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Radiation trapping of the 3P1-1S0 resonant transitions of xenon and krypton in Xe-Kr, Xe-Ar,
and Kr-Ar mixtures: Kinetic analysis and determination

of the van der Waals broadening coefficients
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Centre de Physique des Plasmas, Universite´ Paul Sabatier 31062 Toulouse, France
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This work concerns radiation trapping of the 123-nm krypton and 147-nm xenon lines, in the presence of a
lighter rare gas, as well as the study of the decay processes of the relevant resonant states due to inelastic
collisions. It deals with Kr-Ar, Xe-Kr, and Xe-Ar mixtures. Pulsed, brief selective excitation of the Xe(3P1) or
Kr( 3P1) resonant states by three-photon absorption was achieved by means of a tunable dye laser. Spectral and
temporal analysis was then performed. The time resolved luminescence, filtered in the vacuum ultraviolet
region, obeys a decay law described by the sum of two exponential terms which are attributed to the deexci-
tation of the 3P1 and 3P2 states. The decay constants are estimated by the maximum likelihood method
applied to a Poisson statistical law. In order to correctly determine the collision rate constants, it is important
to account for variations of the apparent lifetime according to the gas concentration. Analysis of both system-
atic experimental errors and statistical errors leads to a good estimation of the accuracy of the results obtained.
For each mixture, the variation of the time constants as a function of partial pressures allows a determination
of the resonance broadening coefficient and van der Waals broadening coefficient of the transition studied, as
well as the two- and three-body inelastic collision rates relative to the3P1 and 3P2 states. There exists no
energy transfer between the two gases. For binary rare-gas mixtures, where only the heavier gas is excited,
homonuclear and heteronuclear three-body reactions account for the decay of the3P1 state. Nevertheless, for
the 3P2 state we observe both two- and three-body collisions. In order to simulate resonance radiation trapping,
a numerical method based upon Monte Carlo techniques was used. Calculations were first performed and
validated for an infinite cylinder. The difference between calculation and experiment was less than 1%. Then
the program was adapted to our real experimental conditions and applied to the binary mixtures studied. A
good agreement was found between experiments and calculations. Furthermore, our program allows us to
obtain information not easily obtained experimentally.

PACS number~s!: 32.80.2t, 32.70.Cs, 32.50.1d, 32.70.Jz
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I. INTRODUCTION

This work is part of a more general study of binary mi
tures of rare gases, selectively excited in a given atomic
molecular state in order to determine the decay and for
tion rate constants of the various reaction products@1–3#
Resonant states play an important role in excimer forma
and are involved in UV sources based on rare gases. At
excited in a resonant state will decay to the ground level
emission of resonant photons themselves having a g
probability of being absorbed by surrounding ground-st
atoms, and then reemitted. This radiation trapping, which
not been studied much in rare-gas mixtures, is often u
either to transfer energy between rare gases or to improve
characteristics of a gas discharge. The present paper
deals with trapping of xenon and krypton resonance radia
in pure gases and in several binary mixtures, and the sim
taneous determination of the relevant decay rates by c
sion.

In rare-gas mixtures, most previous studies, have d
with energy transfer, which is very efficient when it occu
from a lighter rare gas towards a heavier one. This type
transfer was first demonstrated by Gedankenet al. @4# in
1972. The interpretation of such results is not easy, du
the frequent overlaps of the observed emissions. None
less, very few works@5,6# used selective excitation to sim
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plify the initial conditions. Even in mixtures where thes
transfers are unlikely, the decay of the resonant states
collision is favored by radiation trapping processes, wh
may make them competitive with photon emission. It is a
essential to account for the variation of the apparent lifetim
in order to correctly determine the collision rate consta
relative to these resonant states, in particular when the e
mer formation rate constants are deduced from analysi
the resonant or first continuum emission. Although the tr
ping phenomenon was widely investigated in pure rare ga
both experimentally@7,8# and theoretically@7,9–11# it was
little studied in gas mixtures@12#. Unlike in works concern-
ing energy transfer between rare gases, we sought an in
excitation of the heaviest gas in its first resonant state, t
avoiding energy transfer toward the lighter gas, whose fi
energy levels are higher. In such conditions, additio
broadening of the resonance line is shown to be caused
the lighter rare gas. Our results also show that the lighter
contributes to the collisional decay of the resonant state.

A. Formulation of resonance radiation trapping

The process of photon emission and reabsorption, wh
goes on until the photon reaches the walls of the enclos
vessel, is at the origin of resonance radiation trapping. T
escape factorg, which characterizes this radiation trappin
is defined as the inverse of the mean number of absorpt
©2000 The American Physical Society21-1
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reemission processes, and depends on both the gas used
the geometrical characteristics of the experimental device
allows the apparent lifetimeta to be expressed as a function
of the natural lifetimetn :

ta5
tn

g
~1!

Resonance radiation trapping was first formulated by Ho
stein @9,10# and Biberman and Aksperim@13#, who showed
that the resonant state densityn(rW,t) obeys an integrodiffer-
ential equation. Their works became the basis of many stu
ies by different authors like Payne and co-workers@7,11# and
in Ref. @14#:

]n~rW,t !

]t
5S~rW,t !2

1

tn
n~rW,t !2FCn~rW,t !

1
1

tn
E

volume
n~rW8,t !G~rW8,rW !dv8. ~2!

In Eq. ~2!, the loss terms correspond to the radiative decay
the excited states and the decay by collision of these sta
with the frequencyFc . There are two source terms: the firs
S(rW,t), represents the creation rate of excited states at timt,
whereas the second describes the variation of density du
the reabsorption atrW of photons emitted in the cell. The term
G(rW8,rW)dv8 is the probability that a photon emitted atrW8 in
the elementary volumedv8 is absorbed atrW.

Holstein assumed isotropic photon emission and compl
frequency redistribution. Complete frequency redistributio
means that no correlation exists between the frequency of
absorbed and emitted photons if at least one elastic collis
occurs with the excited atom before it emits a photon. How
ever, his calculations only hold for an optically thick me
dium, that isk(n0)R@1 @wherek(n0) is the absorption co-
efficient of the resonance transition at the central frequen
n0 , andR the characteristic dimension of the vessel#.

In the simple case where a short duration pulsed source
used, and if inelastic collisions may be neglected, the gene
solution of the equation is a discrete sum of exponent
terms:

n~rW,t !5(
i

Cimi~rW !expS 2gi

t

tn
D'Cm~rW !expS 2g

t

tn
D .

~3!

Ci andC are constants depending on initial conditions. La
in the decay time, the lowest valueg of the parametersgi
determines the decay rate of the excited-state density. T
escape factorg, which is dependent on the cell shape, we
calculated by Holstein for two ideal geometries: an infinit
slab and an infinitely long cylinder of radiusR. Each calcu-
lation set was carried out with either Doppler or pressu
broadening. Here we only give the escape factorg for a
cylindrical geometry, which is closest to our experiment
setup, for Doppler broadening@Eq. ~4!# and pressure broad-
ening @Eq. ~6!#, as a function of the absorption coefficientk
at the central frequencyn0 ~or wavelengthl0!:
05272
and
It

l-

d-

f
es

to

te
n
he
n
-

y

is
al
l

e

is

e

l

~a! Doppler broadening:

g5
1.60

kD~n0!RAp ln@kD~n0!R#
~4!

with

kD~n0!5
l0

3

8p3/2

g2

g1

1

tn
S m

2kTD 1/2

N0 . ~5!

~b! Pressure broadening:

g5
1.115

Apkp~n0!R
~6!

with

kp~n0!5
l0

2

4p2

g2

g1

1

tnDn
N0 ~7!

In formulas~5! and ~7!, g2 and g1 are respectively the sta
tistical weights of the resonant and ground states,N0 is the
density of ground state atoms, andDn is the full width at half
maximum~FWHM! of the local line profile.

The predominant broadening phenomenon correspond
the lowest apparent lifetime, and so to the greatest esc
factor. In the cylindrical configuration, the lower limit of th
pressure broadening domain can be deduced from the c
parison of Eq.~4! with Eq. ~6!. Figure 1 shows that it is
about 1022 Torr for both krypton and xenon. It follows tha
for our experimental pressure range~0.2–1000 Torr!, we can
account for only pressure broadening. Moreover, the imp
approximation is also valid in this domain. Indeed, for pre
sures lower than about ten atmospheres, the collision t
lasts less than the duration between two collisions@15,16#.

B. Resonance radiation trapping in a binary mixture
with pressure broadening

Let us examine a binary mixtureX-Y where gasX is
excited on its3P1 resonant state. Homonuclear (X-X) and
heteronuclear collisions (X-Y) lead to resonance broadenin
and van der Waals broadening both having a Lorentzian
sorption profile, respectively. For homonuclear collisions
resonance absorption coefficientkX(n) depends on the
FWHM DnX which is directly proportional to the density o
disturbing atomsN0X . In Eq. ~10!, jX is the resonance
broadening coefficient of the transition,

kX~n!5
kX~n0!

11@4~n2n0!2/DnX
2 #

~8!

with

kX~n0!5
l0

2

4p2

g2

g1

1

tnDnX
N0X ~9!

and
1-2
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FIG. 1. Pressure dependence of the calcula
Kr( 3P1) radiative decay frequency in krypton fo
Doppler and pressure broadening.
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DnX52jXN0X . ~10!

For heteronuclear collisions, the van der Waals absorp
coefficientkY(n) is described by an expression similar to E
~8!. Its FWHM DnY is given by

DnY52jYN0Y , ~11!

wherejY is the van der Waals broadening coefficient. T
overall absorption coefficientkT(n) of the line, accounting
for both types of broadening, is the convolution product
kX(n) and kY(n) since the two effects are independe
kT(n) is therefore Lorentzian too, and its FWHM is given b
DnT5DnX1DnY . The absorption coefficient at the lin
center is thus

kT~n0!5
l0

2

4p2

g2

g1

1

tnDnT
N0X5

l0
2

8p2

g2

g1

1

tn

N0X

jXN0X1jYN0Y
.

~12!

In a mixture, for the infinite cylinder~Sec. I A! with pressure
broadening, the apparent lifetime@Eq. ~1!# is obtained by
replacingkP in Eq. ~6! by kT @Eq. ~12!#:

ta5
l0

1.115A8p
S g2

g1
RtnD 1/2S N0X

jXN0X1jYN0Y
D 1/2

. ~13!

This depends only on the ratio of the partial pressuresPX
and PY , and can thus be expressed in terms of the conc
tration C5PY /(PY1PX) of the foreign gas:

ta5
l0

5.59S g2

g1
RtnD 1/2S 12C

~12C!jX1CjY
D 1/2

. ~14!

In a pure gas, the apparent lifetime is independent of
pressure, whereas in a mixture it remains independent o
total pressure only at constant concentration.
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In our experimental conditions, where the enclosing v
sel has a complex shape, an analytic calculation of the es
factor cannot be achieved. However, the variation law of
apparent lifetime following the concentration should rema
similar to Eq.~14! if pressure broadening predominates a
if the impact approximation still stays valid, as shown in t
Appendix. One of our objectives is to experimentally veri
the validity of relation~15!:

1

ta
5

1

A S jX1
C

12C
jYD 1/2

. ~15!

Furthermore, the estimation of the parameters of a linea
of 1/ta

2 versusC/(12C) allows the ratiojY /jX to be ob-
tained, even though constantA, which takes into account the
implied transition as well as the geometric configuration
the cell, cannot be calculated in our experimental conditio
The van der Waals broadening coefficientjY can be obtained
since we can use the theoretical expression ofjX ,

jX5
K

2 S g1

g2
D 1/2 f

2pn0m

e2

4p«0
, ~16!

wheref is the absorption oscillator strength of the transitio
m ande are the mass and the charge of the electron, andK is
the constant of the resonance interaction. In order to de
mine jX , we need either the oscillator strength of the tran
tion or the natural lifetime. There exist very few direct me
surements of the natural lifetimetn of the resonant state
~these must be made at very low pressures, between 126

and 1025 Torr @17#!. The oscillator strength can also be d
termined by an absorption method. The diversity of the v
ues found in the literature~Table I and II! led us to adopt our
own determination, deduced from our measurement of
apparent lifetimeta , since the escape factor of our expe
mental device is obtained from our simulation program
resonance radiation trapping. The resonance interaction
stantK has been subjected to numerous theoretical and
1-3
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perimental determinations, and the values differ sign
cantly; some of these discrepancies were analyzed by Om
@18#. In Table III, the experimental values spread betwe
1.95 and 2.3. Thus we retainedK52.160.1, which corre-
sponds to the mean and the standard deviation of the ex
mental values.

II. MODELING IN AN INFINITELY LONG CYLINDER
BY THE MONTE CARLO METHOD

In our actual experimental conditions, the main utility o
model resides in the difficulty to analytically solve the rad
tion transfer equation~2! in order to determine the spatia
and temporal evolution of the resonant state densities.
Monte Carlo method allows the reconstitution of the who
phenomenon by following the evolution of the excited ato
consecutive to the initial excitation. This simulation, suit
to our experimental apparatus, can also allow the evalua
of the influence of various parameters, such as the locatio
the resonant states initially created, on the temporal deca
the luminescence. The photon-collecting conditions can
optimized, and we can also obtain the spectrum of the e
ted line which cannot be recorded due to the low light flux
involved. Finally, this model can be extended to various
nary mixtures of rare gases.

Our objective here is first to describe and then to valid
the method for an ideal setup, namely, the infinitely lo
cylinder where the results can be compared to those obta
from Holstein’s theory. In Sec. V, we will describe how th
method can be adapted to our experimental device in orde
calculate the escape factor. The natural lifetime can then
determined from the measurement of the apparent lifetim

TABLE I. Absorption oscillator strength values for th
Kr( 3P1)→Kr( 1S0) transition at 123.6 nm

f Reference f Reference f Reference

0.208 @17# 0.166 @54# 0.204 @60#

0.18 @49# 0.17560.005 @55# 0.21 @61#

0.214 @50# 0.177560.0050 @56# 0.158 @62#

0.143 @51# 0.17 @57# 0.204 @63#

0.155 @52# 0.195 @58#

0.21 @53# 0.187 @59# 0.17360.009 This
work
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A. Principle of the method

The transfer of the excitation energy of an atom is f
lowed step by step from the initial excitation on a3P1 reso-
nant state until the photon leaves the cell. The parame
which characterize the emitted photon are~i! the emission
instant te of a photon and its frequencyne following a
Lorentzian profile, and~ii ! the emission direction describe
by two anglesu andw and the distanceD covered between
the emission and absorption points~Fig. 2!.

For each emission process, all five variables descri
above are evaluated by an integral method from rand
numbersxi uniformly distributed over the interval@0;1#. This
calculation is done again and again until a photon leaves
cell. In order to obtain satisfactory statistical accuracy,
procedure is repeated for an initial number of excited sta
between 105 and 106.

Determination of the frequencyne . In our experimental
conditions, pressure broadening is dominant, and leads
normalized Lorentzian profileP(n). Since the partial pres
sure of the excited gas is always greater than 0.2 Torr
xenon and 1 Torr for krypton, the emission and absorpt
frequencies of the photons are independent of each other
we can assume complete frequency redistribution@7#. The
uniformly distributed random numberx1 is linked to the fre-
quencyne of the emitted photon:

x15E
2`

n

P~n!dn5E
2`

n 2

pDn

1

11@4~n2n0!2/Dn2#
dn.

~17!

So

TABLE III. Experimental and theoretical determinations of th
resonance interaction constantK.

K
~experiment! Reference

K
~theory! Reference

K
~theory! Reference

1.9660.12 @30# 2.08 @15# 2.07 @24#

2.0860.28 @31# 1.97 @18# 2.08 @25#

2.060.10 @32# 1.81 @19# 1.81 @26#

2.2560.15 @33# 2.31 @20# 2.07 @27#

2.360.20 @34# 2.72 @21# 2.43 @28#

2.1560.15 @49# 2.72 @22# 2.01 @29#

1.81 @23# 1.93 @89#
TABLE II. Absorption oscillator strength values for the Xe(3P1)→Xe(1S0) transition at 146.9 nm.

f Reference f Reference f Reference

0.263 @17# 0.26 @65# 0.226 @70#

0.2660.01 @49# 0.214 @66# 0.244 @71#

0.27 @53# 0.183 @67# 0.26 @72#

0.26 @58# 0.25660.008 @68# 0.222 @73#

0.28 @64# 0.26460.016 @69# 0.273 @50#

0.24460.012 This work
1-4
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ne5n01
DnT

2
tan@p~x120.5!#. ~18!

Emission time te . If tn is the natural lifetime of the reso
nant state, the probability that the atom emits a photon
tween te and te1dt is exp(2te/tn)(dt/tn). We associate a
random numberx2 to the density of probability that a photo
is emitted beforete :

te52tn ln~12x2!. ~19!

Emitting anglesw and u. Assuming photon emission i
isotropic, the emitting direction is given by the azimuth
anglew(0<w,2p) and polar angleu(0<u<p) to which
the uniformly distributed random numbersx3 andx4 are as-
sociated:

w52px3 ~20!

and

cosu5122x4 . ~21!

Distance D covered between two collisions. Let T(D,n)
5exp@2k(n)D# be the probability that a photon covers di
tanceD without being absorbed.D can be associated to
uniformly distributed random numberx5 :

D52
1

k~n!
ln~x5!. ~22!

If the photon is absorbed inside the vessel, then the abs
tion point becomes the new emission point, and the ab
process is repeated. If not, the photon is absorbed by
inner walls and an excited state disappears from the cell
frequency, its exit time, and the number of absorptio
reemission processes are memorized. A new initially exc
resonant state is then considered, and the treatment rep

FIG. 2. Schematic diagram showing the analysis cell and
laser beam, used for modeling.
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until all the initial resonant states are worked out. The me
value of the number of absorption-reemission processes
all initial resonant states, is the inverse of the escape factog.

B. Application to an infinitely long cylinder

This study is applied to the Kr(3P1)→Kr( 1S0) resonance
line for a cylindrical geometry, assuming pressure broad
ing. Simulations have been performed on 106 resonant states
The statistical fluctuations have been evaluated for ten se
random numbers. The relative deviations on the escape
tor are less than 0.7%.

The cylinder should be long enough compared to its
dius: when the length of the cylinder is at least 20 tim
greater than its radius, our results show that the escape fa
variations are smaller than the statistical fluctuations. Fina
calculations were done for three different cylinder rad
5.25, 10, and 28 mm.

The difference between the simulated values and th
deduced from Holstein’s equation~6! did not exceed 1.4%;
however, this is greater than statistical fluctuations. In ad
tion, the values obtained from our model were always l
than Holstein’s. According to Payne and Cook@11#, the nu-
merical coefficient present in the numerator of Eq.~6! would
be worth 1.125 instead of 1.115. The corrected value of
coefficient leads to a smaller number of absorptio
reemissions which is very close to ours~Table IV!.

III. EXPERIMENTAL SETUP

A. Laser source, analysis cell, and detection device

Our experimental setup was designed to record lumin
cence following selective population of the resonant sta
by three-photon excitation, using a tunable dye laser. H
we only briefly describe the main features of the experim
tal device, whose principal@1# and latest development
@35,36# were already extensively reported.

The selective excitation of Xe(3P1) was performed with
an energy of about 50mJ at a wavelength of 440.9 nm, usin
coumarin C440 dye. For Kr(3P1), an energy of about 12mJ
at 370.8 nm was obtained with PBD dye. The spectral wi
of the laser beam was about 0.5 cm21. We obtained 5 ns
duration impulses, at a frequency of 50 Hz.

The laser beam enters a cylindrical stainless steel cham
radially, and is focused on the cell’s axis by means o
plane-convex 40-mm lens~Fig. 2!. Excitation is performed at
a small volume compared to that of the cell. In order
check that multiphotonic ionization did not occur, a Keithle
electrometer was used.

e

TABLE IV. Comparison between corrected theoretical and c
culated values of the inverse of the escape factor.

1/g
~modified Holstein

relation!

1/g
~obtained

from the model! Difference

R55.25 mm 1046 1045 0.1%
R510 mm 1443 1442 0.07%
R528 mm 2415 2403 0.5%
1-5
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FIG. 3. Excitation spectra for the 147-nm
emission in pure xenon and a Xe-Kr mixture.
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Before filling, the cell was pumped down to about 1027

Torr with an ionic pump. While the cell was being filled u
the gases were further purified by drifting them through
aluminum-zirconium getter pump. The gas pressure w
measured by a ‘‘Datametrics’’ Barocell-type capacitive m
nometer using two sensors covering the 1021– 10-Torr and
10–1000-Torr domains.

Luminescence was observed perpendicularly to the la
beam by means of a vacuum ultraviolet~VUV ! photomulti-
plier ~EMR 510G Extremely Solar Blind! through a magne-
sium fluoride porthole centered on the axis of the cell. T
distance from the center of the excited volume to the wind
can be modified with a micrometer but in most experimen
it was equal to 1.4060.05 mm. The wavelength was select
by either a VUV Mc Pherson 218 monochromator for t
recording of the emission spectra, or an interferential fi
for the excitation spectra and the time-dependent studies

B. Temporal analysis of the afterglow luminescence

At its exit, the laser beam falls upon a fast photodio
which provides the initial instant for each laser pulse. T
number of photons as well as their instant of detection
stored in a multichannel Stanford Research SR 430 anal
set for 16 384 channels and 5-ns resolution. In our conditi
of low detected luminous flux, the histograms recorded
clude both a great number of channels and a low coun
rate per channel. The least-squares method therefore
verges with difficulty, and also introduces systematic erro
In order to determine the temporal evolution law, we dev
oped a maximum likelihood data processing method app
to a Poisson distribution. The accuracy of all our resu
apparent lifetime, collision rate constant, and broadening
efficients, was simultaneously evaluated for both statist
and systematic errors. In the former case a Monte Ca
method was used, whereas for systematic errors we us
classical uncertainty calculation applied to the estimation
the coefficients by the least-squares method@35#.

C. Presentation of the excitation spectra

In order to determine the most favorable excitation co
ditions, an excitation spectrum was recorded before the t
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poral analysis. For example, excitation spectra obtained
pure xenon and in a xenon-krypton mixture are shown in F
3. When the pressure is equal to 4 Torr, the excitation
main is relatively narrow since it is of the atomic type fo
low xenon pressures: Xe(1S0)13hn laser→Xe(3P1). For
higher pressures, in both the pure gas and the mixture
broad component corresponds to the excitation of
Xe2@1u(3P1)# state from dimers in the ground state
Xe2@0g

1#13hn laser→Xe2@1u(3P1)#. This weakly bound ex-
cited state rapidly dissociates, and leads to an initial popu
tion of Xe(3P1) atoms. The shift of maximum intensity to
ward shorter wavelengths with increasing pressure
certainly related to the third-harmonic generation. Inde
the maximum of the generated radiation intensity occurs
shorter wavelengths when the pressure increases: Xe2@0g

1#
1hngenerated→Xe2@1u(3P1)#.

Figure 3 also illustrates the influence of krypton on t
excitation conditions of Xe(3P1). One may refer to some
more thorough works done in our laboratory for further i
formation concerning the excitation spectra of rare ga
@37,38# and the involvement of the third harmonic of th
laser beam@39,40#.

IV. EXPERIMENTAL RESULTS IN PURE KRYPTON

Though many kinetic studies have been done for Kr(3P1)
in pure gas, the dispersion of the values of the natural l
time and of the kinetic constants led us to do new measu
ments. Our experimental pressure domain@1; 70 Torr# was
chosen to observe either the first resonance line or the
continuum resulting from the deexcitation of Kr2@0u

1(3P1)#,
for which the resonant state is a precursor. The luminesce
was observed behind an interferential filter centered at
nm, and whose FWHM is 10 nm. A time-resolved analys
was performed with a time resolution of 5 ns over a range
81 ms.

For pressures lower than 15 Torr, luminescence deca
well described by a single exponential term. For higher pr
sures, a second term appears; its amplitude increases wit
krypton pressure. Due to the inaccuracies arising from
low amplitude, we will not present the results concerning t
1-6
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FIG. 4. Experimental record of temporal de
cay of the Kr(3P1) in pure krypton and a Kr-Ar
mixture. ~For the sake of clarity, histograms re
corded with a resolution of 5 ns are integrate
and presented with 100 ns!.
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second term here. The same phenomenon is more cle
observed in xenon~Sec. VII! over a broader range of pres
sures, and the Xe(3P2) metastable has been clearly iden
fied. Thus, here we can reasonably attribute this weak ex
nential term to the decay of the Kr(3P2) state. Taking this
second term into account in our data processing allowed
to analyze Kr(3P1) decay with a good accuracy up to 7
Torr.

An experimental histogram obtained at 1 Torr is rep
sented in Fig. 4~a!, while Fig. 5 shows the variation of th
decay frequency 1/t1 versusPKr

2 . The most general form o
the decay rate in krypton is given by

1

t
5k11k2PKr1k5PKr

2 . ~23!

The constantski of Eq. ~23! are determined by the leas
squares method. To each point we assign a statistical we
determined by the standard deviation of the values of 1t1
05272
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ht

obtained by working out thirty simulated histograms by
Monte Carlo method. Consideration of the binary collisio
leads to a negative value ofk2 , which is marred by an un-
certainty of over 100%. Examination of Fig. 5 confirms t
quadratic variation of the decay frequency with the krypt
pressure. Over the whole pressure range we applied the
pression

1

t1
5k11k5PKr

2 , ~24!

with k15(2.4460.02)31015 s21 and k55116
67 Torr22 s21. The apparent lifetime deduced from coef
cient k1 is equal to 4.0931026 s. Constantk5 expresses the
three-body collision reaction

Kr~3P1!12Kr~1S0!

——→
k5

Kr2@0u
1~3P1!high v#1Kr~1S0!.
FIG. 5. Variation of the Kr(3P1) decay fre-
quency in pure krypton as a function ofPKr

2 .
1-7
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TABLE V. Two- and three-body rate constants relative to the decay of Kr(3P1) in pure krypton.

K2

(Torr21 s21)
k5

(Torr22 s21) Reference
k2

(Torr21 s21)
k5

(Torr22 s21) Reference

1940 70.8 @38# 25.5 @44#

31.3 @41# 355 1.76 @45#

37 @42# 2050 82 @46#

7970 8.45 @43# 11667 This work
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Table V summarizes the two- and three-body rate const
of the Kr(3P1) state obtained by various authors. Amo
recent works, those of Audouardet al. @41# and Kerdoussi
@38# used selective excitation. The disagreement with A
ouardet al.’s results could simply arise from a divergence
interpretation of concordant experimental results. The res
of Kerdoussi were previously obtained in the same geome
cal and excitation conditions as ours, the main differen
being the absence of the binary collision term in our cas

The improvement of the resolution and of the dynamics
our recording system as well as the lower pressures we u
account for the fact that our results are less influenced by
presence of the second exponential term. New processin
Kerdoussi’s results, up to only 60 Torr, gave an express
close to ours: 1/t153.0231051110PKr

2 .
The radiative decay of the molecular 0u

1@3P1# state con-
tributes to the well known emission of the first continuum.
addition, our exploitation should have also led to anot
exponential term corresponding to the radiative lifetime
the molecular state. However, according to Audouardet al.’s
@41# and Bonifieldet al.’s @42# works, this lifetime is about 4
ns and the time resolution~5 ns! of our recording device
cannot allow its determination.

V. MODELING OF RADIATION TRAPPING UNDER OUR
EXPERIMENTAL CONDITIONS

The influence of an added gas on the apparent lifet
should allow us to determine the broadening coefficientjY of
the line, due to this gas. As we already mentioned in Sec.
the oscillator strength should first be determined. It can
deduced from the measured apparent lifetime in the pure
and the calculated escape factor obtained by our radia
trapping model. The program should therefore be suited
our experimental setup. Our experiment was modeled tak
into account only pressure broadening, which in fact cor
sponds to our experimental results obtained over the pres
range@0.2; 70 Torr#.

A. Initial creation of the resonant states

As shown in Fig. 2, the excited species are located in
cell with a cylindrical system of coordinates (O,r ,w,z)
where the axis~Oz! is given by the vessel’s axis itself. Th
excited states are initially created by the laser beam focu
on this axis, close to the observation porthole (d51.40
60.05 mm). The axially symmetric laser beam is assume
be radially Gaussian, and to remain so after focusing.
initial distribution of the resonant states created by the la
05272
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beam can be calculated using the local system of cylindr
coordinates (O8,r,c,z) centered on the focus with the ax
(O8z) in the beam direction. The number of resonant sta
created by three-photon absorption in elementary volumedv
is

dn~r,z!5s~3!I 3N0dv, ~25!

wheres (3) represents the three-photon excitation cross s
tion, I the local intensity of the laser beam, andN0 the den-
sity of ground state atoms. For a focused Gaussian beam
number of resonant states created can be expressed as

dn~r,z!5
K

@11~z/z0!2#3 expF 26r2

w0
2@11~z/z0!2#Gdv

~26!

with

z05
b

2
5

pw0
2

l0
, ~27!

wherew0 is the beam waist andb the confocal parameter. In
our conditions,w0515mm and b5150mm. The resonant
states are distributed according to the above defined den
by drawing three random numbersx6 , x7 , andx8 , respec-
tively, associated with the coordinatesr, c, andz. x65r is a
random number having a Gaussian distribution,x7 andx8 are
uniformly distributed over@0;1#, and x7 corresponds to the
uniform angular distribution on@0;2p#. z is obtained by nu-
merically solving Eq.~28!:

x85

E
0

zE
0

`

dn~p,q!p dp dq

E
0

`E
0

`

dn~p,q!p dp dq

5
sin@2 arctan~z/z0!#12 arctan~z/z0!

p
~28!

B. Transfer of the excitation energy

As for the infinitely long cylinder, the absorption
remission processes following the emission of photons fr
an initially excited state are counted until the photon reac
the walls. Three possibilities should then be considered
the real cell.

~i! The photon is absorbed by the inner walls: the em
sion being in the VUV domain. The stainless steel con
1-8
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FIG. 6. Simulated temporal decay of th
Kr( 3P1) emission in 1 Torr of pure krypton.
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tutes an absorbent material for these photons.
~ii ! The photon crosses the observation window with

being detected by the photomultiplier tube.
~iii ! The photon crosses the porthole and attains the p

tocathode. In this case, the characteristics of the photon
stored.

In all these cases, an excited state has disappeared
the cell. A new excited state created by the laser beam is
considered. This process is carried on until all the initia
excited states are worked out.

C. Escape factor and the decay of luminescence with time

The escape factor is usually defined with regard to
overall photons leaving the vessel~Holstein@10#, Payne and
co-workers@7,11#, Van Trigt @47#, Molisch, Oehry and Mar-
gel @14#, Lawler, Parker, and Hitchon@48#!. However, as in
any experimental apparatus, the detector is localized,
only the escape factor corresponding to the detected pho
can be measured. In our experimental conditions, the es
factor thus determined is about 1.5 times smaller than
real one corresponding to photons reaching the walls. So
real experiment, it depends on the size and position of
detector.

The mean number of absorption-remission processes
lows the escape factor to be determined, but it can also
deduced from the temporal evolution of the number of p
tons using Eq.~1!. The histogram~Fig. 6!, obtained by clas-
sifying the detected photons according to their arrival tim
provides the decay of the luminescence over time with
any biased consideration for the law of variation of radiat
trapping. In conformity with the fundamental mode of Ho
stein’s theory, a single exponential term is sufficient to d
scribe the decay of the luminescence on our time scale.
time constantta is obtained by the maximum likelihoo
method used elsewhere for the experimental histograms.
verified that the ratiota /tn determined in this way is clos
to the value of 1/g obtained from the mean number o
05272
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absorption-remission processes; the agreement is better
1%.

D. Determination of the natural lifetime
of the Kr „3P1… resonant state

The natural lifetimetn53.9760.18 ns was deduced from
the escape factorg5(9.8460.07)31024 obtained from the
model and the experimentally determined apparent lifeti
ta54.0460.04ms. The value of the oscillator strength, ca
culated with Eq.~29!, f 50.17360.009 is compared in Table
I to other values found in the literature:

f 5
1

tn

mc

8p2

4p«0

e2

g2

g1
l0

2. ~29!

VI. EXPERIMENTAL STUDY OF THE
KRYPTON-ARGON MIXTURE

A. Results

In order to study the influence of another rare gas on
trapping of resonance radiation in krypton, it is essentia
be in conditions where no energy transfer takes place
tween the two gases. This is satisfied in the Kr-Ar mixtu
since the first argon excited states are of higher energy
the Kr(3P1) level.

For our purposes we have to seek conditions where lu
nescence essentially comes from either the resonance lin
from the first continuum for which the resonant state is
precursor. This study was thus carried out for krypton pr
sures ranging from 1 to 6 Torr. The expression of the app
ent lifetime depends only on the partial pressure ratio and
on the concentration of the nonexcited gas@Eq. ~15!#. In
order to verify this property, we studied the Kr-Ar mixture
for different argon concentrations~90%, 98%, and 99%!.
Sufficiently high concentrations are used so as to observ
significant variation of the decay rate. For krypton pressu
less than 4 Torr, a single exponential term suffices to
1-9
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FIG. 7. Pressure dependenc
of the Kr(3P1) decay frequency in
Kr-Ar mixtures.
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scribe the variation of the luminescence with time. This
mains true at concentrations lower than 90%, as well as
krypton pressures between 4 and 6 Torr. For higher kryp
pressures or argon concentrations, a second expone
term, of low amplitude, was considered. An experimen
histogram obtained for 1 Torr of krypton at a concentrat
of 99% is shown in Fig. 4~b!. The variation of the faste
decay rate 1/t1 as a function of krypton pressure for consta
argon concentrations is given by Figs. 7. The decay rate
be expressed as a function of the partial pressures:

1

t1
5S a11a2

PAr

PKr
D 1/2

1k2PKr1k3PAr

1k4PKrPAr1k5PKr
2 1k6PAr

2 . ~30!

At a constant argon concentrationC, it is given by

1

t
5

1

ta
1G1PKr1G2PKr

2 , ~31!

with

1

ta
5S a11a2

C

12CD 1/2

, ~32!

G15k21k3

C

12C
, ~33!

and

G25k51k4

C

12C
1k6S C

12CD 2

. ~34!

The data processing is performed in two steps. Firstly
order to verify the compatibility of the experimental valu
with the theoretical formula, the parameters of Eq.~31! are
estimated by a least-squares fit, for several constant con
05272
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trations, then 1/ta
2, G1 , and G2 are drawn versusC/(1

2C). This first step indicates the collisional terms to
taken into account in the second step. Second, in the
called global exploitation method, a definitive set of para
eters from amonga1 , a2 , k2 , k3 , k4 , k5 , andk6 , is esti-
mated by a nonlinear least-squares method from
processed experimental points. For a given concentration
the Kr-Ar mixture, the decay rate can be assumed to be c
stant over the whole krypton pressure range~Fig. 7!, and the
collision terms accounted for by both constantsG1 and G2
can be discarded. The time constant is the apparent lifet
ta of the resonant state and 1/ta

2 varies linearly withC/(1
2C) ~Fig. 8!. The global method gave the valuesa1
5(6.1260.012)31010s22 and a25(1.7960.05)31010s22.
Any other set of parameters led to negative or insignific
values of the collision rate constants.

B. Interpretation

The values ofa1 anda2 allow the van der Waals broad
ening coefficientjAr to be determined if the value of th
resonance broadening coefficientjKr is known ~Sec. I B!:
jAr5(a2 /a1)jKr . We can deduce the resonance broaden
coefficientjKr from its theoretical expression~16! knowing
the value of the oscillator strength of the transitionf
50.17360.009. We findjKr51.74310215 m3 s21, and, for
the van der Waals broadening coefficientjAr5(5.106
0.24)310216 m3 s21, the broadening coefficient due to a
gon is smaller than the resonance coefficient as predicte
theory @16,18#. The results obtained confirm that the appa
ent lifetime remains constant for a given concentration. F
ure 7 shows that its variation according to concentration c
not be ignored at high concentrations. For example, fr
pure gas to an argon concentration of 42% the decay
varies by 10%; it reaches twice its value in the pure gas fo
concentration of 90%. The decay of the Kr(3P1) state
through three-body collisions with two ground-state krypt
1-10
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FIG. 8. Variation of 1/ta
2 as a function of ratio

C/(12C) in Kr-Ar mixtures.
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atoms can be ignored here: in mixtures where the kryp
pressure never exceeds 6 Torr, the higher value of the d
term 116PKr

2 ~obtained in pure krypton!, is always lower than
the uncertainties on the decay rate. In such conditions
does not seem possible to prove the existence of this te

VII. EXPERIMENTAL RESULTS IN PURE XENON

The luminescence of the first resonance line and the
continuum of xenon were observed through an interferen
filter centered at 145 nm and having a FWHM of 17.5 n
The other experimental conditions were identical to tho
concerning the study of the first resonant state of krypt
the pressure domain ranged from 0.2 to 70 Torr and the t
scale was 81ms with a resolution of 5 ns.

As in krypton, when the pressure is less than 15 Torr,
luminescence decay is well described by a single expone
term. Figure 9 shows a parabolic variation of the correspo
05272
n
ay

it
.

st
al
.
e
:
e

e
ial
d-

ing decay frequency 1/t1 with pressure, but it is quite con
stant from 0.2 to 6 Torr, as expected for pressure broade
when inelastic collisions can be ignored. Above 15 Torr
second exponential term appears with a greater time cons
t2 .

A. Time constant t1

If we use the expression 1/t15k11k2PXe1k5PXe
2 , where

the binary collisions are considered, the value ofk2 is nega-
tive and does not have any physical significance. The beh
ior of 1/t1 in xenon is similar to that in krypton.

1

t1
5k11k5PXe

2 , ~35!

with k151/ta5(2.6460.02)31015 s21 and k55218
611 Torr22 s21. This time constant can be attributed to th
FIG. 9. Pressure dependence of the Xe(3P1)
and Xe(3P2) decay frequencies in pure xenon.
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TABLE VI. Two- and three-body rate constants relative to the decay of Xe(3P1) in pure xenon.

k2

(Torr21 s21)
k5

(Torr22 s21)
Reference k2

(Torr21 s21)
k5

(Torr22 s21)
Reference

61 @75# 216 @76#

99 @77# 9150 46 @43#

161 @78# 700 150 @1#

179 @79# 3350 27 @80#

218611 This work
r

re
-

ife
of

th
bl
by
se
a
u
ce

ic

th
is

i

n
s

we
en-
sed
s of

r
o

with

e
at-

he
our
he

e
0
ol-

he
um
r-
is-
ra-
ell

the
e-
is

its
Xe(3P1) state, and the apparent lifetime ista53.79
60.03ms. As in krypton, the natural lifetimetn53.98
60.18 ns and the oscillator strengthf 50.24460.012 were
obtained after the determination of the escape factog
5(1.05260.07)31023 by our simulation program. The
value of the oscillator strength is quite close to those
ported in the literature~Table II!. Constantk5 expresses ex
cimer formation:

Xe~3P1!12Xe~1S0!

——→
k5

Xe2@0u
1~3P1!highv#1Xe~1S0!.

As in krypton, we were unable to measure the radiative l
time of the 0u

1(3P1) state since it is of the same order
magnitude as our resolution: Bonifieldet al. @75#, Haaks and
Becker @76#, and Keto et al. @74# gave lifetimes of 4.6
60.3 ns, 5.7 ns, and 5.5 ns, respectively.

The two and three-body collision rate constants of
Xe(3P1) state obtained by various authors are given in Ta
VI. Our result is in good agreement with the value found
Haaks and Becker@76#, whose pressure domain is quite clo
to ours. Like us, they did not consider binary collision dec
either. We again processed measurements done previo
by Salameroet al. @1# on the same apparatus. The differen
found for the values ofk2 and k5 may come, as in pure
krypton, from the recording and the processing of data wh
since, have been much improved.

Closer examination of Fig. 9 at low pressures reveals
presence of a very slight minimum at about 4 Torr. Th
phenomenon was observed before by Vermeerschet al. @8#,
@81# and Lange and Leipold@82#. This weak variation, not
completely explained yet, is not taken into consideration
our variation law.

B. Time constant t2

As in krypton, the second exponential term appears o
for pressures greater than 15 Torr. Its low amplitude lead
05272
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some uncertainties on the estimation of its time constantt2 .
However, in order to identify the precursor atomic state,
will present the results obtained, since the second expon
tial term was subjected to a complete survey in xenon-ba
mixtures, where this term appears over broader range
pressure. The general expression 1/t25k181k28PXe1k58PXe

2

leads to values ofk18 and k28 that bear uncertainties highe
than 100%. Moreover,k18 is negative. Discarding these tw
terms, our calculation leads tok5858765 Torr22 s21, with

1

t2
5k58PXe

2 . ~36!

The absence of a constant term suggests an excited state
a long lifetime: the greatest value oft2 , measured directly
~44 ms!, is much longer than the apparent lifetime of th
resonant state. This time constant can therefore only be
tributed to the Xe(3P2) metastable state. Nonetheless, t
presence of the latter does not question the selectivity of
excitation. The crossing of the potential curves of t
Xe2@0u

1(3P1)# state and the dissociative states 2g , 2u , 1g ,
and 0g

2 , correlated to the Xe(3P2), state should populate th
metastable state during the vibrational relaxation on theu

1

state. The Xe(3P2) state then disappears by three-body c
lisions forming Xe2@1u# ~high n!. The excimer can emit ei-
ther from high vibrational levels in the spectral range of t
first continuum, or after relaxation, in the second continu
with a maximum intensity at 170 nm. Considering the inte
ferential filter’s bandwidth and the pressure range, the em
sion observed probably comes rather from the higher vib
tional levels. Moreover, we were not able to detect the w
known lifetime of the lower levels~100 ns! which should be
observable in our conditions if the emission comes from
lower vibrational levels. An emission at a shorter wav
length, from the higher levels having a smaller lifetime,
more likely. The determinations ofk58 by different authors
~Table VII! are in very good agreement. This supports
attribution to the decay of Xe(3P2).
TABLE VII. Three-body rate constants relative to the decay of Xe(3P2) in pure xenon.

k58 (Torr22 s21) Reference k58 (Torr22 s21) Reference k58 (Torr22 s21) Reference

85 @1# 82 @83# 61 @86#

92 @68# 87 @84# 81 @87#

85 @78# 89 @85# 8765 This work
1-12
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FIG. 10. Variation of the Xe(3P1) decay fre-
quency as a function ofPXe

2 in Xe-Kr mixtures.
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VIII. EXPERIMENTAL STUDY OF THE
XENON-KRYPTON MIXTURE

A. Results

The study of the Xe-Kr mixtures was performed in t
same excitation and detection conditions as for pure xen
We measured the decay of the luminescence for six kryp
concentrations ranging from 50% to 99%, and for xen
pressures varying from 0.2 to 20 Torr. As in pure xenon,
time constantt1 , can be observed over the whole press
range. The second exponential term can be determined
for pressures higher than 15 Torr in the pure gas, and
xenon partial pressures which decrease as the krypton
centration increases@88#.

1. Time constantt1

The variation of the decay rate 1/t1 versus xenon pressur
is presented in Fig. 10 for the different constant krypt
concentrations. At high concentrations, the contribution
the inelastic collisions is clear. The general expression of
time constants is similar to that of Eq.~31!:

1

t1
5

1

ta
1G1PXe1G2PXe

2 . ~37!

The way the data were processed was already discuss
Sec. VI A: first of all, ta , G1 , and G2 were estimated for
each concentration, so as to assess the involvement of
and three-body collision terms and, for the apparent lifetim
to allow verification of the agreement with relation~32!. For
every concentration, the linear variation of 1/t1 as a function
of the square of the xenon pressure~Fig. 10! shows that the
termG1 , corresponding to binary collisions, is negligible.
Fig. 11~b! the square of the differenty intercepts of Fig. 10 is
given as a function ofC/(12C). This shows that 1/ta is in
good agreement with its theoretical expression. Similarly,
three-body collision terms can be evaluated by plotting
variation of the slopes of the straight lines~i.e., G2! of Fig.
05272
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10 versusC/(12C). If we refer to Eq.~34!, its parabolic
variation@Fig. 11~a!# indicates that the three termsk4 ,k5 ,k6
are present:

1

t1
5S a11a2

C

12CD 1/2

1k4PXePKr1k5PXe
2 1k6PKr

2 .

~38!

As before, the constants of Eq.~38! were obtained by globa
processing of the overall experimental data set correspon
to the pure gas as well as the mixture. The values for
apparent lifetime area15(6.9860.11)31010 s22 and a2
5(1.5560.06)31010 s22, while, for the collision terms,k4
5187614 Torr22 s21, k55215612 Torr22 s21, and k6
57.9460.24 Torr22 s21

2. Time constantt2

The time constantt2 which only appears at high partia
pressures~50% of our measurements! was assigned, in the
pure gas, to the metastable state. The collision terms ca
found by plotting the decay frequency where either a par
pressure or the concentration is kept constant~Fig. 12!. The
variation law can thus be deduced:

1

t2
5k181k38PKr1k48PXePKr1k58PXe

2 . ~39!

Again, the reaction constants are determined by the glo
data processing approach:k185(2.0460.33)3104 s21, k38
5131620 Torr21 s21, k4854462 Torr22 s21, and k58585
66 Torr22 s21.

Among the decay frequencies measured forPXe
520 Torr, there are six values which deviate from those
duced from the final estimates of the rate constants@the solid
line of Fig. 12~b!#. This reveals the less good quality of th
estimation oft2 , owing to the low amplitude of the corre
sponding exponential term.
1-13
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FIG. 11. Variation of the slope
G2 ~a! and 1/ta

2 ~b!, deduced from
Fig. 10, vs C/(12C) in Xe-Kr
mixtures.
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is
B. Interpretation

1. Decay of the Xe„3P1… state

The van der Waals broadening coefficientjKr can be de-
duced from the two coefficientsa1 and a2 , because the
resonance broadening coefficientjXe52.92310215 m3 s21

can be calculated from its theoretical expression~16! with
f 50.24460.012. The main difference with the valuejXe
52.03310215 m3 s21, suggested by Igarashiet al. @12#,
comes from their choice of the resonance interaction cons
K @89#, which has since been subjected to an erratum cor
tion @49#. Our determination of the broadening coefficie
due to krypton jKr5(a2 /a1)jXe5(6.4860.33)310216

m3 s21 is lower than that due to resonance as predicted
theory.
05272
nt
c-
t

y

The absence of two-body collisions confirms that there
no energy transfer between the two gases. Constantk4 cor-
responds to reactions

Xe~3P1!1Xe~1S0!1Kr~1S0! ——→
k4

XeKr* 1Xe~1S0!,

Xe~3P1!1Xe~1S0!1Kr~1S0! ——→
k4

Xe2@0u
1#1Kr~1S0!.

Its valuek45187614 Torr22 s21 is just slightly lower than
the homonuclear collision rate constantk5 associated to the
formation of excimer Xe2@0u

1#. The value ofk5 is very close
to that obtained in the pure gas.k6 can represent the collision
process
FIG. 12. Variation of the
Xe(3P2) decay frequency with
PXe ~a! andPKr ~b! in Xe-Kr mix-
tures.
1-14
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Xe~3P1!12 Kr~1S0! ——→
k6

XeKr* 1Xe~1S0!

with the creation of the excimer XeKr* . This molecule
would emit within the xenon first continuum. Belowet al.
@90# demonstrated an emission of this molecule at 156.5

An emission centered at 163 nm, with a much grea
spectral width~28 nm! than that due to the xenon or krypto
excimers, was observed by Kuboderaet al. @91# in Xe-Kr
mixtures. A contribution of the XeKr* excimer was sug-
gested by the authors.

Montagné@45# undertook a study of this binary mixture
excited bya particles. At 173 nm, he attributed a time co
stant to the Xe(3P1) state following: 1/t545PXePKr , which
corresponds to heteronuclear collisions. However, from th
own results, Berejny@92# and Marchal@36# showed that an
attribution to the Xe(3P2) state would be more suitable. Ou
results also support this.

Cook and Leichner@93#, on the same mixture excited b
an electron beam, suggested extensive involvement of bi
collisions for the Xe(3P1) state, leading to the creation of th
Xe(3P2) metastable state: 1/t5b01104PXe12100PKr

197PKrPXe17PKr
2 . However, considering their pressu

range~the xenon pressure can reach 90 Torr!, the absence o
a term corresponding toPXe

2 is in contradiction with our
results in pure xenon. Moreover, these authors did not
count for the van der Waals broadening by krypton. On
other hand, agreement is excellent fork6 .

2. Decay of the Xe„3P2… state

As in pure xenon~Sec. VII B!, the excimer molecules
Xe2@0u

1# lead to the creation of the Xe(3P2) state through
vibrational relaxation and the crossing of the dissociat
potential curves. However the time constantt2 associated to
the metastable state appears at lower xenon pressures
mixtures. This results from the excimer formation by thre
body heteronuclear collisions which favor the creation of
metastable state. In addition, vibrational relaxation of
Xe2@0u

1(3P1)# ~high v! state must be supported by heter
nuclear collisions.

The constant termk18 leads to an apparent lifetime of 4
ms, greater than any known lifetime, and which can only
assigned to the Xe(3P2) state. For the collision rate consta
k385131620 Torr21 s21, the reaction products have no
been satisfactorily identified since the populating of the re
nant state by binary collisions should also be accompan
by an inverse reaction from this state. Some inaccurac
our results can also be considered, since the determinatio
this second exponential term is rather difficult. Neverthele
our results are in good agreement with those obtained
Marchal @36#, who studied the energy transfer from krypto
to xenon, and where the Xe(3P2) state is created throug
cascades from a 5d state. He suggested the variation la
1/t5120PKr138.7PKrPXe . Considering the concentration
he used, the term representing the decay of this state
three-body homonuclear collisions is negligible. Constantk48
corresponds to reactions
05272
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Xe~3P2!1Xe~1S0!1Kr~1S0! ——→
k48

XeKr* 1Xe~1S0!,

Xe~3P2!1Xe~1S0!1Kr~1S0! ——→
k48

Xe2@1u#1Kr~1S0!.

Our determination is close to the result of Marchal, a
coincides with that obtained by Montagne@45#, assigned to
the 3P1 state by the latter. The homonuclear three-body c
lision rate constantk58 is equal to 8566 Torr22 s21, and is in
good agreement with our results in pure xenon.

IX. EXPERIMENTAL STUDY OF THE
XENON-ARGON MIXTURE

A. Variation of 1 Õt1

In the Xe-Ar mixtures, the experimental conditions we
unchanged, and the behaviors of the time constantst1 andt2
with respect to the partial pressures were similar to that
served in Xe-Kr mixtures. The variation of 1/t1 with xenon
pressure~Fig. 13!, for a given concentration, should be a
tributed to the decay of the resonant state by collision. As
the previous studies, the variation law of the decay freque
versus the partial pressures was first established separ
for each concentration~Fig. 14!. The linear variation of 1/t1

with PXe
2 ~Fig. 13! shows that the linear termG1 of 1/t

5(1/ta)1G1PXe1G2PXe
2 can be ignored, and the variatio

of G2 versusC/(12C) @Fig. 14~b!# shows that only the two
three-body collision termsk4 andk5 are significant whereas
k6 is negligible. The estimation of they intercepts of Fig. 13
permits the verification of the linear variation of 1/ta

2 versus
C/(12C), in conformity with theory@Fig. 14~a!#. The ac-
tual collisional and radiative rate constants were evaluate
a second step by processing the entire set of data with
retained expression

1

t1
5S a11a2

C

12CD 1/2

1k4PXePAr1k5PXe
2 , ~40!

with a15(7.0460.07)31010 s22, a25(9.0760.25)3109

s22, k459364 Torr22 s21, andk55225613 Torr22 s21.

B. Variation of 1Õt2

Figure 15 illustrates the variation of the decay frequen
1/t2 with xenon pressure. Figure 15~b! shows that at a given
xenon pressure it varies linearly with argon pressure. T
expression finally retained after a global approach is

1

t2
5k38PAr1k48PArPXe1k58PXe

2 , ~41!

with k385162623 Torr21 s21, k4852463 Torr22 s21, and
k5859166 Torr22 s21.
1-15
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FIG. 13. Variation of the
Xe(3P1) decay frequency as a
function of PXe

2 in Xe-Ar mix-
tures.
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C. Interpretation

1. Resonant state

The broadening coefficient of the xenon resonance
due to argon is about eight times smaller than the resona
broadening coefficient: jAr5(a2 /a1)jXe5(3.766
0.16)310216 m3 s21. Constanta1 is independent of the
added gas, as expected; close values are obtained in th
non-krypton (6.9860.11)31010s22 and the Xe-Ar (7.046
0.07)31010s22 mixtures.

The reactions

Xe~3P1!1Xe~1S0!1Ar~1S0! ——→
k4

XeAr* 1Xe~1S0!,
05272
e
ce

xe-

Xe~3P1!1Xe~1S0!1Ar~1S0! ——→
k4

Xe2@0u
1#1Ar~1S0!.

correspond to a constantk4 . The rate constantk5 corre-
sponds to 0u

1 excimer formation by three-body homonucle
collisions. Its determinations for three independent sit
tions, namely, in the pure gas and in the two xenon ba
mixtures, are compatible. No two-body collision decay of t
Xe(3P1) state is observed, as suggested by the absenc
any coincidence of argon and xenon energy levels.

Our works can be compared~Table VIII! to those of Glea-
son et al. @94# and Brunetet al. @58#, for similar pressures
and wavelengths. In addition to the three-body heteronuc
reaction previously described, these authors also consid
FIG. 14. Variation of the slope
G2 ~a! and 1/ta

2 ~b!, deduced from
Fig. 13, vs C/(12C) in Xe-Ar
mixtures.
1-16
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FIG. 15. Variation of the
Xe(3P2) decay frequency with
PXe ~a! andPAr ~b! in Xe-Ar mix-
tures.
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decay of the resonant state by binary heteronuclear colli

Xe~3P1!1Ar~1S0! ——→
k3

Xe~3P2!1Ar~1S0!.

The discrepancies are not at all surprising if, with hindsig
we closely examine the interpretations of the results put
ward by in Refs.@94# and @58#. In Gleasonet al.’s experi-
ment, the energy transfer towards xenon populates
Xe(3P1) state by cascades. According to these authors,
decay frequency follows 1/t15k3PAr1k4PXePAr . But the
apparent lifetime is not constant since argon is in a con
erable majority in the mixture: the argon concentration var
and exceeds 99%. Let us plot, like Gleasonet al. 1/t1PAr
against xenon pressure, for high argon pressures and
xenon pressures; Eq.~40! gives 1/t1PAr'Aa2 /PArPXe
1k4PXe . The linear variation at the higher xenon pressu
corresponds to three-body heteronuclear collision reacti
in agreement with our results. But for low xenon pressur
the variation is no longer linear for a constant argon press
and we may have doubts about the interpretation conside
a binary collision term.

In the kinetic study of this mixture by Brunetet al. at 145
nm, Xe(3P1) is created by energy transfer from argon
xenon. The pressure ranges from 0.2 to 6 Torr for xenon
from 300 to 800 Torr for argon. One time constant is attr
uted to the decay of the first xenon resonant state and
expression is as follows: 1/t15k11k3PAr1k4PXePAr .

Brunetet al.’s results disagree with ours: for instance, in
set of measurements where argon pressure remains con

TABLE VIII. Two- and three-body rate constants for the dec
of Xe(3P1) in Xe-Ar mixtures.

k3 (Torr21 s21) 980 494699
k4 (Torr22 s21) 51 228622 9364

Reference @58# @94# This work
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(PAr5400 Torr), while xenon pressure varies from 0.2–3
Torr, the time constant measured by Brunetet al.varies very
little. However,C/(12C) increases by a factor of 18, and
variation of the apparent lifetime should have been observ
Neither Gleasonet al.nor Geiger ever considered three-bo
collisions with two ground state-argon atoms. This is in co
tradiction with our results since at such sufficiently hig
pressures, Geiger’s or Gleasonet al.’s results should have
brought its presence to the fore.

2. Metastable state

As in the Xe-Kr mixture, the second time constant a
pears for lower xenon pressures compared to the pure
because of heteronuclear collisions which contribute to
excimer formation. In the expression retained for the var
tion law of 1/t2 @Eq. ~41!#, the absence of a constant ter
confirms that it can only be attributed to the Xe(3P2) meta-
stable state.

The constantk58 is associated with

Xe~3P2!12Xe~1S0! ——→
k58

Xe2@1u~3P2!#1Xe~1S0!.

The agreement between the values found in the pure xe
8765 Torr22 s21 and in Xe-Ar mixtures 9166 Torr22 s21

is satisfactory. The two- and three-body collision rate co
stants obtained by various authors are given in Table IX

The following reactions can be associated with the r
constantk48 :

TABLE IX. Two- and three-body rate constants for the decay
Xe(3P2) in Xe-Ar mixtures.

k38 ~Torr21 s21) 6 1162 162623
k48 ~Torr22 s21) 28 2763 29 2463

Reference @58# @94# @95# This work
1-17



oo
f
te
gi

rr
e

o

p
pe
er
n
th
ne

an
he
n

ith

il

d

the
ant
the
ut the
tive
t of
en

e

as
-
ient
ive
re
p-
the
non
al-
d to

the

n
is

ur
eir

p-
of

ape
fig-

on

es-
uch

the
the

are
tion

nt
gas

are

N. SEWRAJ, J. P. GARDOU, Y. SALAMERO, AND P. MILLET PHYSICAL REVIEW A62 052721
Xe~3P2!1Ar~1S0! ——→
k38

~products!,

Xe~3P2!1Xe~1S0!1Ar~1S0!

——→
k48

Xe2@1u~3P2!#1Ar~1S0!,

Xe~3P2!1Xe~1S0!1Ar~1S0!

——→
k48

@Xe~3P2!2Ar#* 1Xe~1S0!.

The different values associated to the decay of the Xe(3P2)
state by three-body heteronuclear collisions are in very g
agreement. This reaction should allow the formation o
Xe-Ar excimer. However, the dissociation of these exci
states should be very fast because of their low bond ener
Gleasonet al. @94# and Brunetet al. @58# only associated this
collision rate constant with the formation of the Xe2(1u)
excimer. According to these authors, the constant co
sponding to binary collisionsk38 expresses the decay of th
Xe(3P2) state in creating

Xe~3P1!:Xe~3P2!1Ar~1S0! ——→
k38

Xe~3P1!1Ar~1S0!.

But, the inverse reaction should also occur. Gleasonet al.
put forward another interpretation considering the decay
the metastable state by induced collisions:

Xe~3P2!1Ar~1S0!→Xe~1S0!1Ar~1S0!1hn

~l'147 nm!.

X. MODELING OF RADIATION TRAPPING
IN BINARY MIXTURES

The final aim of this model was to calculate the esca
factor g in most geometrical and pressure conditions. Es
cially in binary mixtures both the resonance and the exp
mentally determined van der Waals broadening coefficie
can be introduced as initial data. In order to account for
decay of the resonant state by inelastic collision, we defi
the collisional decay probability.

This program also gives certain information which we c
attain with difficulty by experiment, such as for example, t
spectral distribution of the photons detected, the depende
of the escape factor on certain physical parameters of e
the excitation or the photon detection device.

A. Radiative and collisional decay of the resonant states

An isolated atom can decay radiatively with the probab
ity

Prad5
1/tn

~1/tn!1Fc
~42!

in the presence of collisions of frequency:Fc5k2Px1k3Py

1k4PxPy1k5Px
21k6Py

2. The collisions are thus introduce
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in our calculations, using a random numberx10 uniformly
distributed over@0;1#. A photon is emitted only if 0<x10
<Prad. If not, the resonant state disappears by collision,
calculation is given up, and a new initially created reson
state is considered. The introduction of the collisions in
elementary processes does not presuppose anything abo
decay law of the density of the excited states. An alterna
consists in adding the radiative decay frequency to tha
collisional decay, for a single exponential decay law: wh
collisions occur, the exponential solution of Eq.~2!: n(rW,t)
5m(rW)exp(2bt), with b5(g/tn)1Fc , leads to the escap
factor defined previously: g51
2@1/m(rW)#*volumem(rW8)G(rW,rW8)dv8.

B. Study of the first xenon resonance line
in xenon-krypton mixtures

The calculations are performed in the same conditions
in pure gas~Sec. V!. Furthermore, for the mixtures, we in
troduce the measured van der Waals broadening coeffic
and the collision rate constants. For example, here we g
some results obtained by simulation for the Xe-Kr mixtu
for xenon pressures ranging from 1 to 6 Torr, and for kry
ton concentrations between 50% and 99%. In Fig. 16,
decay frequency of the resonant state is plotted versus xe
partial pressure for different krypton concentrations. The v
ues obtained from the simulation program were compare
the experimental ones. The agreement is quite good and
relative difference always less than 5%.

C. Evidence of self-absorption

In our conditions of low light flux, recording the emissio
spectra of the resonance line with satisfactory resolution
impossible. On the other hand, this is possible with o
model, by classifying the photons detected according to th
wavelength. The spectra~Fig. 17! concern the Kr-Ar mixture
with a complete frequency redistribution. The ordinate re
resents the density of the probability of obtaining a photon
frequencyn. Each spectrum presents the characteristic sh
of the autoabsorption phenomenon. Examination of this
ure shows that:~1! the maximum value of the probability
density, occurring atnmax, decreases as the concentrati
increases;~2! the interval (nmax2n0) increases with argon
concentration;~3! as the concentration increases, the pr
ence of photons coming from the wings is favored and s
photons have less chance of being trapped. Therefore,
apparent lifetime decreases when the concentration of
foreign gas increases.

XI. CONCLUSION

The van der Waals broadening coefficientsjY of the first
resonance line of krypton and xenon, due to a lighter r
gas, have been determined in conditions where the varia
of the apparent lifetime is easily observed:

~i! Our method of selective excitation of the resona
states allows us to work with concentrations of the added
higher than 50%, without excitation of the latter.

~ii ! The very efficient transfers between rare gases
1-18
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FIG. 16. Comparison of the simulate
Xe(3P1) decay frequency with experimental re
sults in Xe-Kr mixtures.
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avoided by using lighter added gases.
~iii ! The pressure of the excited gas is sufficiently low

the three-body homonuclear reaction to be unlikely. It
however, sufficiently high to assume pressure broaden
and complete frequency redistribution.

The coupling of the apparent lifetime measurements w
the modelling of resonance radiation trapping in our r
experimental conditions proves to be a powerful tool. T
determination of the oscillator strength of the transition,
sociated with the measurement of the apparent lifetime
mixtures gives the van der Waals broadening coefficients
the added gases. Simultaneously, three-body heteronu
reaction rates for resonant states are measured. A ca
calculation of the precision of the measured constants gre
facilitated the discussion about the reactions that should
accounted for. Henceforth, the introduction of the over
results in our program of modeling will allow us to calcula
the decay frequency of resonant states in any conditions
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Currently, we are carrying on with these works by stud
ing the influence of neon and helium on these resonant lin
A comparison with Igarashi’s work@12# concerning the xe-
non resonance line at 146.96 nm will then be possible. O
experimental device may also allow us to selectively exc
the Xe(1P1) resonant state. The study of the influence
lighter rare gases on the second resonance line of xeno
129.6 nm could thus be achieved. These are our main sh
term objectives.

APPENDIX

In an infinitely long cylinder, resonance radiation trappi
for an optically thick medium where pressure broadening
predominant leads to an apparent lifetimeta proportional to
Akp(n0) @where kp(n0) is the absorption coefficient at th
central wavelength of the resonance line#. As established in
f
e

FIG. 17. Simulated spectra o
the krypton resonance line in pur
krypton and Kr-Ar mixtures.
1-19
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Eq. ~13! in Sec. I B for a binary mixtureX-Y in the same
conditions,ta is proportional toAkT(n0), and depends onjX
andjY , the resonance broadening coefficient and the van
Waals broadening coefficient, respectively, and on the d
sities of the ground state of atomsX and Y, N0X and N0Y ,
J.
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For a more complex geometry, the same dependence ota

on the densitiesN0X andN0Y can be expected, if we conside
the expression of the escape factor as a function of the r
nant state densityn(rW), established by Holstein@9,10#:
integral

thick,
g5

E
cell volume

n2~rW !E~rW !dv1
1

2 Ecell volume
E @n~rW !2n~rW8!#2G~rW,rW8!dv dv8

E
cell volume

n2~rW !dv
.

SinceG(rW8,rW) is proportional to 1/AkT(n0) @10#, we can writeG(rW8,rW)5@1/AkT(n0)# f (rW8,rW). For E(rW), Holstein pointed out
that it can be obtained by the integration over the volume external to the cell and filled with the absorbing gas since the
of G(rW8,rW) over an infinite volume is equal to 1:E(rW)512*cell volumeG(rW,rW8)dv85*ext. volumeG(rW,rW8)dv8.
ThenE(rW) is also proportional to 1/AkT(n0), and so for the escape factorg:

g5
1

AkT~n0!

E
cell volume

n2S rWE
ext. volume

f ~rW,rW8!dv8dv1
1

2 Ecell volume
E @n~rW !2n~rW8!#2f ~rW,rW8!dv dv8

E
cell volume

n2~rW !dv
.

Thus the expression

ta5AS N0X

jXN0X1jYN0Y
D 1/2

still remains valid for any geometrical configuration as long as the following assumptions hold: the medium is optically
and pressure broadening and complete redistribution in frequency prevail.
c-
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