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Cross-section measurement for the energy pooling collisions:
Cd„5p 3P1…1Cd„5p 3P1…˜Cd„5d 3DJ…1Cd„5s 1S0…
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2Institut für Nachrichtentechnik und Hochfrequenztechnik, Technische Universita¨t Wien, Gusshausstrasse 25/389, A-1040 Wien, Aust
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Energy pooling collisions of two cadmium atoms in the state 5s5p 3P1 have been investigated under pulsed
laser excitation and cross sections have been measured for the production of atoms in the 5s5d 3DJ states. We
have obtained the values (1.360.6)310216, (1.160.5)310216, and (0.760.4)310216 cm2 for J51,2,3,
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.@S1050-2947~98!05102-6#

PACS number~s!: 34.90.1q, 32.50.1d
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I. INTRODUCTION

The phenomenon of energy pooling~EP! takes place dur-
ing the collision of two electronically excited atoms, yieldin
one highly excited atom and one in a low-lying state, ty
cally the ground state. This phenomenon was observed
the first time in 1976 in sodium atoms@1#, and it has been
extensively investigated in alkali vapors. More recent
analysis of EP processes was extended to atoms with
valence electrons belonging to the IIA column, Mg@2#, Ca
@3#, Sr @4#, Ba @5,6#, and to the IIB column, Zn@7#, Cd @8#,
and Hg@9,10#.

For Cd atoms, of interest in this work, it is relatively ea
to observe 5p 3P1 15p 3P1 energy pooling collisions. It
must be noted that the excited level 5p 3P1 is connected to
the ground state 5s 1S0 only through an intercombination
transition, and that the 5p 3P1 level is metastable~natural
lifetime t52.46 ms @11#!, but the measurement of the re
evant cross sections is not easy. Umemotoet al. @8# have
observed and analyzed the time behavior of the fluoresce
signals from Cd levels populated by energy pooling co
sions as a function of the pressure of different buffer ga
present in the cell along with Cd vapors, but they have
reported any cross-section measurements. Also in our la
ratory preliminary observations of EP in Cd vapors we
easily performed using a heat-pipe cell filled with the me
@12#, but it was not possible to give any quantitative resu

In this work we present the measurement of the EP cr
sections for the processes

Cd~5p 3P1!1Cd~5p 3P1!→Cd~5d 3DJ!1Cd~5s 1S0!

1DE, ~1!

with J51,2,3, andDE5(425)kBT at the typical tempera
tures of our experiment (T;500 K!. Figure 1 shows a sketc

*Also at Dipartimento di Fisica della Materia e Tecnologie F
siche Avanzate, Universita` di Messina, Salita Sperone 31, I-9816
Sant’Agata, Messina, Italy.
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of the energy levels relevant in the experiment.
Cadmium atoms contained in a sealed quartz cell wer

excited on the intercombination transition using a pulsed la
ser beam tuned on 3261 Å. Both the intensity of the fluores
cence spectra and the time behavior of the emission from C
excited states were acquired. The rate coefficients,k(EP), and
the cross sections,s (EP), for the EP processes~1! were de-
rived from the fluorescence data by solving a rate equatio

FIG. 1. Sketch of the Cd energy levels relevant in the experi
ment. The numbers typed in bold characters represent the lev
identification used in the text. The dashed horizontal line indicate
the ionization energy for Cd atoms. The arrows represent the tra
sitions of the triplet system observed in the experiment atT5570 K
~see Table I!, marked in the diagram along with their wavelength;
the double arrow represents the excited intercombination transitio
5s 1S0→5p 3P1.
1778 © 1998 The American Physical Society
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57 1779CROSS-SECTION MEASUREMENT FOR THE ENERGY . . .
system for the Cd levels involved in the experiment. T
effects of the radiation trapping phenomenon, which ta
place in the cell at the typical temperatures of our exp
ment, were taken into account in the cross-section evalua
by carrying out numerical solutions of the radiation diffusi
equation in the effective conditions of the experiment.
addition, the lengthening of the intercombination transiti
fluorescence decay time produced by the radiation trapp
allowed us to accurately derive the atom density in a w
independent of the cell temperature measurement.

II. EXPERIMENTAL SETUP

We have used an apparatus typical for fluorescence s
troscopy experiments. Natural isotope cadmium metal w
put in a a sealed quartz cell~14 mm radius, 180 mm length!
evacuated with a turbo pump~residual pressure, 1028 Pa!,
and filled with a getter pill~an alloy of zirconium, vanadium
and iron, mod. ST707 from SAES Getters@13#!, employed to
absorb the residual impurities inside the cell. Since ene
pooling collisions in Cd are evident at high particle densiti
attainable at relatively large temperatures, we placed the
in an electrically heated oven able to reach temperatureT
greater than 800 K, with a temperature stability within 1
The oven was made of stainless steel, covered by an ins
tor ~Pyrotek! withstanding up to 1100 K. Quartz window
were used for laser irradiation of the vapor and fluoresce
collection.

Excitation of the 5p 3P1 state was accomplished by usin
a dye laser~FL2002 Lambda Physik! pumped by a XeCl
excimer laser~EMG101 MSC Lambda Physik!. The attain-
ment of stable laser pulses at 3261 Å required a car
alignment of the laser and the use of a relatively low co
centration (1023M ) of PTP dye in dioxane, which led to
maximum output energyEL,max;100 mJ. This pulse energy
was checked to be large enough to saturate the 5s 1S0
→5p 3P1 transition~saturation threshold;80 mJ, as deter-
mined by observing the fluorescence intensity of the in
combination transition!. A beam splitter was used to sen
part of the laser beam to a photodiode in order to supp
trigger signal to the data acquisition system and to mon
the energy of the dye laser pulse, that remained stable w
10% on a pulse to pulse basis. The pulse duration was 1
full width at half maximum, and the laser bandwidth was
GHz, enabling excitation of the entire Doppler distributio

Laser radiation was focused inside the vapor cell by
560-mm focal length lens, producing a&0.1 mm2 area focal
spot. The fluorescence emission from a region close to
entrance window~distance; 5 mm! was collected at right
angles by an achromatic lens and analyzed by a monoc
mator ~HR 640 Jobin-Yvon, 640-mm focal length, 120
g/mm grating! in the spectral range 3000–7500 Å. We no
that, due to the collection geometry, our system collected
all light emerging from the outer regions of the vapor ce
Detection of the fluorescence signal was accomplished
either an intensified gateable optical multichannel analy
~OMA PAR IRY 1000 G/BR, 1000 pixels!, or a photomul-
tiplier ~Hamamatsu R955, 2.2 ns rise time! connected to a
digital oscilloscope~Lecroy9400, 100 MS/s!, for spectra ac-
quisition or time-resolved measurements, respectively.
detectors were both connected to a PC for data storage
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subsequent analysis. The spectral response of the colle
and detection apparatus was determined by recordin
blackbody spectrum produced by a quartz-iodine lamp@14#.
The spectral resolution of the apparatus, depending on
monochromator slit width, was&1 Å.

The absolute density of the cadmium vapor,n, was ob-
tained following the standard method of measuring the c
temperature by ak-type thermocouple and employing th
Nesmeyanov tables@15# to deduce the particle density. Mea
surements repeated in different points of the cell revea
that the temperature was not uniform~maximum deviation
;1%!. The uncertainty in the measurement of the effect
vapor temperature along with the nonlinear character of
vapor pressure curves@15# led to an overall error in the par
ticle density of the order of 20%. Since the particle density
a crucial parameter in the experiment, we have also deri
it in a way independent of temperature measurements, s
ing from the lengthening in the decay time of the interco
bination transition produced by the radiation trapping ph
nomenon. As discussed in Sec. IV A, this procedure enab
a reduction of the uncertainty in the atom density determi
tion to ;10%.

III. RESULTS

At first, fluorescence spectra were recorded with the m
tichannel detector~OMA! for an immediate identification o
the Cd excited states from which we observed emission.
spectra exhibited peaks other than the resonance excite
tercombination transition only at temperatures greater t
;560 K. At T5570 K, corresponding to a Cd densit
n5(9.060.1)31014 cm23, the lines listed in Table I were
detected. We clearly observed emission from the 5p 3DJ and
from the 6s 3S1 states, henceafter referred as 5D and 6S,
respectively, decaying to the 5p 3PJ8 levels. These transi-
tions are marked with an arrow in Fig. 1, along with the
wavelengths. Assuming the 5D levels populated through EP
collisions, as will be confirmed in the following, the popul
tion of the 6S state can be attributed to the radiative casca
5D→6P→6S. The intermediate transitions could not be o
served, since their wavelengths, approximately 9mm and 1.4
mm, respectively, are outside the detection range of our
paratus. In addition, the transition 5d 1D2→5p 1P1 of the
singlet system was also weakly detected. The energy de
DE of the 5d 1D2 is approximately 5kBT at 570 K, only
slightly larger than that of the 5d3DJ states. Thus, EP can b
invoked also for the population of the 5d 1D2 state. How-
ever, due to the weakness of the fluorescence signal~&0.02
times the fluorescence coming from the 5D states!, which
suggests an almost negligible population of the upper le
this transition was not considered in the interpretation of
experimental results of Sec. IV B.

For a further increase of the temperature, the intensitie
the peaks increased and new lines appeared. AtT5635 K,
corresponding to a Cd densityn5(1.060.1)31016 cm23,
the transitions reported in Table II were clearly detect
beside those listed in Table I, indicating that at this high
temperature the 6d 3DJ and 7s 3S1 states~henceafter indi-
cated as 6D and 7S, respectively! are populated.

After spectra acquisition, an analysis of the time behav
of the fluorescence emission was carried out in order to



1780 57S. BARSOTTI, F. FUSO, A. F. MOLISCH, AND M. ALLEGRINI
TABLE I. List of the transitions observed atT5570 K @corresponding to a Cd densityn5(9.060.1)
31014 cm23#.

l i→ j ~Å! Transitioni→ j Ei (cm21) Ej (cm21)

3261 53P1→5 1S0 30656 0
3404 53D1→5 3P0 59486 30114
3466 53D2→5 3P1 59498 30656
3468 53D1→5 3P1 59486 30656
3610 53D3→5 3P2 59516 31827
3613 53D2→5 3P2 59498 31827
4677 63S1→5 3P0 51484 30114
4798 63S1→5 3P1 51484 30656
5086 63S1→5 3P2 51484 31827
6440 51D2→5 1P1 59220 43692
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termine, through time integration of the acquired signals,
fluorescence intensity corresponding to each observed
In addition, the time-resolved analysis provided informati
on the population mechanisms for the Cd excited states
comparing the rise and decay times of the fluorescence si
for different transitions, it was possible to have an initial id
of the process responsible for the population of the exc
states. As an example, Fig. 2 shows the fluorescence sig
acquired at T5635 K, corresponding ton5(1.060.1)
31016 cm23, at different wavelengths. In the emission fro
the 5D states@see Fig. 2~c!#, the peak of the time-resolve
signal is within the first'150 ns after the arrival of the lase
pulse in the interaction region, taken as the origin (t50) of
the horizontal axis. The emission from the 6S displays in-
stead its maximum att;500 ns@see Fig. 2~d!#. Transitions
starting from the 6D and 7S states, which are observed on
at higher temperatures, exhibit a time behavior character
by a sharp fast peak superimposed to a slow increase@see
Figs. 2~a! and 2~b!#, similar to that of the transition from the
6S state. The sharp peak was essentially due to laser
scattering on the cell walls, as confirmed by comparison w
measurements performed shifting the laser wavelength ou
the intercombination transition resonance. The presenc
the sharp peak was particularly evident in the transitio
from the 6D and the 7S states, which have a waveleng
relatively close to that of the laser radiation. The contribut
of the sharp peak was removed in the calculation of the fl
rescence intensities as time integrals of the fluorescence
nal, which will be presented in the following.

The decay of the fluorescence from 5D states takes plac
in the microsecond range, as seen in Fig. 2~c!. Such a value
was relatively independent of the particle density: measu
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ments performed at lower temperatures, i.e.,T5570 K, dis-
played the same decay time~within the experimental uncer
tainties, evaluated as610%! for all transitions starting from
5D states observed in the experiment.

The analysis of time-resolved fluorescence signals s
gests that different processes are responsible for the pop
tion of the 5D, 6S, 6D, and 7S states. The fast rise time
observed for the 5D→5P fluorescence is in agreement wit
the hypothesis of population of the upper level through
collisions, whereas the slower rise time for the 6S→5P tran-
sition suggests that the 6S level is populated through radia
tive cascade from upper-lying states. The time behavior
the transitions starting from the 7S and 6D states suggest
that they are populated through mechanisms other than
On the other hand, EP collisions can be ruled out on the b
of energetic considerations, since the energy of the 7S and
6D states~see Table II and Fig. 1! is larger than twice the
energy of the resonance excited 5P state, and EP collisions
are not expected to occur. At the typical temperatures of
experiment,DE.4kBT for the 5D levels, whereasDE.
23kBT, DE . 210kBT for the 6D and 7S levels, respec-
tively. Due to the observed remarkable dependence on
temperature of the transitions starting from these levels,
lisional processes more complex than EP can be invok
For instance, at large Cd densities intramultiplet mixing~see
Sec. IV A! could produce appreciable population of th
5p 3P2 state, which might lead, through EP collisions, to t
formation of 7S atoms~see also Fig. 1!. Moreover, we can-
not rule out other processes, possibly involving ionizati
and plasma formation, which, at higher particle densiti
could be effective in populating the high-lying states o
served in the experiment. Since the primary aim of our
TABLE II. List of the additional transitions observed atT5635 K @corresponding to a Cd densityn
5(1.060.1)31016 cm23].

l i→ j ~Å! Transitioni→ j Ei (cm21) Ej (cm21)

2837 63D1→5 3P0 65353 30114
2881 63D2,1→5 3P1 65359,65353 30656
2981 63D3,2→5 3P2 65367,65359 31827
3082 73S1→5 3P0 62563 30114
3133 73S1→5 3P1 62563 30656
3253 73S1→5 3P2 62563 31827
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57 1781CROSS-SECTION MEASUREMENT FOR THE ENERGY . . .
periment is the investigation of the EP processes~1!, we
decided to restrict our analysis to the particle density ra
where the presence of these transitions is negligible, i.e
n&831015 cm23, corresponding toT&620 K!.

In order to further verify that the observed emission fro
the 5D states was due to EP, we analyzed the behavior of
fluorescence intensity, i.e., the integral of the fluoresce
signal along all the acquired time interval~typically 20 ms,
much longer than the observed lifetimes!, for the transitions
5d 3DJ8→5p 3PJ , with J851 –3 andJ50 –2, as a function
of the experimental parameters, namely, the laser pulse
ergy, EL , and the vapor density,n @Figs. 3~a! and 3~b!, re-
spectively#. We variedn by changing the cell temperature
the range 570–635 K~corresponding ton5931014–931015

cm23), andEL , by using neutral density filters, in the rang
18–54 mJ, i.e., below the saturation threshold for t
5s 1S0 →5p 3P1 transition found at; 80 mJ. The vertical
error bars reported in Figs. 3~a! and 3~b! represent the stan
dard deviation of the fluorescence intensity measurem
acquired over 100 laser shots. The error bars in the la
energy are due to fluctuations of the laser pulse, and thos
the atom density account for the uncertainties in the part
density evaluation according to the method described in S
II.

Both the behaviors reported in a bilogarithmic scale sh
a slope close to 2, strengthening the hypothesis that EP

FIG. 2. Time behavior of the fluorescence signals acquired aT
5 635 K corresponding ton5(1.060.1)31016 cm23 and EL

550 mJ for different transitions: 6d 3D2,1→5p 3P1 (l52881 Å!
~a!, 7s 3S1→5p 3P1 (l53133 Å! ~b!, 5d 3D2→5p 3P1 (l
53466 Å! ~c!, and 6s 3S1→5p 3P0 (l54677 Å! ~d!.
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lisions are the dominant mechanism for the population of
5D levels. More precisely, the observed fluorescence int
sity for the i→ j transition,I i→ j , wherei 56 –8 andj 51 –3
~see Fig. 1 for the level identification! displays as a function
of the laser energy a quadratic behavior within the exp
mental uncertainties, as confirmed by the slope 2 straight
superimposed for comparison to the experimental d
~dashed line!.

The behavior of the fluorescence intensity as a function
the vapor density, on the contrary, is better described by

I i→ j}nmi→ j , ~2!

where the exponentmi→ j lies between 2.3 and 2.4, depen
ing on the specific transition considered. A slope 2.
straight line is superimposed for comparison to the data
Fig. 3~b! ~dashed line!. This superquadratic behavior can b
~partially! ascribed to the occurrence of radiation trapping,
discussed in Sec. IV B.

IV. DISCUSSION

A. Radiation trapping effects

Before setting up the rate equation system used for
determination of the EP cross sections, it is necessary
briefly discuss the relevance of the radiation trapping p
nomenon in our experiment. When this phenomenon ta

FIG. 3. Behavior of the fluorescence intensity for the transitio
5d 3DJ→5p 3PJ8 as a function of the dye laser energyEL , mea-
sured atT5590 K, corresponding ton5~1.460.1!31015 cm23 ~a!,
and of the Cd vapor densityn, measured atEL550 mJ ~b!. The
dashed lines superimposed for comparison to the experimental
represent a slope 2 behavior~a!, and a slope 2.35 behavior~b!.
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place, the emergent radiation at late times decays
exp(2t/g0t), wheret is the natural lifetime of the transition
andg0 is the lowest-order trapping factor@16#.1 Assuming a
purely Doppler-broadened line at high opacities, the trapp
factor for the intercombination line is@17#

g051.06 ns02@p ln~ns02!#
0.5, ~3!

wheres02 is the absorption cross section for the intercom
nation transition.

Equation~3! shows that the relation between particle de
sity and the effective decay time,g0t, is approximately lin-
ear. The particle density is thus much less sensitive to un
tainties in the lifetime measurements than in the tempera
measurements, where the relation between particle den
and temperature is exponential. Thanks to this feature,
analysis of the observed decay time allowed us to impr
the accuracy in the determination of the densityn.

It must be noted that, for the evaluation of theg0 factor in
the actual conditions of our experiment, dealing with a na
ral isotope sample, different isotopes displaying differe
spectral features, and with a broadband laser excitation
have to take into account both isotope and hyperfine split
of the atomic sample. As a consequence, Eq.~3! must be
replaced by a more complex expression. Indeed, we ev
ated the Holstein equation for the 5p 3P1 Cd density, de-
noted asn2 according to our level identification~see Fig. 1!
by reducing it to an algebraic eigenvalue problem@18# and
computing the lowest-order eigenvalue. Figure 4 shows
relation between the trapping factorg0 and the particle den
sity n resulting from our calculations. In the same grap
experimentalg0 values found through an exponential best
of the intercombination fluorescence decay acquired at

1Note that we denote as the trapping factorg0 the inverse of the
Holstein escape factor.

FIG. 4. Trapping factorg0 as a function of the particle densit
n. The solid line represents the result of the analytical calcula
discussed in the text. The open circles are values of the trap
factor, derived through an exponential best fit of the fluoresce
decay for the 5p 3P1→5s 1S0 transition, as a function of the par
ticle density obtained through temperature measurements, a
with their experimental uncertainties~horizontal bars!. The vertical
error bars are given by the best-fit procedure.
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ferent temperatures are reported~open circles! as a function
of the density derived from the temperature measurem
according to the Nesmeyanov tables. The vertical error b
reflect the uncertainties in the decay time derived from
best fit procedure, whereas the horizontal error bars
mainly affected by the uncertainty in the temperature m
surements in different points of the cell. Except the data
the largest particle density, which is probably affected to
larger extent by the ambiguous determination of the ac
vapor temperature, the behavior of the trapping factorg0 as a
function of the particle density derived from the experime
tal data is in agreement with the theoretical results wit
approximately 10%, which has been taken as the uncerta
in the particle density measurement. In addition, the d
reported in Fig. 4 demonstrate the occurrence of radia
trapping even at the lowest particle density range explo
in the present work, and stress the need for the developm
of theoretical methods to account for this effect.

Besides the discussion of the radiation trapping in
intercombination transition lifetime, we have to consider t
effects on the excited-state density, and thus on the
equation we used to derive the EP cross sections. As pr
ously stated, radiation trapping causes the excitation to
longer in the vapor. This offers a larger chance for t
5p 3P1 atoms to collide and thus reach a higher state.
order to find the distribution of 5p 3P1 atoms at all times, we
first had to compute the initial distribution of excited atom
This was rather straightforward, because the exciting puls
much shorter than the natural lifetime, and no trapping
curs during the excitation. We have assumed a Maxw
Boltzmann distribution for the ground state atoms, and s
posed that no velocity-changing collisions occur during
laser shot, a reasonable approximation owing to the s
duration of the pulse. We have then divided the ground-s
atoms into velocity subgroups, each of which can abs
laser light in a narrow frequency band, and solved the Be
Lambert equation coupled to the rate equation for each
locity subgroup. The excited-state densities of each velo
subgroup have been finally added up to obtain the to
5p 3P1 density,n2, at the end of the pulse, i.e., at the begi
ning of the decay stage. For the evaluation ofn2 at the end of
the laser pulse, we have assumed a negligible populatio
the upper states as well as of the 5p 3P0 state, populated by
intramultiplet mixing, as discussed in the following. The da
we used for the cross-section evaluation were acquired
laser pulse energyEL.100mJ, i.e., larger than the saturatio
threshold. In these conditions, following the method alrea
used in Ref.@10#, it is possible to derive the maximum den
sity of the 5p 3P1 state. In fact, the total population split
itself into the ground and the 5p 3P1 states according to thei
statistical weights. Considering that our laser is linearly p
larized, only the Zeeman sublevel 5p 3P1 m50 can be
populated. As a consequence, the maximum density of
5p 3P1 state turns out to be one-half of the total atom de
sity, n.

We then had to compute the eigenmodes of the Hols
equation in the cylinder volume describing the experimen
geometry. In contrast to the density measurements, where
required only the lowest-order mode, we have now to c
sider also early times, and thus need higher-order mo
Since a considerable part of the laser pulse is absorbed

n
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57 1783CROSS-SECTION MEASUREMENT FOR THE ENERGY . . .
the entrance window, we have also to account for the ge
etry of the problem. Due to the invariance of the proble
under rotation, the problem can be seen as two dimensio
and a cylindrical reference system (r ,z) describes appropri
ately the collection geometry exploited in our experiment

The 5p 3P1 density is then

n2~r ,z,t !5(
i

(
j

a i j c i j ~r ,z!exp~2t/gi j t!, ~4!

where thec i j and gi j are thei j eigenmodes and trappin
factors, and thea i j the expansion coefficients of the initia
distribution into the eigenmodes. Trapping factors for tw
dimensional geometries can be found in@19#. In addition to
the trapping, we have to take the particle diffusion into a
count. This is done by the technique described in@20#.

It must be noted that population of the 5p 3P0 and
5p 3P2 can occur to some extent through intramultiplet m
ing collisions. According to Refs.@21,22#, population of the
highest sublevel is expected to be negligible in the ac
conditions of our experiment, whereas the rate for the po
lation of the 5p 3P0 state lies in the 10211 cm3 s21 range.
Thus, radiation trapping can affect to some extent also
fluorescence for the transitions connected to the 5p 3P0 state
~radiation trapping can be considered negligible for the tr
sitions connected to the weakly populated 5p 3P2 state!.
However, the trapping turns out to have practically a ne
gible effect on all transitions to the 5P levels for the follow-
ing reasons.

As previously stated in the comment to Fig. 2, the dec
of the fluorescence signal from 5D states takes place in th
microsecond range. If no radiation trapping were present,
observed lifetime for those transitions would be appro
mately one-half the lifetime of the 5p 3P1 state, that is,
;1.25 ms, as expected on the basis of the rate equat
ruling the process under investigation~see Sec. IV B!. It
must be noted that the actual value can be slightly affec
by other processes, as the nonradiative transport of 5P at-
oms, which will be discussed in the following, and the fin
lifetime of the 5D state, which leads to a double-exponent
decay in the observed signals. Thus, our experimental re
suggest that radiation trapping does not significantly aff
the emission from the 5D atoms. This statement implies tw
considerations:~i! the radiation trapping of the intercomb
nation line does not significantly affect the~time behavior! in
the production of 5D atoms;~ii ! the radiation trapping of the
5D→5P transitions does not affect the measurement of th
~time integrated! fluorescence intensity.

Concerning the first statement, we note that 5P atoms
created by radiation trapping, i.e., by reabsorption of the
tercombination fluorescence, are spread out in space. A
2.5 ms their radial extension is, at a first approximatio
1/k0, wherek0 is the line-center absorption coefficient, co
responding approximately to 0.05 cm and 0.5 cm at the h
est and lowest Cd densities used in our experiment, res
tively. This implies that the density of 5P atoms created afte
one reemission is at least two order of magnitude lower t
the density of the atoms directly excited by the laser be
though the total number is the same. Since the 5D density
depends quadratically on the 5P density, the consequence
that the total number of 5D atoms created because of rad
-
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tion trapping of the intercombination line is very small. Fu
thermore, since the lifetime of the 5D states is small enough
to produce negligible effects, even if it is somewhat i
creased by radiation trapping, the decay rate of theD
→5P radiation is essentially ruled by the creation rate of t
EP process, so that we find the time behavior of theD
→5P transition practically independent of the radiation tra
ping. This is substantially confirmed by our measureme
which indicate that radiation trapping does not markedly
fect the time behavior of the emission from 5D states,
whereas it has a dramatic effect on the fluorescence from
5p 3P1 state. However, we stress that the above descrip
is intended only to give an intuitive relation between t
physical model and the experimental results, and that
residual influence of the radiation trapping for the interco
bination line is included in our theoretical treatment of t
problem, which will be presented in the next section.

The second point we mentioned above is that we ass
that the radiation trapping of the 5D→5P transitions does
not affect the measurement of their~time integrated! inten-
sity. To justify this statement, we note as first that the 5P
atoms remain within an ‘‘infinite cylinder’’ during the time
relevant in the fluorescence emission, i.e., the first 2.5ms. In
fact, the extension of 5P atoms att52.5 ms at the lowest
density range explored in the experiment can be estimate
'5 cm and,0.5 cm along the axial and radial direction
respectively. At larger particle densities the spread of theP
atoms is even smaller~'0.05 cm and less than 0.05 cm
the largest densities explored in the experiment!. Thus, the
radial extension of the 5p 3P1 atoms increases to, e.g., 0
cm in 2.5ms, but it remains still much smaller than along th
axial direction. Radiation trapping in such a configuratio
well approximated by an infinite cylinder, can produce a s
nificant influence on the emergent radiation by three effe
~i! the emission decay takes place in a longer time; as st
above, this is negligible and of no further concern if w
consider only the time-integrated fluorescence intensity;~ii !
the spatial redistribution of atoms, which can occur only
the scale of the cylinder diameter and is thus negligible;~iii !
for a strongly branching transition, the trapping leads to
decrease in the fluorescence intensity, since, at each ree
sion, the excitation can decay through a different~unob-
served! radiative path. Considering the transitions detected
the experiment, only the two transitions 6d 3D1→5p 3P0,1
have a strongly branched upper state, and are thus expe
to be influenced to some extent by radiation trapping. Th
transitions where radiation trapping is involved are very s
sitive to errors in the excited state distribution and in t
branching ratios. Thus, a reliable evaluation of the radiat
trapping effects for those transitions is not easy. However
our case they are not directly involved in the EP cro
section determination, and they will be neglected in the f
lowing discussion.

B. Evaluation of the cross sections

To interpret the experimental results and to derive
values of the EP cross sections, we started from a mo
based on a rate equation system involving nine Cd lev
~see Fig. 1!. We included into the model the effects of the E
collisions, of the spontaneous and stimulated radiative em
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sions, and of nonradiative quenching processes. We m
some approximations, by considering the triplet 6p 3PJ ,
with J50,1,2, as a single level~denoted as 5, see Fig. 1! and
a nonradiative quenching process with the same rate for e
level. The cross section for the quenching was determi
based on the geometrical cross section~Cd radius51.58 Å
@23#!.

Since the density of the higher states considered in
system is much smaller than the 5P density, the rate equa
tions are effectively decoupled, i.e., the production r
k2→ i

(EP)n2
2(r ,t) for the higher statei , with i 56 –8 ~see Fig. 1!

can be viewed as a given excitation term for the computa
of the higher-state densities, and can be neglected in the
equation of the 5P atoms. Since the pooling cross section
smaller than the quenching cross section, the~nonlinear!
pooling rates are certainly smaller than the~linear! decay
processes at all densities considered in the present work.
leads to a considerable simplification; the rate equation
describes the behavior of the population via EP of one of
5D states,ni , with i 56 –8 ~see Fig. 1!, becomes

dni

dt
52(

k, i
Ai→kni1

1

2
k2→ i

~EP! n2
22k~Q!nin0 , ~5!

whereAi→k is the Einstein coefficient for spontaneous em
sion from the statei to all k states connected through radi
tive transitions,k(Q) is the quenching rate coefficient for non
radiative processes, andk2→ i

(EP) is the EP rate coefficient fo
the population of thei level due to collisions between atom
in the 5p 3P1 state. It must be noted that, in principle, th
Ai→k coefficients should be modified to account for radiati
trapping of transitions connected to the 5P states, but, as
discussed in the previous section, this effect is negligible
our experimental conditions. To simplify notation, we ha
dropped the functional dependence on space and time in
terms entering Eq.~5!. However, we stress that the rate equ
de
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tion system ruling level population in our experiment is va
locally, and that its solution has to be performed account
for the space dependence. The1

2 factor in k(EP) is due to the
fact that we have a homonuclear collision involving tw
partners of the same species@24,25#. The self quenching can
be neglected, because at the typical temperatures of ou
periment it is two orders of magnitude smaller than the
diative decay. We have shown in Sec. IV A that the radiat
trapping has practically no effect on the density of the 5D
atoms. We can thus neglect it completely at this stage of
discussion.

Furthermore, the radiative decay of the upper state
much faster than the decay of the 5P atoms, so that, at any
time, we are essentially in steady state equilibrium betw
those two levels, and the upper state density can be c
puted from

ni5

1
2 k2→ i

~EP!n2
2

(
k, i

Ai→k

. ~6!

Finally, we find the time integrated fluorescence intens
as

I i→ j5
V«

4p
a i→ jhn i→ jAi→ jE

0

`E
V
ni~r ,t !dr dt, ~7!

where V describes the volume in the cell observed by t
monochromator,V is the solid angle for radiation collection
« is the quantum efficiency of the detector,a i→ j is the ex-
perimental apparatus response at the wavelength corresp
ing to the i→ j transition, andn i→ j is the frequency of the
transition.

For the intercombination line, the radiation trapping h
to be included, and the observed intensity is computed fr
only the

ral distri-
actor.
I 2→05
V«

4p
a2→0hn2→0A2→0E

0

`E
V
E

2`

`

n2~r ,t !F~x!exp@2j20~r ,x!#dx dr dt, ~8!

wherej20(r ,x) denotes the opacity for the intercombination line from pointr to the detector,x is the~normalized! transition
frequency, andF 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
ratio between the observed fluorescence intensity for one of the transitions 53DJ→5 3PJ8 ( i→ j , with i 56 –8 andj 51 –3!
and the intercombination transition 53P1→51S0 ~2→ 0!:

I i→ j

I 2→0
5

a i→ j

a2→0

n i→ j

n2→0

Ai→ j

A2→0

**ni~r ,t !dr dt

***n2~r ,t !F~x!exp@2j20~r ,x!#dx dr dt
. ~9!

Using Eq.~6!, Eq. ~9! can be written as

k2→ i
~EP!52

I i→ j

I 2→0

a2→0

a i→ j

n2→0

n i→ j

(k, iAi→k

Ai→ j
A2→0

***n2~r ,t !F~x!exp@2j20~r ,x!#dx dr dt

**n2
2~r ,t !dr dt

. ~10!

Equation ~10! is the basic equation we have used to derive the rate coefficients for the processes of Eq.~1! from the
experimental fluorescence intensities. The radiation trapping is taken into account by using the correct spatiotempo
bution of the excited state density, and the self-absorption of the emergent radiation, described by the exponential f

By introducing the mean interatomic velocity:
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^v&5A8kBT

pm
, ~11!

wherem is the reduced mass of the colliding atom syste
we can deduce the values of the EP cross sections by

s~EP!5
k2→ i

~EP!

^v&
. ~12!

The numerical values ofs (EP) obtained atT 5 570 K andEL
5100 mJ are reported in Table III.

As a check for the validity of our analysis and as a co
firmation for the role played by the radiation trapping, it
interesting to compute the ratio of the double integrals in
~9!, i.e., the ratio of the observed intensities, as a function
the particle densityn. If there were no radiation trapping
then the intensity of the intercombination line would increa
linearly with n, and the fluorescence from the 5D states qua-
dratically. In other words, the difference between the ex
nents introduced in Eq.~2! (mi→ j2m2→0) would be unity.
Due to the radiation trapping, the intercombination line
tensity increases sublinearly, because the trapping redis
utes the excited-state atoms in the cell volume, leading
decrease of the 5P atoms in the fluorescence collection r
gion ~close to the entrance window! compared to the idea
situation where radiation trapping is absent. Thus, them2→0
exponent ruling the behavior of the intercombination fluor
cence as a function of the density tends to decrease.
theoretical analysis of the radiation trapping based on
method described in Sec. IV A givesm2→0.0.9. Figure 5,

TABLE III. EP cross sections for the 53DJ levels measured a
T5570 K.

Level s (EP) (cm2)

5 3D1 (1.360.6)310216

5 3D2 (1.160.5)310216

5 3D3 (0.760.4)310216

FIG. 5. Fluorescence intensity of the 5p 3P1→5s 1S0 transition
as a function of the particle density~circles!, along with their ex-
perimental error. The solid line represents the result of the theo
ical simulation obtained as discussed in the text. A multiplicat
factor has been used to fit the experimental data.
,
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e
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he
e

reporting the fluorescence intensity of the intercombinat
transitionI 2→0 ~open circles! measured as a function of th
vapor densityn along with the theoretical prediction~line!,
demonstrate a good agreement between experiment
theory.

The emission intensity from the upper states,I i→ j , on the
contrary, increases faster than quadratically because the
ping of the intercombination line increases the chance
pooling collisions. As shown in Sec. III@see Eq.~2! and Fig.
3~b!#, the exponentmi→ j ruling the functional dependence o
the observed fluorescence intensity for the transitions fr
5D states is between 2.3 and 2.4. From our computatio
the theoreticalmi→ j turns out to be. 2.6. Thus, the differ-
ence (mi→ j2m2→0) evaluated theoretically is approximate
1.7, to be compared with the; 1.4 value found in the ex-
periment. This; 20% deviation is probably due to an in
complete knowledge of the effective shape and size of
observation region used in our treatment of the radiat
trapping, which relies on a correct estimate of the fluor
cence collection geometry.

Despite this discrepancy, the above presented analys
the emerging fluorescence intensity as a function of the
por density confirms the role played by radiation trapping
our experiment, and the reasonable agreement betw
theory and experiment indicates indirectly the validity of t
method we have adopted to account for radiation trapp
effects.

Finally, the estimation of the uncertainty for ours (EP)

measurements deserves some discussion. Various dom
factors affect thes (EP) determination. At first, the indirec
evaluation of the densityn2 based on the measurement of t
particle density is expected to produce an important unc
tainty, which we have estimated of the order of 40%. In fa
the occurrence of saturation for the intercombination tran
tion, which represents the basis of our determination of
maximumn2 density ~see Sec. IV A!, is difficult to assess
from the experimental point of view. In addition, we mu
take into account experimental errors in the fluorescence
tensity measurements and those due to the fluctuations in
laser pulse energy, which can be estimated as 10%. Ther
also some uncertainties in the values of the Einstein coe
cients~not always clearly specified in the literature! entering
our cross-section calculation, that we assumed to be of
order of 10%. Moreover, since our results rely on a corr
description of the radiation trapping effects, we have to c
sider also the errors made in the theoretical evaluation of
phenomenon. Although a quantitative estimation is rat
difficult, we can take the above presented discrepancy
tween theoretical predictions and experimental d
(;20%) as an additional uncertainty related to our calcu
tion of the radiation trapping effect, which leads to an es
mation of the overall uncertainty ins (EP) of the order of
650%.

V. CONCLUSIONS

In the present work we have quantitatively investigat
the energy pooling processes occurring in pure cadmium
pors contained in a sealed cell under pulsed laser excita
resonant with the intercombination transition 5s 1S0
→5p 3P1, and we have derived the cross sections for

t-
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reactions of Eq.~1!. We have based our analysis on a ra
equation model, which accounts for the dominant radiat
and nonradiative mechanisms taking place in our experim
tal conditions. In addition, we have considered the effects
the radiation trapping, which turns out to play an importa
role in the experiment, through numerical solutions of t
radiation diffusion equations performed in the specific co
ditions of our experiment.
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