atoms in the staB5 3P, have been investigated under pulsed
laser excitation and cross sections have been measured for the production of atomss&dtAB Sstates. We
have obtained the values (#:8.6)x 10 %6, (1.1+0.5)x10 %6, and (0.72-0.4)x 10" ¢ cm? for J=1,2,3,
respectively. The effects of the radiation trapping phenomenon, important both in the cross-section determi-
nation and in the evaluation of the Cd atom density in the sealed cell used in the experiment, have been taken
into account through numerical solutions of the radiation diffusion equation in the specific conditions of our
experiment[S1050-294{®8)05102-4

PACS numbe(s): 34.90:+q, 32.50+d

[. INTRODUCTION of the energy levels relevant in the experiment.
Cadmium atoms contained in a sealed quartz cell were

The phenomenon of energy poolifigP) takes place dur- excited on the intercombination transition using a pulsed la-
ing the collision of two electronically excited atoms, yielding ser beam tuned on 3261 A. Both the intensity of the fluores-
one highly excited atom and one in a low-lying state, typi-cence spectra and the time behavior of the emission from Cd
cally the ground state. This phenomenon was observed faxcited states were acquired. The rate coefficiedts), and
the first time in 1976 in sodium atonj&], and it has been the cross sectionsr(®”), for the EP processed) were de-
extensively investigated in alkali vapors. More recently,rived from the fluorescence data by solving a rate equation
analysis of EP processes was extended to atoms with two
valence electrons belonging to the IIA column, NRBj, Ca

[3], Sr[4], Ba[5,6], and to the 1IB column, Zf7], Cd[8], —|— 1P 72538em ' - — — - — — —— — — — — —
and Hg[9,10]. 70

For Cd atoms, of interest in this work, it is relatively easy , ., <>
to observe B 3P, +5p 3P, energy pooling collisions. It  ®%&% 4 ~ __ _ _
must be noted that the excited levgd 8P, is connected to s+’ 4 T _ 8 _ _ _ _ _
the ground state $'S; only through an intercombination spspwgs;fo'—' ________ ' ]

transition, and that the (53P; level is metastablénatural

lifetime 7=2.46 us [11]), but the measurement of the rel-
evant cross sections is not easy. Umemetal. [8] have i
observed and analyzed the time behavior of the fluorescenc

signals from Cd levels populated by energy pooling colli- 'g 1
sions as a function of the pressure of different buffer gase ® T
present in the cell along with Cd vapors, but they have no ";' i
reported any cross-section measurements. Also in our labc 2 40
ratory preliminary observations of EP in Cd vapors were ::: 4
easily performed using a heat-pipe cell filled with the metal .
[12], but it was not possible to give any quantitative result. 1
In this work we present the measurement of the EP cros ]
sections for the processes 80
Cd(5p 3P;)+Cd(5p 3P;)—Cd(5d 3D;)+ Cd(5s 1Sp) 0 I 55 's,

+AE, (1)

. _ _ . FIG. 1. Sketch of the Cd energy levels relevant in the experi-
with J=1,2,3, andAE=(4—5)kgT at the typical tempera- ment. The numbers typed in bold characters represent the level

tures of our experimenfl(~500 K). Figure 1 shows a sketch jentification used in the text. The dashed horizontal line indicates

the ionization energy for Cd atoms. The arrows represent the tran-
sitions of the triplet system observed in the experimeft-a670 K
*Also at Dipartimento di Fisica della Materia e Tecnologie Fi- (see Table), marked in the diagram along with their wavelength;
siche Avanzate, Universitdi Messina, Salita Sperone 31, 1-98166 the double arrow represents the excited intercombination transition
Sant'Agata, Messina, Italy. 5s 1S,—5p °P;.
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system for the Cd levels involved in the experiment. Thesubsequent analysis. The spectral response of the collection
effects of the radiation trapping phenomenon, which takesnd detection apparatus was determined by recording a
place in the cell at the typical temperatures of our experiblackbody spectrum produced by a quartz-iodine |d4+.
ment, were taken into account in the cross-section evaluatiomhe spectral resolution of the apparatus, depending on the
by carrying out numerical solutions of the radiation diffusion monochromator slit width, was 1 A.

equation in the effective conditions of the experiment. In The absolute density of the cadmium vapor,was ob-
addition, the lengthening of the intercombination transitiontained following the standard method of measuring the cell
fluorescence decay time produced by the radiation trappingemperature by &-type thermocouple and employing the
allowed us to accurately derive the atom density in a wayNesmeyanov tabld4 5] to deduce the particle density. Mea-
independent of the cell temperature measurement. surements repeated in different points of the cell revealed
that the temperature was not uniforfmaximum deviation
~1%). The uncertainty in the measurement of the effective
vapor temperature along with the nonlinear character of the

We have used an apparatus typical for fluorescence spe¥apor pressure curv¢45] led to an overall error in the par-
troscopy experiments. Natural isotope cadmium metal walcle density of the order of 20%. Since the particle density is
put in a a sealed quartz céll4 mm radius, 180 mm length @ prumal parameter in the experiment, we have also derived
evacuated with a turbo punesidual pressurec 1078 Pg,  itin away mdependent of temperature measurements, start-
and filled with a getter pillan alloy of zirconium, vanadium, ing from the lengthening in the decay time of the intercom-
and iron, mod. ST707 from SAES Gett¢fS]), employed to  bination transition produced by the radiation trapping phe-
absorb the residual impurities inside the cell. Since energomenon. As discussed in Sec. IV A, this procedure enabled
pooling collisions in Cd are evident at high particle densities @ "éduction of the uncertainty in the atom density determina-
attainable at relatively large temperatures, we placed the celion to ~10%.
in an electrically heated oven able to reach temperatiires
greater than 800 K, with a temperature stability within 1 K. IIl. RESULTS
The oven was made of stainless steel, covered by an insula-
tor (PyroteR withstanding up to 1100 K. Quartz windows At first, fluorescence spectra were recorded with the mul-
were used for laser irradiation of the vapor and fluorescencichannel detectofOMA) for an immediate identification of
collection. the Cd excited states from which we observed emission. The

Excitation of the % 3P, state was accomplished by using spectra exhibited peaks other than the resonance excited in-
a dye laser(FL2002 Lambda Physjkpumped by a XeCl tercombination transition only at temperatures greater than
excimer laseEMG101 MSC Lambda PhysikThe attain- ~560 K. At T=570 K, corresponding to a Cd density
ment of stable laser pulses at 3261 A required a careful=(9.0£0.1)x 10" cm~3, the lines listed in Table | were
alignment of the laser and the use of a relatively low con-detected. We clearly observed emission from the’® ; and
centration (103M) of PTP dye in dioxane, which led to a from the & 3S; states, henceafter referred ab @nd €S,
maximum output energf, ma—100 1J. This pulse energy respectively, decaying to thep5°P;, levels. These transi-
was checked to be large enough to saturate théSg tions are marked with an arrow in Fig. 1, along with their
—5p 3P, transition(saturation threshold-80 uJ, as deter- Wwavelengths. Assuming thelblevels populated through EP
mined by observing the fluorescence intensity of the intercollisions, as will be confirmed in the following, the popula-
combination transition A beam splitter was used to send tion of the €S state can be attributed to the radiative cascade
part of the laser beam to a photodiode in order to supply #D—6P—6S. The intermediate transitions could not be ob-
trigger signal to the data acquisition system and to monitoserved, since their wavelengths, approximatejyr® and 1.4
the energy of the dye laser pulse, that remained stable withipm, respectively, are outside the detection range of our ap-
10% on a pulse to pulse basis. The pulse duration was 10 garatus. In addition, the transitiord5D,—5p *P; of the
full width at half maximum, and the laser bandwidth was 16singlet system was also weakly detected. The energy defect
GHz, enabling excitation of the entire Doppler distribution. AE of the & D, is approximately &T at 570 K, only

Laser radiation was focused inside the vapor cell by sslightly larger than that of thed® D, states. Thus, EP can be
560-mm focal length lens, producing0.1 mn? area focal  invoked also for the population of thed5'D, state. How-
spot. The fluorescence emission from a region close to thever, due to the weakness of the fluorescence sigaal02
entrance window(distance~ 5 mm) was collected at right times the fluorescence coming from th® Stateg, which
angles by an achromatic lens and analyzed by a monochrsuggests an almost negligible population of the upper level,
mator (HR 640 Jobin-Yvon, 640-mm focal length, 1200 this transition was not considered in the interpretation of the
g/mm grating in the spectral range 3000—-7500 A. We noteexperimental results of Sec. IV B.
that, due to the collection geometry, our system collected not For a further increase of the temperature, the intensities of
all light emerging from the outer regions of the vapor cell.the peaks increased and new lines appearedl -A635 K,
Detection of the fluorescence signal was accomplished bgorresponding to a Cd density=(1.0+0.1)x 10'® cm™3,
either an intensified gateable optical multichannel analyzethe transitions reported in Table Il were clearly detected,
(OMA PAR IRY 1000 G/BR, 1000 pixe)s or a photomul-  beside those listed in Table I, indicating that at this higher
tiplier (Hamamatsu R955, 2.2 ns rise timeonnected to a temperature the 3D, and % 3S,; states(henceafter indi-
digital oscilloscopgLecroy9400, 100 MSjs for spectra ac- cated as B and 7S, respectively are populated.
quisition or time-resolved measurements, respectively. The After spectra acquisition, an analysis of the time behavior
detectors were both connected to a PC for data storage amd the fluorescence emission was carried out in order to de-

Il. EXPERIMENTAL SETUP
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TABLE I. List of the transitions observed 8t=570 K [corresponding to a Cd density=(9.0+0.1)

X 10" cm™3].

N A Transitioni — j E; (cm™ b E; (cm™ %)
3261 53p,—51S, 30656 0
3404 53D, —53P, 59486 30114
3466 5°D,—53P, 59498 30656
3468 5°D,;—5°3P; 59486 30656
3610 5°D;—5°P, 59516 31827
3613 5°D,—5°P, 59498 31827
4677 63S,—5°P, 51484 30114
4798 6%S,—5°%P; 51484 30656
5086 6°S,—5°P, 51484 31827
6440 5'D,—5'P, 59220 43692

termine, through time integration of the acquired signals, thenents performed at lower temperatures, iTes570 K, dis-
fluorescence intensity corresponding to each observed linplayed the same decay tinfeithin the experimental uncer-
In addition, the time-resolved analysis provided informationtainties, evaluated as10%) for all transitions starting from
on the population mechanisms for the Cd excited states. B§D states observed in the experiment.
comparing the rise and decay times of the fluorescence signal The analysis of time-resolved fluorescence signals sug-
for different transitions, it was possible to have an initial ideagests that different processes are responsible for the popula-
of the process responsible for the population of the excitedion of the B, 6S, 6D, and 7S states. The fast rise time
states. As an example, Fig. 2 shows the fluorescence signaserved for the B— 5P fluorescence is in agreement with
acquired atT=635 K, corresponding ton=(1.0=0.1) the hypothesis of population of the upper level through EP
X 10'® cm ™3, at different wavelengths. In the emission from collisions, whereas the slower rise time for tH8-65P tran-
the 5D states[see Fig. 2c)], the peak of the time-resolved sition suggests that theSGlevel is populated through radia-
signal is within the firse= 150 ns after the arrival of the laser tive cascade from upper-lying states. The time behavior of
pulse in the interaction region, taken as the oridin Q) of  the transitions starting from theS7and @D states suggests
the horizontal axis. The emission from th& @isplays in-  that they are populated through mechanisms other than EP.
stead its maximum dt~500 ns[see Fig. 2d)]. Transitions  On the other hand, EP collisions can be ruled out on the basis
starting from the ® and 7S states, which are observed only of energetic considerations, since the energy of tBeaidd
at higher temperatures, exhibit a time behavior characterize6D states(see Table Il and Fig.)lis larger than twice the
by a sharp fast peak superimposed to a slow incrésse energy of the resonance excite® State, and EP collisions
Figs. 2a) and Zb)], similar to that of the transition from the are not expected to occur. At the typical temperatures of the
6S state. The sharp peak was essentially due to laser lighéxperiment,AE=4kgT for the 5D levels, whereas\E=
scattering on the cell walls, as confirmed by comparison with—-3kgT, AE = —10kgT for the 6D and 7S levels, respec-
measurements performed shifting the laser wavelength out aively. Due to the observed remarkable dependence on the
the intercombination transition resonance. The presence aémperature of the transitions starting from these levels, col-
the sharp peak was particularly evident in the transitiondisional processes more complex than EP can be invoked.
from the @ and the B states, which have a wavelength For instance, at large Cd densities intramultiplet mixisge
relatively close to that of the laser radiation. The contributionSec. IV A) could produce appreciable population of the
of the sharp peak was removed in the calculation of the fluo5p 2P, state, which might lead, through EP collisions, to the
rescence intensities as time integrals of the fluorescence sifprmation of 7S atoms(see also Fig. 1l Moreover, we can-
nal, which will be presented in the following. not rule out other processes, possibly involving ionization
The decay of the fluorescence frord States takes place and plasma formation, which, at higher particle densities,
in the microsecond range, as seen in Fi@).2Such a value could be effective in populating the high-lying states ob-
was relatively independent of the particle density: measureserved in the experiment. Since the primary aim of our ex-

TABLE II. List of the additional transitions observed @t=635 K [corresponding to a Cd density
=(1.0=0.1)x 10 cm™9].

Nioj (B) Transitioni — j E; (cm™1) E; (cm™h)
2837 6°D,—5°P, 65353 30114
2881 6°D,1—5°%P; 65359,65353 30656
2981 6°D3,—5°P, 65367,65359 31827
3082 7%5,—5°%P, 62563 30114
3133 735,—5°%P; 62563 30656
3253 7°5,—5°%P, 62563 31827
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FIG. 3. Behavior of the fluorescence intensity for the transitions

5d 3D ;—5p 3P, as a function of the dye laser enerfy, mea-

sured aff =590 K, corresponding to=(1.4+0.1)x 10'°cm ™2 (a),

and of the Cd vapor density, measured aE, =50 uJ (b). The

dashed lines superimposed for comparison to the experimental data

represent a slope 2 behavi@, and a slope 2.35 behavid).

FIG. 2. Time behavior of the fluorescence signals acquired at
= 635 K corresponding tm=(1.0+0.1)x 10 cm™2 and E,
=50 wJ for different transitions: 6 *D, ,—5p 3P; (A=2881 A)
(@, 7s3%s,—5p°3P; (A=3133 A (b), 5d °D,—5p 3P, (A

= 3 — 3 = . . . . . .
3466 A) (c), and 6 S, —5p °Po (A=4677 A (d) lisions are the dominant mechanism for the population of the

5D levels. More precisely, the observed fluorescence inten-
ity for thei— | transition,l;_,;, wherei=6-8 andj=1-3
ee Fig. 1 for the level identificatipmlisplays as a function
of the laser energy a quadratic behavior within the experi-
mental uncertainties, as confirmed by the slope 2 straight line
uperimposed for comparison to the experimental data
dashed ling
The behavior of the fluorescence intensity as a function of
the vapor density, on the contrary, is better described by

periment is the investigation of the EP proces§bs we
decided to restrict our analysis to the particle density rang
where the presence of these transitions is negligible, i.e., t
n=8x 10" cm~3, corresponding td <620 K).

In order to further verify that the observed emission from
the 5D states was due to EP, we analyzed the behavior of th
fluorescence intensity, i.e., the integral of the fluorescenc
signal along all the acquired time interv@ypically 20 us,
much longer than the observed lifetimefor the transitions
5d 3D, —5p °P;, with J’=1-3 andJ=0-2, as a function
of the experimental parameters, namely, the laser pulse en- livj
ergy, E, , and the vapor densityy [Figs. 3a) and 3b), re- _
spectively. We variedn by changing the cell temperature in Where the exponent;_; lies between 2.3 and 2.4, depend-

the range 570635 Kcorresponding ta=9x 1014-9x 105 INg on the specific transition considered. A slope 2.35
cm~3), andE, , by using neutral density filters, in the range straight line is superimposed for comparison to the data of

18-54 uJ, i.e., below the saturation threshold for the Fig. 3(b) (dashed ling This superquadratic behavior can be
5s 1S, —5p 3P, transition found at- 80 xJ. The vertical (partially) ascribed to the occurrence of radiation trapping, as

error bars reported in Figs(® and 3b) represent the stan- discussed in Sec. IV B.

dard deviation of the fluorescence intensity measurements

acquired over 100 laser shots. The error bars in the laser IV. DISCUSSION

energy are due to fluctuations of the laser pulse, and those in

the atom density account for the uncertainties in the particle

density evaluation according to the method described in Sec. Before setting up the rate equation system used for the

I. determination of the EP cross sections, it is necessary to
Both the behaviors reported in a bilogarithmic scale showbriefly discuss the relevance of the radiation trapping phe-

a slope close to 2, strengthening the hypothesis that EP catomenon in our experiment. When this phenomenon takes

oeni=i, 2

A. Radiation trapping effects
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102 - ferent temperatures are report@gben circleg as a function
1 ’_§_| of the density derived from the temperature measurements
according to the Nesmeyanov tables. The vertical error bars
reflect the uncertainties in the decay time derived from the
best fit procedure, whereas the horizontal error bars are
mainly affected by the uncertainty in the temperature mea-
surements in different points of the cell. Except the data at
the largest particle density, which is probably affected to a
larger extent by the ambiguous determination of the actual
vapor temperature, the behavior of the trapping fagtoas a
function of the particle density derived from the experimen-
tal data is in agreement with the theoretical results within
T " T ] approximately 10%, which has been taken as the uncertainty
10" n (cm?) 10" in the particle density measurement. In addition, the data
reported in Fig. 4 demonstrate the occurrence of radiation
_ _ _ _trapping even at the lowest particle density range exploited
FIG. 4. Trapping factog, as a function of the particle density , the present work, and stress the need for the development
n. The solid line represents the result of the analytical calculati(?n()f theoretical methods to account for this effect.

dlscussed_ln the text. The open C|rc_les are yalues of the trapping Besides the discussion of the radiation trapping in the
factor, derived through an exponential best fit of the fluorescence S o o -

3 1 " . intercombination transition lifetime, we have to consider the
decay for the p *P;—5s *S, transition, as a function of the par-

ticle density obtained through temperature measurements, alon fects on the excited-state density, and thus on the rate

with their experimental uncertaintigsorizontal bars The vertical ~ €duation we used to derive the EP cross sections. As previ-
error bars are given by the best-fit procedure. ously stated, radiation trapping causes the excitation to stay

longer in the vapor. This offers a larger chance for the
3 . .
place, the emergent radiation at late times decays lik@P “P1 atoms to collide and thgs reach a higher state. In
exp(~t/gor), wherer is the natural lifetime of the transition Order to find the distribution of  °P, atoms at all times, we
andg, is the lowest-order trapping factft6].! Assuming a first had to compute the initial distribution of excited atoms.
purely Doppler-broadened line at high opacities, the trappinJhis was rather straightforward, because the exciting pulse is

9o

10"+

factor for the intercombination line {€7] much shorter than the natural lifetime, and no trapping oc-
curs during the excitation. We have assumed a Maxwell-
0o=1.06 noof 7In(Naoy) 1%, (3)  Boltzmann distribution for the ground state atoms, and sup-

posed that no velocity-changing collisions occur during the
whereay, is the absorption cross section for the intercombi-laser shot, a reasonable approximation owing to the short
nation transition. duration of the pulse. We have then divided the ground-state
Equation(3) shows that the relation between particle den-atoms into velocity subgroups, each of which can absorb
sity and the effective decay timgg7, is approximately lin- laser light in a narrow frequency band, and solved the Beer-
ear. The particle density is thus much less sensitive to uncet-ambert equation coupled to the rate equation for each ve-
tainties in the lifetime measurements than in the temperaturkcity subgroup. The excited-state densities of each velocity
measurements, where the relation between particle densigubgroup have been finally added up to obtain the total
and temperature is exponential. Thanks to this feature, th&p 3P, density,n,, at the end of the pulse, i.e., at the begin-
analysis of the observed decay time allowed us to improveiing of the decay stage. For the evaluatiomgft the end of
the accuracy in the determination of the density the laser pulse, we have assumed a negligible population of
It must be noted that, for the evaluation of tyefactor in  the upper states as well as of thp 3P, state, populated by
the actual conditions of our experiment, dealing with a natuintramultiplet mixing, as discussed in the following. The data
ral isotope sample, different isotopes displaying differentwe used for the cross-section evaluation were acquired at a
spectral features, and with a broadband laser excitation, Waser pulse energl, =100 uJ, i.e., larger than the saturation
have to take into account both isotope and hyperfine splittinghreshold. In these conditions, following the method already
of the atomic sample. As a consequence, 8).must be used in Ref[10], it is possible to derive the maximum den-
replaced by a more complex expression. Indeed, we evalwity of the 5 3P, state. In fact, the total population splits
ated the Holstein equation for thep5P; Cd density, de- itself into the ground and thepb®P; states according to their
noted as, according to our level identificatiofsee Fig. 1 statistical weights. Considering that our laser is linearly po-
by reducing it to an algebraic eigenvalue problgt8] and larized, only the Zeeman sublevelp5P; m=0 can be
computing the lowest-order eigenvalue. Figure 4 shows th@opulated. As a consequence, the maximum density of the
relation between the trapping factgg and the particle den- 5p 3P, state turns out to be one-half of the total atom den-
sity n resulting from our calculations. In the same graph,sity, n.
experimentab, values found through an exponential best fit  We then had to compute the eigenmodes of the Holstein
of the intercombination fluorescence decay acquired at difequation in the cylinder volume describing the experimental
geometry. In contrast to the density measurements, where we
required only the lowest-order mode, we have now to con-
!Note that we denote as the trapping faaggrthe inverse of the sider also early times, and thus need higher-order modes.
Holstein escape factor. Since a considerable part of the laser pulse is absorbed near
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the entrance window, we have also to account for the geontion trapping of the intercombination line is very small. Fur-
etry of the problem. Due to the invariance of the problemthermore, since the lifetime of theDbstates is small enough
under rotation, the problem can be seen as two dimensionalp produce negligible effects, even if it is somewhat in-
and a cylindrical reference system,£) describes appropri- creased by radiation trapping, the decay rate of tie 5
ately the collection geometry exploited in our experiment. — 5P radiation is essentially ruled by the creation rate of the
The 5p 3P, density is then EP process, so that we find the time behavior of ti® 5
— 5P transition practically independent of the radiation trap-
4) ping. This is substantially confirmed by our measurements,
which indicate that radiation trapping does not markedly af-
fect the time behavior of the emission fromD5states,
where they;; andg;; are theij eigenmodes and trapping whereas it has a dramatic effect on the fluorescence from the
factors, and they;; the expansion coefficients of the initial Sp 3p, state. However, we stress that the above description
distribution into the eigenmodes. Trapping factors for two-is intended only to give an intuitive relation between the
dimensional geometries can be found ®]. In addition to  physical model and the experimental results, and that any
the trapping, we have to take the particle diffusion into ac-residual influence of the radiation trapping for the intercom-
count. This is done by the technique describef2i. bination line is included in our theoretical treatment of the
It must be noted that population of thep5P, and  problem, which will be presented in the next section.
5p 3P, can occur to some extent through intramultiplet mix- ~ The second point we mentioned above is that we assume
ing collisions. According to Ref§21,22, population of the that the radiation trapping of thel6—5P transitions does
highest sublevel is expected to be negligible in the actuahot affect the measurement of théiime integratedl inten-
conditions of our experiment, whereas the rate for the popusity. To justify this statement, we note as first that thHe 5
lation of the % 3P, state lies in the 10** cm® s™! range.  atoms remain within an “infinite cylinder” during the time
Thus, radiation trapping can affect to some extent also theelevant in the fluorescence emission, i.e., the firsy&5In
fluorescence for the transitions connected to the’B, state  fact, the extension of B atoms att=2.5 us at the lowest
(radiation trapping can be considered negligible for the trandensity range explored in the experiment can be estimated as
sitions connected to the weakly populateg ¥, state. ~5 cm and<0.5 cm along the axial and radial directions,
However, the trapping turns out to have practically a negli-respectively. At larger particle densities the spread of the 5
gible effect on all transitions to thePslevels for the follow-  atoms is even smallgr=0.05 cm and less than 0.05 cm at
ing reasons. the largest densities explored in the experimemhus, the
As previously stated in the comment to Fig. 2, the decayadial extension of the 5P, atoms increases to, e.g., 0.5
of the fluorescence signal fronDbstates takes place in the cm in 2.5us, but it remains still much smaller than along the
microsecond range. If no radiation trapping were present, thaxial direction. Radiation trapping in such a configuration,
observed lifetime for those transitions would be approxi-well approximated by an infinite cylinder, can produce a sig-
mately one-half the lifetime of the 53P; state, that is, nificant influence on the emergent radiation by three effects:
~1.25 us, as expected on the basis of the rate equationd) the emission decay takes place in a longer time; as stated
ruling the process under investigatidgsee Sec. IVR It  above, this is negligible and of no further concern if we
must be noted that the actual value can be slightly affectedonsider only the time-integrated fluorescence intensity;
by other processes, as the nonradiative transportFofab  the spatial redistribution of atoms, which can occur only on
oms, which will be discussed in the following, and the finite the scale of the cylinder diameter and is thus negligibie);
lifetime of the D state, which leads to a double-exponentialfor a strongly branching transition, the trapping leads to a
decay in the observed signals. Thus, our experimental resulgecrease in the fluorescence intensity, since, at each reemis-
suggest that radiation trapping does not significantly affecgion, the excitation can decay through a differ¢anob-
the emission from the B atoms. This statement implies two Served radiative path. Considering the transitions detected in
considerations(i) the radiation trapping of the intercombi- the experiment, only the two transitionsi 6D,—5p 3P,
nation line does not significantly affect tkime behavioyin ~ have a strongly branched upper state, and are thus expected
the production of ® atoms;(ii) the radiation trapping of the to be influenced to some extent by radiation trapping. Those
5D — 5P transitions does not affect the measurement of theitransitions where radiation trapping is involved are very sen-
(time integratedl fluorescence intensity. sitive to errors in the excited state distribution and in the
Concerning the first statement, we note th& &toms branching ratios. Thus, a reliable evaluation of the radiation
created by radiation trapping, i.e., by reabsorption of the inirapping effects for those transitions is not easy. However, in
tercombination fluorescence, are spread out in space. Aft@ur case they are not directly involved in the EP cross-
2.5 us their radial extension is, at a first approximation,Section determination, and they will be neglected in the fol-
1/k,, wherek, is the line-center absorption coefficient, cor- lowing discussion.
responding approximately to 0.05 cm and 0.5 cm at the high-
est and lowest Cd densities used in our experiment, respec-
tively. This implies that the density off5atoms created after
one reemission is at least two order of magnitude lower than To interpret the experimental results and to derive the
the density of the atoms directly excited by the laser beamvalues of the EP cross sections, we started from a model
though the total number is the same. Since tie density based on a rate equation system involving nine Cd levels
depends quadratically on thé>Xdensity, the consequence is (see Fig. 1L We included into the model the effects of the EP
that the total number of B atoms created because of radia- collisions, of the spontaneous and stimulated radiative emis-

nz(r,z,t>=2i 2 aij i (1, 2) expl — t/g;; 7),

B. Evaluation of the cross sections
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sions, and of nonradiative quenching processes. We mad®n system ruling level population in our experiment is valid
some approximations, by considering the triplgs ®;, locally, and that its solution has to be performed accounting
with J=0,1,2, as a single levétlenoted as 5, see Fig)dnd  for the space dependence. Théactor ink(EP) is due to the
a nonradiative quenching process with the same rate for eadact that we have a homonuclear collision involving two
level. The cross section for the quenching was determinegartners of the same speci&s,25. The self quenching can
based on the geometrical cross secti@u radius=1.58 A be neglected, because at the typical temperatures of our ex-
[23)). periment it is two orders of magnitude smaller than the ra-
Since the density of the higher states considered in oudiative decay. We have shown in Sec. IV A that the radiation
system is much smaller than thé>5ensity, the rate equa- trapping has practically no effect on the density of tHe 5
tions are effectively decoupled, i.e., the production rateatoms. We can thus neglect it completely at this stage of the
(Z'fl)nz(r t) for the higher staté, with i=6-8 (see Fig. 1  discussion.
can be viewed as a given excitation term for the computation Furthermore, the radiative decay of the upper states is
of the higher-state densities, and can be neglected in the rateuch faster than the decay of th® @toms, so that, at any
equation of the ® atoms. Since the pooling cross section istime, we are essentially in steady state equilibrium between
smaller than the quenching cross section, thenlineaj  those two levels, and the upper state density can be com-
pooling rates are certainly smaller than tdmean decay puted from
processes at all densities considered in the present work. This

leads to a considerable simplification; the rate equation that szj? 2
describes the behavior of the population via EP of one of the n;= . (6)
5D statesn;, with i=6-8 (see Fig. 1, becomes kz Ai_k
<l
dn' _ E k(EP) k(Q . . . . . .
at .~ AN +2 5= n3— NiNg, ©) Finally, we find the time integrated fluorescence intensity
as
whereA, _,, is the Einstein coefficient for spontaneous emis-
sion from the staté to all k states connected through radia- . :%w he A f”f n(rodrdt, (7
tive transitionsk(?) is the quenching rate coefficient for non- Qg T ' '

radiative processes, aidt") is the EP rate coefficient for

the population of the level due to collisions between atoms whereV describes the volume in the cell observed by the
in the 5p 3P, state. It must be noted that, in principle, the monochromator{} is the solid angle for radiation collection,

A; _ coefficients should be modified to account for radiatione is the quantum efficiency of the detectar, ,; is the ex-
trapping of transitions connected to thé States, but, as perimental apparatus response at the wavelength correspond-
discussed in the previous section, this effect is negligible iring to thei— | transition, andv;_,; is the frequency of the

our experimental conditions. To simplify notation, we havetransition.

dropped the functional dependence on space and time in the For the intercombination line, the radiation trapping has
terms entering Eq5). However, we stress that the rate equa-to be included, and the observed intensity is computed from

Qe * *
|2H0:EazHth2ﬂoA2*)0J‘0 JVJ’_wnz(r,t)q)(X)eXn:_gzo(r,x)]dx dr dt, (8)

whereé&,o(r,x) denotes the opacity for the intercombination line from poimd the detectorx is the (normalized transition
frequency, andb is the emission line shape of the intercombination line, normalized so that its integral is unity.

Experimental uncertainties about the collection angle and detector sensitivity can be greatly reduced by considering only the
ratio between the observed fluorescence intensity for one of the transititimg-55 3P;, (i—j, with i=6-8 andj=1-3
and the intercombination transition’®;—51S, (2 — 0):

i @iy vinj A Jni(r,t)dr dt ©
lo0  @a0 Voo Agg S No(r,t)@(x)exd — &xo(r,x)]dx dr dt’
Using Eq.(6), Eq. (9) can be written as
KEP = |Hj @z .0 V2.0 2k<iAinA2H0fffn2(r )P (x)exp — o1, x) Jdx dr dt (10

oo @iy Vi) Al SIn3(r,tydr dt

Equation (10) is the basic equation we have used to derive the rate coefficients for the processes(bf fEgm the

experimental fluorescence intensities. The radiation trapping is taken into account by using the correct spatiotemporal distri-

bution of the excited state density, and the self-absorption of the emergent radiation, described by the exponential factor.
By introducing the mean interatomic velocity:
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TABLE lll. EP cross sections for the 3, levels measured at reporting the fluorescence intensity of the intercombination

T=570 K. transitionl,_,, (open circles measured as a function of the
= vapor densityn along with the theoretical predictiofiine),
Level o7 (cn) demonstrate a good agreement between experiment and
53D, (1.320.6)x 10" 16 theory. .
5D, (1.1-0.5)x 1016 The emission intensity from the upper states,;, on the

contrary, increases faster than quadratically because the trap-
ping of the intercombination line increases the chance of
pooling collisions. As shown in Sec. l[kee Eq(2) and Fig.

\/m 3(b)], the exponenin;_,; ruling the functional dependence of
B
T

53D, (0.7+0.4)x 1016

(11)  the observed fluorescence intensity for the transitions from
5D states is between 2.3 and 2.4. From our computations,
the theoreticam;_,; turns out to be= 2.6. Thus, the differ-
'ence (n;_,;—m,_,,) evaluated theoretically is approximately
1.7, to be compared with the 1.4 value found in the ex-

(v)=

where u is the reduced mass of the colliding atom system
we can deduce the values of the EP cross sections by

K(EP) periment. This~ 20% deviation is probably due to an in-
FEP=_21 (120  complete knowledge of the effective shape and size of the
(v) observation region used in our treatment of the radiation

. EP ) trapping, which relies on a correct estimate of the fluores-
The numerical values af(®") obtained afl = 570 KandE,  ;ence collection geometry.

=100 wJ are reported in Table Iil. _ Despite this discrepancy, the above presented analysis of
_ As a check for the validity of our analysis and as a Con-he emerging fluorescence intensity as a function of the va-
firmation for the role played by the radiation trapping, it is hor gensity confirms the role played by radiation trapping in
mter'estlng to cpmpute the ratio of.the dql_JbIe integrals in Edour experiment, and the reasonable agreement between
(9), i.e., the ratio of the observed intensities, as a function ofheqry and experiment indicates indirectly the validity of the

the particle densityn. If there were no radiation trapping, method we have adopted to account for radiation trapping
then the intensity of the intercombination line would increasestfects.

linearly with n, and the fluorescence from th®5states qua- Finally, the estimation of the uncertainty for oufE”

dratically. In other words, the difference between the expoyneasyrements deserves some discussion. Various dominant
nents introduced in Eq2) (m;_;—m,_o) would be unity.  ¢actor affect theo®P) determination. At first, the indirect

Due_to _the radlatlonb}_rapmlng,bthe lntercr?mblnat!on Im;_ IN"evaluation of the density, based on the measurement of the
tensity increases sublinearly, because the trapping redistriy, e density is expected to produce an important uncer-
utes the excited-state atoms in the cell volume, leading to

X ” inty, which we have estimated of the order of 40%. In fact,
decrease of the atoms in the fluorescence collection re- yha occurrence of saturation for the intercombination transi-

gion (close to the entrance windgveompared to the ideal jon \yhich represents the basis of our determination of the
situation where radiation trapping is absent. Thus,nhe,g maximumn, density (see Sec. IV A is difficult to assess

exponent ruling th.e behavior of the_z intercombination fluores+.om the experimental point of view. In addition, we must
cence as a function of the density tends to decrease. Thgq intg account experimental errors in the fluorescence in-
theoretical analysis of the radiation trapping based on the,gjty measurements and those due to the fluctuations in the
method described in Sec. IV A gives, ,o=0.9. Figure 5, |55¢r pulse energy, which can be estimated as 10%. There are
also some uncertainties in the values of the Einstein coeffi-
cients(not always clearly specified in the literathientering

our cross-section calculation, that we assumed to be of the
order of 10%. Moreover, since our results rely on a correct
description of the radiation trapping effects, we have to con-
sider also the errors made in the theoretical evaluation of this
phenomenon. Although a quantitative estimation is rather
difficult, we can take the above presented discrepancy be-
tween theoretical predictions and experimental data
(~20%) as an additional uncertainty related to our calcula-
tion of the radiation trapping effect, which leads to an esti-
mation of the overall uncertainty io(5?) of the order of
+50%.

-
(=]
N
|

Fluorescence Intensity (arb. units)

-
o_A
1

10" -3 10"
n (cm) V. CONCLUSIONS

FIG. 5. Fluorescence intensity of th@ 8P, —5s 1S, transition In the present work we have quantitatively investigated

as a function of the particle densitgircles, along with their ex-  the energy pooling processes occurring in pure cadmium va-
perimental error. The solid line represents the result of the theorefP0rs contained in a sealed cell under pulsed laser excitation

ical simulation obtained as discussed in the text. A multiplicativeresonant with the intercombination transitions 55,
factor has been used to fit the experimental data. —5p 3P,, and we have derived the cross sections for the
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