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Radiation trapping of the 3P;-1S, 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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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 théR&(or
Kr(®P,) 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 P, and 3P, 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*fheand 3P, 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’B, tste. Nevertheless, for
the 3P, 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 numbgs): 32.80-t, 32.70.Cs, 32.56-d, 32.70.Jz

[. INTRODUCTION plify the initial conditions. Even in mixtures where these
transfers are unlikely, the decay of the resonant states by
This work is part of a more general study of binary mix- collision is favored by radiation trapping processes, which
tures of rare gases, selectively excited in a given atomic ofay make them competitive with photon emission. It is also
molecular state in order to determine the decay and formagssential to account for the variation of the apparent lifetime,
tion rate constants of the Various reaction prodl[dI_s3] in Order to COI’reCtly determine the C0||iSi0n rate constants
Resonant states play an important role in excimer formatiofielative to these resonant states, in particular when the exci-
and are involved in UV sources based on rare gases. Atonf8€" formation rate constants are deduced from analysis of
excited in a resonant state will decay to the ground level byn® resonant or first continuum emission. Although the trap-
emission of resonant photons themselves having a gooBmg phenomenon was widely investigated in pure rare gases

probability of being absorbed by surrounding ground-stat oth experimentally7,8] and theoretically 7,911 it was

atoms, and then reemitted. This radiation trapping, which hasIttle studied in gas mixturegl2]. Unlike in works concern-

not been studied much in rare-gas mixtures, is often useIng energy transfer between rare gases, we sought an initial
9 ' xcitation of the heaviest gas in its first resonant state, thus

either to tfa’.‘Sfer energy bereen rare gases or to improve tr%\Q/oiding energy transfer toward the lighter gas, whose first
characteristics of a gas discharge. The present paper thigo oy “jevels are higher. In such conditions, additional

deals with trapping of xenon and krypton resonance radiatiorﬁroadening of the resonance line is shown to be caused by

in pure gases and in several binary mixtures, and the simulye |ighter rare gas. Our results also show that the lighter gas

taneous determination of the relevant decay rates by colligontriputes to the collisional decay of the resonant state.
sion.

In rare-gas mixtures, most previous studies, have dealt
with energy transfer, which is very efficient when it occurs
from a lighter rare gas towards a heavier one. This type of The process of photon emission and reabsorption, which
transfer was first demonstrated by Gedanletral. [4] in  goes on until the photon reaches the walls of the enclosing
1972. The interpretation of such results is not easy, due twessel, is at the origin of resonance radiation trapping. The
the frequent overlaps of the observed emissions. Nonethescape factog, which characterizes this radiation trapping,
less, very few work$5,6] used selective excitation to sim- is defined as the inverse of the mean number of absorption-

A. Formulation of resonance radiation trapping
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reemission processes, and depends on both the gas used anda) Doppler broadening
the geometrical characteristics of the experimental device. It

allows the apparent lifetime, to be expressed as a function 1.60
of the natural lifetimer, : g= (4)
kp(vo)RV 7 IN[Kp(vo)R]
r
=y D) with
Lo . . )\3 1 m 1/2
Resonance radiation trapping was first formulated by Hol- Ko (vo) = 0 2% _(_) o (5)
stein[9,10] and Biberman and Aksperifii3], who showed 8792 gy 7 | 2KT
that the resonant state densitff’,t) obeys an integrodiffer- )
ential equation. Their works became the basis of many stud- (0) Pressure broadening
ies by different authors like Payne and co-workgtd 1] and
in Ref. [14]; o= 1115 ®
an(F,t) 1 VarKp(vg)R
=5(f,t)— —n(r,t)—Fcn(r,t
G~ S(LU= —n(fRH—Fen(fo it
41 n(F' OGF,Hdo’. () NG g, 1
Tn Jvolume Ko(vo)= 7= 9, TAv No (7)

In Eq.(2), the loss terms correspond to the radiative decay of

the excited states and the decay by collision of these stat@Rical weights of the resonant and ground stalsis the
with the frequencyF . There are two source terms: the first, 4oy of ground state atoms, and is the full width at half
S(r,t), represents the creation rate of excited states atttime maximum (FWHM) of the local line profile.
whereas the second describes the variation of density due to T predominant broadening phenomenon corresponds to
theje?bso’rptmn at of photons emitted in the cell. The term e |owest apparent lifetime, and so to the greatest escape
G(r",r)dv” is the probab/lll_ty that a photon emitted &tin  ¢5ct0r. In the cylindrical configuration, the lower limit of the
the elementary volumey " is absorbed af. pressure broadening domain can be deduced from the com-
Holstein asgumed_lsotropm photon emission anq CC_’mp_letBarison of Eq.(4) with Eq. (6). Figure 1 shows that it is
frequency redlstrlbutlo'n. Cqmplete frequency redistributiong ot 102 Torr for both krypton and xenon. It follows that
means that no correlation exists between the frequency of thg o experimental pressure ran@2—1000 Torr, we can
absorbed and emitted photons if at least one elastic collisiogscount for only pressure broadening. Moreover, the impact
occurs with the excited atom before it emits a photon. How-proximation is also valid in this domain. Indeed, for pres-
ever, his calculations only hold for an optically thick me- g.res Jower than about ten atmospheres, the collision time

dium, that isk(»)R>1 [wherek(v) is the absorption co-  |agts |ess than the duration between two collisifts 16,
efficient of the resonance transition at the central frequency

vy, andR the characteristic dimension of the vegsel
In the simple case where a short duration pulsed source is
used, and if inelastic collisions may be neglected, the general
solution of the equation is a discrete sum of exponential Let us examine a binary mixtur¥-Y where gasX is
terms: excited on its®P, resonant state. HomonucleaX-(X) and
heteronuclear collisions{-Y) lead to resonance broadening
. . t . t and van der Waals broadening both having a Lorentzian ab-
n(r,t)= EI Cimi(r)exr< _giT_) ~Cm(r)ex;{ _97._)- sorption profile, respectively. For homonuclear collisions the
" " 3) resonance absorption coefficie(») depends on the
FWHM A vy which is directly proportional to the density of
C; andC are constants depending on initial conditions. Latedisturbing atomsNox. In Eqg. (10), éx is the resonance
in the decay time, the lowest valupof the parameterg;  broadening coefficient of the transition,
determines the decay rate of the excited-state density. This
escape factog, which is dependent on the cell shape, were Ky(v)= kx(vo) ®)
calculated by Holstein for two ideal geometries: an infinite 1+[4(v—v) 2l Avy]
slab and an infinitely long cylinder of radil& Each calcu-
lation set was carried out with either Doppler or pressuravith
broadening. Here we only give the escape fagoior a )
cylindrical geometry, which is closest to our experimental K(vg) = i% 1
setup, for Doppler broadenirfgq. (4)] and pressure broad- X0 442 gy mhA vy
ening[Eq. (6)], as a function of the absorption coefficidnt
at the central frequency, (or wavelengthig): and

n formulas(5) and(7), g, andg, are respectively the sta-

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

Nox 9
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FIG. 1. Pressure dependence of the calculated
Kr(®P,) radiative decay frequency in krypton for
Doppler and pressure broadening.
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In our experimental conditions, where the enclosing ves-
sel has a complex shape, an analytic calculation of the escape

For heteronuclear collisions, the van der Waals absorptiofctor cannot be achieved. However, the variation law of the
coefficientky(v) is described by an expression similar to Eq. apparent lifetime following the concentration should remain

(8). Its FWHM A vy is given by

Avy=2&yNgy, (11

similar to Eq.(14) if pressure broadening predominates and
if the impact approximation still stays valid, as shown in the
Appendix. One of our objectives is to experimentally verify
the validity of relation(15):

where &y is the van der Waals broadening coefficient. The
overall absorption coefficierit(v) of the line, accounting

for both types of broadening, is the convolution product of
ky(v) and ky(v) since the two effects are independent:
k() is therefore Lorentzian too, and its FWHM is given by Furthermore, the estimation of the parameters of a linear fit

1 1

C 1/2
) (19

=A Ex+ mfv

a

AVT AVx+AVY

center is thus

oo 9 L Mgl No
TR 4m? gy mAvr % 877 gy 7y ExNoxt EvNoy

12

In a mixture, for the infinite cylinde¢Sec. | A with pressure
broadening, the apparent lifetinj&q. (1)] is obtained by
replacingkp in Eq. (6) by kt [Eq. (12)]:

Ao (92 )1/2< Nox
T T
a” 1.115/87 191 " ExNox+ &yNoy

This depends only on the ratio of the partial pressuPgs

12
) . (13

The absorption coefficient at the line of llra versusC/(1—C) allows the ratioéy/éx to be ob-

tained, even though constafzt which takes into account the
implied transition as well as the geometric configuration of
the cell, cannot be calculated in our experimental conditions.
The van der Waals broadening coefficiégptcan be obtained
since we can use the theoretical expressiogyaf

91) 2 ¢ e?
g2

(16)

) 2mvom 47’
wheref is the absorption oscillator strength of the transition,
m ande are the mass and the charge of the electron kaied

the constant of the resonance interaction. In order to deter-
mine £y, we need either the oscillator strength of the transi-
tion or the natural lifetime. There exist very few direct mea-
surements of the natural lifetime, of the resonant state

and Py, and can thus be expressed in terms of the concenthese must be made at very low pressures, betweefi 10

tration C=Py/(Py+ Py) of the foreign gas:
Ao (92
5.59|g;

1/2( 1-C

1/2
(1—C>§X+C§Y) - 14

Ta™ Th

and 10°°Torr [17]). The oscillator strength can also be de-
termined by an absorption method. The diversity of the val-
ues found in the literatur€rable | and 1) led us to adopt our
own determination, deduced from our measurement of the
apparent lifetimer,, since the escape factor of our experi-

In a pure gas, the apparent lifetime is independent of thenental device is obtained from our simulation program of
pressure, whereas in a mixture it remains independent of theesonance radiation trapping. The resonance interaction con-

total pressure only at constant concentration.

stantK has been subjected to numerous theoretical and ex-
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TABLE |. Absorption oscillator strength values for the TABLE Ill. Experimental and theoretical determinations of the
Kr(3P;)—Kr(*Sp) transition at 123.6 nm resonance interaction constat

f  Reference f Reference f Reference K K K

(experiment Reference (theory Reference (theory Reference
0.208 [17] 0.166 [54] 0.204 [60]
0.18 [49] 0.175:0.005 [55] 0.21 [61] 1.96-0.12 [30] 2.08 [15] 2.07 [24]
0.214 [50] 0.1775-0.0050 [56] 0.158 [62] 2.08+0.28  [31] 1.97 [18] 2.08 [25]
0.143 [51] 0.17 [57] 0.204 [63] 2.0+0.10 [32] 181 [19] 181 [26]
0.155 [52] 0.195 (58] 2.25+0.15 [33] 2.31 [20] 2.07 [27]
021 [53] 0.187 [59] 0.173:0.009 This 2.3+0.20 [34] 2.72 [21] 2.43 (28]
work 2.15+0.15 [49] 2.72 [22] 2.01 [29]

1.81 [23] 1.93  [89]

perimental determinations, and the values differ signifi-
cantly; some of these discrepancies were analyzed by Omont A. Principle of the method
[18]. In Table Ill, the experimental values spread between The transfer of the excitation energy of an atom is fol-
1.95 and 2.3. Thus we retaindd=2.1+0.1, which corre- |gyed step by step from the initial excitation orfR; reso-
sponds to the mean and the standard deviation of the expefiant state until the photon leaves the cell. The parameters
mental values. which characterize the emitted photon drethe emission
instantt, of a photon and its frequency, following a
Lorentzian profile, andii) the emission direction described
Il. MODELING IN AN INFINITELY LONG CYLINDER by two anglesd and ¢ and the distanc® covered between
BY THE MONTE CARLO METHOD the emission and absorption poifi&g. 2).
) » o For each emission process, all five variables described
In our actual experimental conditions, the main utility of a 3hove are evaluated by an integral method from random
model resides in the difficulty to analytically solve the radia- nympers¢; uniformly distributed over the intervé0;1]. This
tion transfer equatiort2) in order to determine the spatial calculation is done again and again until a photon leaves the
and temporal evolution of the resonant state densities. Theell. In order to obtain satisfactory statistical accuracy, the
Monte Carlo method allows the reconstitution of the wholeprocedure is repeated for an initial number of excited states
phenomenon by following the evolution of the excited atomsphetween 10 and 16.
consecutive to the initial excitation. This simulation, suited Determination of the frequency,. In our experimental
to our experimental apparatus, can also allow the evaluatiooonditions, pressure broadening is dominant, and leads to a
of the influence of various parameters, such as the location aformalized Lorentzian profil®(v). Since the partial pres-
the resonant states initially created, on the temporal decay slure of the excited gas is always greater than 0.2 Torr for
the luminescence. The photon-collecting conditions can b&enon and 1 Torr for krypton, the emission and absorption
optimized, and we can also obtain the spectrum of the emitfrequencies of the photons are independent of each other, and
ted line which cannot be recorded due to the low light fluxesve can assume complete frequency redistribufith The
involved. Finally, this model can be extended to various bi-uniformly distributed random numbey, is linked to the fre-

nary mixtures of rare gases. quencyv, of the emitted photon:

Our objective here is first to describe and then to validate
the method for an ideal setup, namely, the infinitely long X :f” P(v)dsz'V 2 1 dv
cylinder where the results can be compared to those obtained "% | _., —emAv 1+[4(v—rp)?IAV?]
from Holstein’s theory. In Sec. V, we will describe how this (17)

method can be adapted to our experimental device in order to
calculate the escape factor. The natural lifetime can then be
determined from the measurement of the apparent lifetime.So

TABLE II. Absorption oscillator strength values for the X&) —Xe(*S;) transition at 146.9 nm.

f Reference f Reference f Reference
0.263 [17] 0.26 [65] 0.226 [70]
0.26+0.01 [49] 0.214 [66] 0.244 [71]
0.27 [53] 0.183 [67] 0.26 [72]
0.26 [58] 0.256+0.008 [68] 0.222 [73]
0.28 [64] 0.264+0.016 [69] 0.273 [50]
0.244+0.012 This work
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TABLE IV. Comparison between corrected theoretical and cal-

@ detector culated values of the inverse of the escape factor.
| §=62mm
¢=14n : . 1/g 1/g
SRR s (modified Holstein (obtained
relation from the model Difference
R=5.25mm 1046 1045 0.1%
R=10mm 1443 1442 0.07%
R=28 mm 2415 2403 0.5%
half height Z absorber |1 P
L2 = 35mm \ﬂ‘// until all the initial resonant states are worked out. The mean
9/D 0 I f the number of absorption-reemission processes, for
0 4 value o p p ,
emiter T all initial resonant states, is the inverse of the escape factor
O_H;__x, focal pbint B. Application to an infinitely long cylinder

_ This study is applied to the K¥P;)—Kr(1S,) resonance
cell diameter ¢ = 56 mm line for a cylindrical geometry, assuming pressure broaden-
ing. Simulations have been performed off €sonant states.
FIG. 2. Schematic diagram showing the analysis cell and theThe statistical fluctuations have been evaluated for ten sets of

laser beam, used for modeling. random numbers. The relative deviations on the escape fac-
tor are less than 0.7%.
Avg The cylinder should be long enough compared to its ra-
ve=vot —5 tarf m(x,~0.9]. (18 gius: when the length of the cylinder is at least 20 times

greater than its radius, our results show that the escape factor
Emission time ¢. If 7, is the natural lifetime of the reso- variations are smaller than the statistical fluctuations. Finally,
nant state, the probability that the atom emits a photon becalculations were done for three different cylinder radii:
tweent, and to+dt is exp(-t./7,)(dt/7,). We associate a 5.25, 10, and 28 mm.
random numbex, to the density of probability that a photon ~ The difference between the simulated values and those
is emitted beford,: deduced from Holstein’s equatidb) did not exceed 1.4%;
however, this is greater than statistical fluctuations. In addi-
te=— 1 IN(1—X3). (19 tion, the values obtained from our model were always less
n , .. . than Holstein’s. According to Payne and CddH], the nu-
_ Emitting anglese and 6. Assuming photon emission is erical coefficient present in the numerator of B).would
isotropic, the emitting direction is given by the azimuthal he \yorth 1.125 instead of 1.115. The corrected value of the
angle p(0=¢<2m) and polar angl®)(0=< #<m) to which  coefficient leads to a smaller number of absorption-
the uniformly distributed random numbexg andx, are as-  reemissions which is very close to oufEable V).
sociated:

o=27X3 (20) IIl. EXPERIMENTAL SETUP

q A. Laser source, analysis cell, and detection device
an
Our experimental setup was designed to record lumines-

cosf=1—2x,. (21 cence following selective population of the resonant states
by three-photon excitation, using a tunable dye laser. Here
Distance D covered between two collisioh®t T(D, ) we only briefly describe the main features of the experimen-
=exfd —k(»)D] be the probability that a photon covers dis- tal device, whose principall] and latest developments
tanceD without being absorbed can be associated to a [35,36 were already extensively reported.
uniformly distributed random numbeg: The selective excitation of XéP;) was performed with
an energy of about 50J at a wavelength of 440.9 nm, using
coumarin C440 dye. For K¥P,), an energy of about 12J
at 370.8 nm was obtained with PBD dye. The spectral width
of the laser beam was about 0.5 cmWe obtained 5 ns
If the photon is absorbed inside the vessel, then the absorpluration impulses, at a frequency of 50 Hz.
tion point becomes the new emission point, and the above The laser beam enters a cylindrical stainless steel chamber
process is repeated. If not, the photon is absorbed by theadially, and is focused on the cell's axis by means of a
inner walls and an excited state disappears from the cell. Itplane-convex 40-mm ler(§ig. 2). Excitation is performed at
frequency, its exit time, and the number of absorption-a small volume compared to that of the cell. In order to
reemission processes are memorized. A new initially excite@¢heck that multiphotonic ionization did not occur, a Keithley
resonant state is then considered, and the treatment repeatsddctrometer was used.

D= In(xs). (22

k(v
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Before filling, the cell was pumped down to about 10 poral analysis. For example, excitation spectra obtained in
Torr with an ionic pump. While the cell was being filled up, pure xenon and in a xenon-krypton mixture are shown in Fig.
the gases were further purified by drifting them through ang. When the pressure is equal to 4 Torr, the excitation do-
aluminum-zirconium getter pump. The gas pressure Wagnain is relatively narrow since it is of the atomic type for
measured by a “Datametrics” Bar_ocell—t)_/pe capacitive ma-jo\ xenon pressures: X&) + 3hv.eer— Xe(3Py). For
nometer using two sensors covering the $910-Torr and higher pressures, in both the pure gas and the mixtures, a

10-1000-Torr domains. road component corresponds to the excitation of the
Luminescence was observed perpendicularly to the Iasx%?< 3 P po! .
e[1,(°P,)] state from dimers in the ground state:

beam by means of a vacuum ultravio(®UV) photomulti- u 3 )
plier (EMR 510G Extremely Solar Blindthrough a magne- X€2[0g 1+ 3hvjaser— Xey[ 1,(°P1) ]. This weakly bound ex-

sium fluoride porthole centered on the axis of the cell. Thecited state rapidly dissociates, and leads to an initial popula-
distance from the center of the excited volume to the windowtion of Xe(®P,) atoms. The shift of maximum intensity to-

can be modified with a micrometer but in most experimentsward shorter wavelengths with increasing pressure is
it was equal to 1.48 0.05 mm. The wavelength was selected certainly related to the third-harmonic generation. Indeed,
by either a VUV Mc Pherson 218 monochromator for thethe maximum of the generated radiation intensity occurs at

recording of the emission SpeCtra, or an interferential ﬁltershorter Wave|engths when the pressure increaseﬂ:ogé
for the excitation spectra and the time-dependent studies. +theneraterXez[lu(3P1)]-

Figure 3 also illustrates the influence of krypton on the
B. Temporal analysis of the afterglow luminescence excitation conditions of Xé{P;). One may refer to some

At its exit, the laser beam falls upon a fast photodiodeMore t'horough WO!’kS done in our laboratory for further in-
which provides the initial instant for each laser pulse. Theformation concerning the excitation spectra of rare gases
number of photons as well as their instant of detection aré37-38 and the involvement of the third harmonic of the
stored in a multichannel Stanford Research SR 430 analyzéser beani39,40.
set for 16 384 channels and 5-ns resolution. In our conditions
of low detected luminous flux, the histograms recorded in- V. EXPERIMENTAL RESULTS IN PURE KRYPTON
clude both a great number of channels and a low counting

Lz(f epse\r/vi(t:r? Z?#iitlt-r thISZﬁts_gc?#t? ro?jsucrzgtzOgtégz?goé?roigm pure gas, the dispersion of the values of the natural life-
9 Y y time and of the kinetic constants led us to do new measure-

In order to determine the temporal evolution law, we devel- ents. Our experimental pressure domfin70 Tord was

oped a maximum likelihood data processing method applie hosen to observe either the first resonance line or the first

to a Poisson distribution. The accuracy of all our results,” . . S +3
apparent lifetime, collision rate constant, and broadening Cogontmuum resulting from the deexcitation of X0, (*P,)],

e ] . —.__for which the resonant state is a precursor. The luminescence
efficients, was simultaneously evaluated for both stansuca‘ as observed behind an interferential filter centered at 128

and systematic errors. In the former case a Monte Carl . . :
method was used, whereas for systematic errors we used a’ and whose FWHM Is 10 nm. A time-resolved analysis
as performed with a time resolution of 5 ns over a range of

classical uncertainty calculation applied to the estimation o 1 4

the coefficients by the least-squares metff. For pressures lower than 15 Torr, luminescence decay is
well described by a single exponential term. For higher pres-
sures, a second term appears; its amplitude increases with the
In order to determine the most favorable excitation conkrypton pressure. Due to the inaccuracies arising from its
ditions, an excitation spectrum was recorded before the temew amplitude, we will not present the results concerning the

Though many kinetic studies have been done foPRg]

C. Presentation of the excitation spectra
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FIG. 4. Experimental record of temporal de-
cay of the Kr€P,) in pure krypton and a Kr-Ar
mixture. (For the sake of clarity, histograms re-
corded with a resolution of 5 ns are integrated
and presented with 100 ns

[F:Sr: I:r;r;:n T P, =1Torr
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100, 100 -
T, :
" i
£ ..;, 5 o
c .. &
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= i S
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5 ] o z 77
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1 ! 1 | 1 T T
0 10000 20000 30000 0 10000 20000
time (ns) time (ns)

(a) (b)

1
30000

second term here. The same phenomenon is more clearbbtained by working out thirty simulated histograms by a
observed in xenoifSec. VIl) over a broader range of pres- Monte Carlo method. Consideration of the binary collisions
sures, and the XéP,) metastable has been clearly identi- leads to a negative value &, which is marred by an un-

fied. Thus, here we can reasonably attribute this weak expaertainty of over 100%. Examination of Fig. 5 confirms the

nential term to the decay of the KiR,) state. Taking this

quadratic variation of the decay frequency with the krypton

second term into account in our data processing allowed ugressure. Over the whole pressure range we applied the ex-
to analyze KrfP;) decay with a good accuracy up to 70 pression

Torr.

An experimental histogram obtained at 1 Torr is repre-
sented in Fig. &), while Fig. 5 shows the variation of the
decay frequency %/ versusPﬁr. The most general form of
the decay rate in krypton is given by

1
~ =k + kPt ksPi. (23

The constantk; of Eq. (23) are determined by the least-
squares method. To each point we assign a statistical weight
determined by the standard deviation of the values of 1/

experiment
retained analytical law (Eq.24)

(10°s™)

Frequency 1/1,

with
+7 Torr 2s 1. The apparent lifetime deduced from coeffi-
cientk; is equal to 4.0% 10 ®s. Constanks expresses the
three-body collision reaction

1
— =k, +ksPZ,, (24)
T1

ky=(2.44+0.02)x10"°s™?  and  ks=116

Kr(3P,) +2Kr(1Sy)

K
—5> Kro[04 (3P1)high v]+Kr(1Sy).

FIG. 5. Variation of the KrifP;) decay fre-
quency in pure krypton as a function Bﬁr.

T T T T
1000 2000 3000 4000

(Krypton pressure) > (Torr)
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TABLE V. Two- and three-body rate constants relative to the decay otRg)(in pure krypton.

KZ k5 k2 k5
(Torr ts™h (Torr2s7h Reference (Torr s} (Torr 2s7h Reference
1940 70.8 [38] 25.5 [44]
31.3 [41] 355 1.76 [45]
37 [42] 2050 82 [46]
7970 8.45 [43] 1167 This work

Table V summarizes the two- and three-body rate constantseam can be calculated using the local system of cylindrical
of the Kr(®P,) state obtained by various authors. Amongcoordinates Q',p,#,{) centered on the focus with the axis
recent works, those of Audouast al. [41] and Kerdoussi (O’¢) in the beam direction. The number of resonant states
[38] used selective excitation. The disagreement with Aud-created by three-photon absorption in elementary voldine
ouardet al’s results could simply arise from a divergence of is

interpretation of concordant experimental results. The results

of Kerdoussi were previously obtained in the same geometri- dn(p,{) = 1*Nydv, (25)

cal and excitation conditions as ours, the main difference h 3) o
being the absence of the binary collision term in our case. where g™ represents the three-photon excitation cross sec-

The improvement of the resolution and of the dynamics oiii_on’ | the local intensity of the laser beam, aNg Fhe den-
Sty of ground state atoms. For a focused Gaussian beam, the

our recording system as well as the lower pressures we used, ber of  stat ted b q
account for the fact that our results are less influenced by thBUMPer of resonant states created can be expressed as

presence of the second exponential term. New processing of K
Kerdoussi’s results, up to only 60 Torr, gave an expression  dn(p,{)= > 3exp{
close to ours: H;=3.02< 10°+ 110P%,. [1+(£/40)"]

The radiative decay of the moleculaj [’P,] state con-
tributes to the well known emission of the first continuum. Inyith
addition, our exploitation should have also led to another
exponential term corresponding to the radiative lifetime of b 7wj
the molecular state. However, according to Audougtrel.s (ozi = ?\_o’ (27
[41] and Bonifieldet al.s [42] works, this lifetime is about 4
ns and the time resolutiotb ng of our recording device wherew, is the beam waist and the confocal parameter. In

—6p2

d
W1+ (Li0)A] "

(26)

cannot allow its determination. our conditions,wy=15xm andb=150um. The resonant
states are distributed according to the above defined density,
V. MODELING OF RADIATION TRAPPING UNDER OUR by drawing three random numbexg, x;, andxg, respec-
EXPERIMENTAL CONDITIONS tively, associated with the coordinatesy, and{. Xg=p is a

random number having a Gaussian distributionandxg are

The influence of an added gas on the apparent lifetimg,niformly distributed overf0;1], andx, corresponds to the
should allow us to determine the broadening coeffic&mf  niform angular distribution of0;277]. ¢ is obtained by nu-
the line, due to this gas. As we already mentioned in Sec. | Bmerically solving Eq(28):

the oscillator strength should first be determined. It can be

deduced from the measured apparent lifetime in the pure gas { (=

and the calculated escape factor obtained by our radiation fo fo dn(p,q)pdpdq
trapping model. The program should therefore be suited to Xg=

our experimental setup. Our experiment was modeled taking f”’f“dn(p q)p dp dq
into account only pressure broadening, which in fact corre- 0 Jo '

sponds to our experimental results obtained over the pressure )
range[0.2; 70 Tori. _ sin2 arctan¢/ o) ]+ 2 arctaé/ o)

o

(28)

A. Initial creation of the resonant states

As shown in Fig. 2, the excited species are located in the B. Transfer of the excitation energy

cell with a cylindrical system of coordinateO(r,¢,z) As for the infinitely long cylinder, the absorption-
where the axigOz) is given by the vessel's axis itself. The remission processes following the emission of photons from
excited states are initially created by the laser beam focuseah initially excited state are counted until the photon reaches
on this axis, close to the observation porthol=(1.40 the walls. Three possibilities should then be considered for
+0.05mm). The axially symmetric laser beam is assumed tthe real cell.

be radially Gaussian, and to remain so after focusing. The (i) The photon is absorbed by the inner walls: the emis-
initial distribution of the resonant states created by the lasesion being in the VUV domain. The stainless steel consti-
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1000
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o
5 FIG. 6. Simulated temporal decay of the
é Kr(3P;) emission in 1 Torr of pure krypton.
3
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time (ns)
tutes an absorbent material for these photons. absorption-remission processes; the agreement is better than

(ii) The photon crosses the observation window withoutl%.
being detected by the photomultiplier tube.

(iii) The photon crosses the porthole and attains the pho- D. Determination of the natural lifetime
tocathode. In this case, the characteristics of the photon are of the Kr (3P,) resonant state
stored. The natural lifetimer,,=3.97+0.18 ns was deduced from

In all these cases, an excited state has disappeared frog, escape factag=(9.84+0.07)x 10~ * obtained from the
the cell. A new excited state created by the laser beam is thefode| and the experimentally determined apparent lifetime
considered. This process is carried on until all the initially ;_ — 4 04+ 0.04s. The value of the oscillator strength, cal-
excited states are worked out. culated with Eq(29), f=0.173+0.009 is compared in Table

| to other values found in the literature:

C. Escape factor and the decay of luminescence with time
1 mc 47780 gz 2
= Vi _)\0. (29)

The escape factor is usually defined with regard to the =
™ 8wt e gi

overall photons leaving the vesdgélolstein[10], Payne and
co-workerg7,11], Van Trigt[47], Molisch, Oehry and Mar-

gel [14], Lawler, Parker, and Hitchop48]). However, as in

any experimental apparatus, the detector is localized, and
only the escape factor corresponding to the detected photons
can be measured. In our experimental conditions, the escape A. Results

factor thus determined is about 1.5 times smaller than the |, order to study the influence of another rare gas on the

real one corresponding to photons reaching the walls. So in fapping of resonance radiation in krypton, it is essential to
real experiment, it depends on the size and position of th@e in conditions where no energy transfer takes place be-
detector. tween the two gases. This is satisfied in the Kr-Ar mixture,
The mean number of absorption-remission processes aince the first argon excited states are of higher energy than
lows the escape factor to be determined, but it can also bghe Kr(P,) level.
deduced from the temporal evolution of the number of pho- For our purposes we have to seek conditions where lumi-
tons using Eq(1). The histograniFig. 6), obtained by clas- nescence essentially comes from either the resonance line or
sifying the detected photons according to their arrival timefrom the first continuum for which the resonant state is a
provides the decay of the luminescence over time withouprecursor. This study was thus carried out for krypton pres-
any biased consideration for the law of variation of radiationsures ranging from 1 to 6 Torr. The expression of the appar-
trapping. In conformity with the fundamental mode of Hol- ent lifetime depends only on the partial pressure ratio and so,
stein’s theory, a single exponential term is sufficient to de-on the concentration of the nonexcited d&s. (15)]. In
scribe the decay of the luminescence on our time scale. Therder to verify this property, we studied the Kr-Ar mixtures
time constantr, is obtained by the maximum likelihood for different argon concentration®0%, 98%, and 99%
method used elsewhere for the experimental histograms. W8ufficiently high concentrations are used so as to observe a
verified that the ratior,/ 7, determined in this way is close significant variation of the decay rate. For krypton pressures
to the value of 1g obtained from the mean number of less than 4 Torr, a single exponential term suffices to de-

VI. EXPERIMENTAL STUDY OF THE
KRYPTON-ARGON MIXTURE

052721-9
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10_' FIG. 7. Pressure dependence
N ry ry of the Kr(®P,) decay frequency in
Kr-Ar mixtures.
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3 4
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scribe the variation of the luminescence with time. This re-trations, then 17/621, I'y, andI', are drawn versusC/(1
mains true at concentrations lower than 90%, as well as for-C). This first step indicates the collisional terms to be
krypton pressures between 4 and 6 Torr. For higher kryptomaken into account in the second step. Second, in the so-
pressures or argon concentrations, a second exponenti@lled global exploitation method, a definitive set of param-
term, of low amplitude, was considered. An experimentaleters from amongy,, a,, K,, K3, ks, ks, andkg, is esti-
histogram obtained for 1 Torr of krypton at a concentrationmated by a nonlinear least-squares method from the
of 99% is shown in Fig. @). The variation of the faster processed experimental points. For a given concentration, in
decay rate I, as a function of krypton pressure for constantthe Kr-Ar mixture, the decay rate can be assumed to be con-
argon concentrations is given by Figs. 7. The decay rate castant over the whole krypton pressure rafigig. 7), and the

be expressed as a function of the partial pressures: collision terms accounted for by both constahtsand T,
1 b\ 12 can be discarded. The time constant is the apparent lifetime
=yt azj +KoP i+ KsP ar 7, Of theT resonant state andri/varies linearly withC/(1
T1 Kr —C) (Fig. 8. The global method gave the values;
2 2 =(6.12+0.012)x 10'%s 2 and a,=(1.79+0.05)x 10's 2,
TKaPrrPart ksPicr kP (30 Any other set of parameters led to negative or insignificant
At a constant argon concentrati@h it is given by values of the collision rate constants.
11 ,
—=—+I1"1Px,+T5Pg, (31 B. Interpretation
T Ta

The values ofx; and «, allow the van der Waals broad-
with ening coefficienté,, to be determined if the value of the
1o resonance broadening coefficiefit, is known (Sec. |B:
1 ot i) (32 £a=(azlan)éq. We can deduce the resonance broadening
Ta 17T/ coefficientéy, from its theoretical expressiofi6) knowing
the value of the oscillator strength of the transitidn
=0.173+0.009. We findé,,=1.74x10 ¥ més™1, and, for
the van der Waals broadening coefficiedt, = (5.10+
0.24)x10 *®* m®s™?, the broadening coefficient due to ar-
and gon is smaller than the resonance coefficient as predicted by
theory[16,18. The results obtained confirm that the appar-
C \? ent lifetime remains constant for a given concentration. Fig-
1-C/ - (34 ure 7 shows that its variation according to concentration can-
not be ignored at high concentrations. For example, from
The data processing is performed in two steps. Firstly, irpure gas to an argon concentration of 42% the decay rate
order to verify the compatibility of the experimental values varies by 10%; it reaches twice its value in the pure gas for a
with the theoretical formula, the parameters of E2fl) are  concentration of 90%. The decay of the RP() state
estimated by a least-squares fit, for several constant concetiirough three-body collisions with two ground-state krypton

C
Fl:k2+ k3ﬁ, (33)

C
F2:k5+ k4m+k6

052721-10
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20
T »  experiment
retained analytical law (Eq.32)

FIG. 8. Variation of 142 as a function of ratio
C/(1—C) in Kr-Ar mixtures.

1(')0
C/(1-C)

atoms can be ignored here: in mixtures where the kryptoling decay frequency %{ with pressure, but it is quite con-
pressure never exceeds 6 Torr, the higher value of the decayant from 0.2 to 6 Torr, as expected for pressure broadening
term 11622, (obtained in pure kryptonis always lower than when inelastic collisions can be ignored. Above 15 Torr, a

the uncertainties on the decay rate. In such conditions, gecond exponential term appears with a greater time constant
does not seem possible to prove the existence of this termzs.

VII. EXPERIMENTAL RESULTS IN PURE XENON A. Time constant 7;

The luminescence of the first resonance line and the first If we use the expression d/=k; + k,Pxe+ ksP%e, Where
continuum of xenon were observed through an interferentialhe binary collisions are considered, the valukgfs nega-
filter centered at 145 nm and having a FWHM of 17.5 nm.tive and does not have any physical significance. The behav-
The other experimental conditions were identical to thoseor of 1/, in xenon is similar to that in krypton.
concerning the study of the first resonant state of krypton:
the pressure domain ranged from 0.2 to 70 Torr and the time ki +keP2 (35)
scale was 8Jus with a resolution of 5 ns. T LTS Xe

As in krypton, when the pressure is less than 15 Torr, the
luminescence decay is well described by a single exponentia¥ith  k,=1/7,=(2.64+0.02)x10"°s™? and ks=218
term. Figure 9 shows a parabolic variation of the correspond= 11 Torr ?s™%. This time constant can be attributed to the

16 9
14 - 1/x, retained analytical law (Eq.35)
4 e 1/, retained analytical law (Eq.36)

T 124
(]
mo N
T 104
- |
- 8 .
> | FIG. 9. Pressure dependence of the 3/
§ 6 and XefP,) decay frequencies in pure xenon.
o
9 r
L,

24

0

Xenon pressure (Torr)
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TABLE VI. Two- and three-body rate constants relative to the decay of Xg(in pure xenon.

ks, ks Reference ks, ks Reference
(Torr s} (Torr 2s7h (Torr s} (Torr 2s7h
61 [75] 216 [76]
99 [77] 9150 46 [43]
161 [78] 700 150 [1]
179 [79] 3350 27 [80]
218+11 This work

Xe(®P,) state, and the apparent lifetime is,=3.79 some uncertainties on the estimation of its time constant
+0.03us. As in krypton, the natural lifetimer,=3.98  However, in order to identify the precursor atomic state, we
+0.18ns and the oscillator strength=0.244+0.012 were  Wwill present the results obtained, since the second exponen-
obtained after the determination of the escape fagior tial term was subjected to a complete survey in xenon-based
=(1.052£0.07)x10 3 by our simulation program. The mixtures, where this term appears over broader ranges of
value of the oscillator strength is quite close to those repressure. The general expressiom,Hk}+kjPye+ KiPZ,
ported in the literaturéTable I)). Constanks expresses ex- |eads to values ok; andk; that bear uncertainties higher
cimer formation: than 100%. Moreoverk; is negative. Discarding these two
terms, our calculation leads ¢ =87+5 Torr 2s™2, with

Xe(®P,) +2Xe(1Sy)
ks 1 o2
— Xey[0] (3P y)highu ]+ Xe(1Sy). o KsPke (36)

As in krypton, we were unable to measure the radiative life-The absence of a constant term suggests an excited state with
time of the Qf(3P,) state since it is of the same order of & long lifetime: the greatest value af, measured directly

magnitude as our resolution: Bonifiedd al.[75], Haaks and (44 us), is much longer than the apparent lifetime of the
Becker [76], and Keto et al. [74] gave lifetimes of 4.6 resonant state. This time constant can therefore only be at-

+0.3ns, 5.7 ns, and 5.5 ns, respectively. tributed to the Xe{P,) metastable state. Nonetheless, the
The two and three-body collision rate constants of thePresence of the latter does not question the selectivity of our
Xe(®P,) state obtained by various authors are given in Tableexcitation. The crossing of the potential curves of the
VI. Our result is in good agreement with the value found beez[O:(3P1)] state and the dissociative stategs, 2, 14,
Haaks and Beckgi76], whose pressure domain is quite closeand Q , correlated to the XéP,), state should populate the
to ours. Like us, they did not consider binary collision decaymetastable state during the vibrational relaxation on tJj]e 0
either. We again processed measurements done previousliate. The Xe{P,) state then disappears by three-body col-
by Salamercet al.[1] on the same apparatus. The differencelisions forming Xg[1,] (high »). The excimer can emit ei-
found for the values ok, and ks may come, as in pure ther from high vibrational levels in the spectral range of the
krypton, from the recording and the processing of data whichrst continuum, or after relaxation, in the second continuum
since, have been much improved. with a maximum intensity at 170 nm. Considering the inter-
Closer examination of Fig. 9 at low pressures reveals thgsential filter's bandwidth and the pressure range, the emis-

pLesence of a verybslight (;nti)nifmumbat about 4 ;iorr. ThiSsjon observed probably comes rather from the higher vibra-
phenomenon was observed before by Vermeeesal. [8], 45, |evels. Moreover, we were not able to detect the well

[81] and Lange and Leipol@82]. This weak variation, not known lifetime of the lower level$100 ng which should be

completely explained yet, is not taken into consideration in . .. . e
our \E)ariati)é)n Igw y observable in our conditions if the emission comes from the

lower vibrational levels. An emission at a shorter wave-
length, from the higher levels having a smaller lifetime, is
more likely. The determinations d€; by different authors

As in krypton, the second exponential term appears onlyTable VII) are in very good agreement. This supports its
for pressures greater than 15 Torr. Its low amplitude leads tattribution to the decay of Xép,).

B. Time constant 7,

TABLE VII. Three-body rate constants relative to the decay of3Rej in pure xenon.

ki (Torr 2s7Y Reference ki (Torr 2s7h) Reference ki (Torr 257} Reference
85 [1] 82 [83] 61 [86]
92 [68] 87 [84] 81 [87]
85 (78] 89 [85] 87+5 This work
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VIll. EXPERIMENTAL STUDY OF THE

10 versusC/(1—C). If we refer to EQq.(34), its parabolic
variation[Fig. 11(a)] indicates that the three terrks, ks, kg
are present:

XENON-KRYPTON MIXTURE

A. Results
The study of the Xe-Kr mixtures was performed in the 1 Cc \12 5 5
same excitation and detection conditions as for pure xenon. = arta;;—= | TKaPxePrtKsPxetKePir-

We measured the decay of the luminescence for six krypton (38)
concentrations ranging from 50% to 99%, and for xenon

pressures varying from 0.2 to 20 Torr. As in pure xenon, theag pefore, the constants of E(@8) were obtained by global
time constantr;, can be observed over the whole pressuréyrocessing of the overall experimental data set corresponding
range. The second exponential term can be determined ony, the pure gas as well as the mixture. The values for the

for pressures higher than 15 Torr in the pure gas, and afpparent lifetime arex;=(6.98+0.11)x101°s2 and a,
xenon partial pressures which decrease as the krypton con: (1 55+0.06)x 10'° 52, while, for the collision termsk,
centration increas¢$8]. =187+14Torr 2 s Y, ks=215+12Torr 2s %, and kg
: =7.94+0.24 Torr ?s !
1. Time constantr;

The variation of the decay rate7l/versus xenon pressure
is presented in Fig. 10 for the different constant krypton
concentrations. At high concentrations, the contribution of
the inelastic collisions is clear. The general expression of th
time constants is similar to that of E(B1):

2. Time constantr,

The time constant, which only appears at high partial
ressureg50% of our measurementsvas assigned, in the
ure gas, to the metastable state. The collision terms can be
found by plotting the decay frequency where either a partial
pressure or the concentration is kept constaig. 12). The

1 1 -
— = — 4T Pyet+I,PZ.. variation law can thus be deduced:

T1 Ta

37)

The way the data were processed was already discussed in
Sec. VIA: first of all, o, I'1, andI", were estimated for

each concentration, so as to assess the involvement of two
and three-body collision terms and, for the apparent lifetimeAgain, the reaction constants are determined by the global

1
7—2:k1+ k3Pir+ KiPxePrr + KiP%e (39)

to allow verification of the agreement with relati@®2). For
every concentration, the linear variation of-LAs a function
of the square of the xenon pressuFég. 10 shows that the
termI"y, corresponding to binary collisions, is negligible. In
Fig. 11(b) the square of the differentintercepts of Fig. 10 is
given as a function o€/(1—C). This shows that X is in

data processing approach;=(2.04+0.33)x10*s™ %, kj
=131+20Torr 's™%, k;=44=2 Torr 2s7!, and k=85
+6 Torr 2s L.

Among the decay frequencies measured B,
=20Torr, there are six values which deviate from those de-
duced from the final estimates of the rate constgthis solid

good agreement with its theoretical expression. Similarly, thdine of Fig. 12b)]. This reveals the less good quality of the
three-body collision terms can be evaluated by plotting theestimation ofr,, owing to the low amplitude of the corre-

variation of the slopes of the straight linése., I',) of Fig.

sponding exponential term.
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B. Interpretation The absence of two-body collisions confirms that there is

1. Decay of the X€Py) state no energy transfer between the two gases. Congtanbr-

. o responds to reactions
The van der Waals broadening coefficiént can be de-

duced from the two coefficienta; and «,, because the Kq

resonance broadening coefficiesif,=2.92<10 °*m®s! Xe(3P;) + Xe(1Sy) + Kr(1Sy) ——— XeKr* +Xe('Sy),
can be calculated from its theoretical expressib6) with

f=0.244£0.012. The main difference with the valug, ke

=2.03x10 ®*m®s™!, suggested by Igarashét al. [12], Xe(®Py) +Xe(*Sp) + Kr(*Sp) ——— Xe[ 0 ]+Kr('Sy).
comes from their choice of the resonance interaction constant

K [89], which has since been subjected to an erratum corredts valuek,=187+14 Torr s * is just slightly lower than
tion [49]. Our determination of the broadening coefficient the homonuclear collision rate constaatassociated to the
due to krypton &= (a,/a;)éxe=(6.48+0.33)x10 16  formation of excimer Xg 0, ]. The value oks is very close
m3s™ 1 is lower than that due to resonance as predicted byo that obtained in the pure gds; can represent the collision

theory. process
Krypton concentration « P =20T
— . 10 - e = orr
< ¢ 9% - a4 P _= 6Torr
()] A 98% ‘.‘w Xe - .
« 25 retained analytical law (E .39)1
o + 95% o
< v 90% ¢ Ao
retained analytical law (Eq/39) 8 -
o~
\P :N
=
& 3 6- FIG. 12. Variation of the
) § Xe(®P,) decay frequency with
5 g Pye (@ andPy, (b) in Xe-Kr mix-
b &, tures.
2
3
o+ ——T-rr-—r—-r— 0 —— 7T
0 1 2 3 4 5 8 0 200 400 600 800 1000
Xenon presure (Torr) Krypton pressure (Torr)
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ke k;1
Xe(3P1)+2 Kr(lSO) —— XeKr* +Xe(180) Xe(3P2)+Xe(lso)+ Kr(lso) XeKr* +Xe(1SO),
with the creation of the excimer XeKr This molecule K,

would emit within the xenon first continuum. Belogt al.
[90] demonstrated an emission of this molecule at 156.5 nm.
An emission centered at 163 nm, with a much greater

spectral width(28 nm than that due to the xenon or krypton  Our determination is close to the result of Marchal, and
excimers, was observed by Kubodegal. [91] in Xe-Kr  coincides with that obtained by Montagf45], assigned to
mixtures. A contribution of the XeRr excimer was sug- the 3P, state by the latter. The homonuclear three-body col-
gested by the authors. lision rate constark; is equal to 8% 6 Torr 2s7%, and is in

I\_/Iontagn'e[45]_ undertook a study of this binary mixture, good agreement with our results in pure xenon.
excited by« particles. At 173 nm, he attributed a time con-

stant to the Xe{P,) state following: 1#=45Py.Py,, which

Xe(3P,) + Xe(1Sy) + Kr(1Sy) ——— Xey[1,]+Kr(1Sy).

corresponds to heteronuclear collisions. However, from their IX. EXPERIMENTAL STUDY OF THE
own results, Berejny92] and Marchal36] showed that an XENON-ARGON MIXTURE
attribution to the XetP,) state would be more suitable. Our o

results also support this. A. Variation of 1/7,

Cook and Leichnef93], on the same mixture excited by |n the Xe-Ar mixtures, the experimental conditions were
an electron beam, suggested extensive involvement of binafyhchanged, and the behaviors of the time constanéd ,
collisions for the Xe?P,) state, leading to the creation of the with respect to the partial pressures were similar to that ob-
Xe(®P,) metastable state: 4# Bo+10'Pye+2100P,  served in Xe-Kr mixtures. The variation of7/with xenon
+97Py,Pxe+ 7P%,. However, considering their pressure pressure(Fig. 13, for a given concentration, should be at-
range(the xenon pressure can reach 90 Taime absence of tributed to the decay of the resonant state by collision. As in
a term corresponding t@ie is in contradiction with our the previous studies, the variation law of the decay frequency
results in pure xenon. Moreover, these authors did not acsersus the partial pressures was first established separately
count for the van der Waals broadening by krypton. On thdor each concentratiofFig. 14). The linear variation of X,

other hand, agreement is excellent kgr. with PZ, (Fig. 13 shows that the linear terrli, of 1/r
=(1/Ta)+F1PXe+F2P§<e can be ignored, and the variation
2. Decay of the X€%P,) state of I', versusC/(1—C) [Fig. 14b)] shows that only the two

As i S VIIB) th . lecul three-body collision termk, andks are significant whereas
S in pure xenon(Sec. ), the excimer molecules ks is negligible. The estimation of theintercepts of Fig. 13

+ .
X.EZ[(:.U] Ileadlto t?e creadt|otﬂ of the .Xab)f stLate dt_hrougr;. epermits the verification of the linear variation ofrf/versus
vibrational relaxation and the crossing of the dissociativer, 1 ) “in conformity with theory[Fig. 14a]. The ac-

potential curves. However the time constagiassociated to ual collisional and radiative rate constants were evaluated in

thgtmetasfrahple Statﬁ afppea:ﬁ at Iovyer xtfanon gresiur(taﬁ N N&econd step by processing the entire set of data with the
mixtures. This results from the excimer formation by three- ... -4 expression

body heteronuclear collisions which favor the creation of the

metastable state. In addition, vibrational relaxation of the 1

Xe,[0. (3P;)] (high v) state must be supported by hetero- P

nuclear collisions. !
The constant ternk; leads to an apparent lifetime of 49

us, greater than any known lifetime, and which can only bewith «;=(7.04+0.07)x10° s72, a,=(9.07+0.25)x 10°

assigned to the Xép,) state. For the collision rate constant s 2, k,=93+4 Torr 2571, andks=225+13 Torr 2s™ 1.,

k;=131+20 Torr 's™%, the reaction products have not

been satisfactorily identified since the populating of the reso-

nant state by binary collisions should also be accompanied B. Variation of 1/7;

by an inverse reaction from this state. Some inaccuracy in Figure 15 illustrates the variation of the decay frequency
our results can also be considered, since the determination @f, with xenon pressure. Figure (5 shows that at a given
this second exponential term is rather difficult. NeverthE|ESSXenon pressure it varies |inear|y with argon pressure. The

our results are in good agreement with those obtained b¥xpression finally retained after a global approach is
Marchal[36], who studied the energy transfer from krypton

to xenon, and where the X¥p,) state is created through 1 )

o — =k3Pa+ KPPyt kiP (41
cascades from adb state. He suggested the variation law T, o AT AT ArTXe T BST Xer
1/7=120Py,+ 38.7P,Px.. Considering the concentrations
he used, the term representing the decay of this state by
three-body homonuclear collisions is negligible. Conskgnt  with k;=162+23 Torr 's!, k;=24=3 Torr 2571, and
corresponds to reactions ki=91+6 Torr ?s ..

1/2
+k4PyePartksP%e (40

C
a1+ azm
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50 ] Argon concentration
¢ 99%

451 4 9%
1T+ 5%
,,g 404 v 90%
(= . 80%
=31 x 5%
5" 30 ] retained analytical law (Eq.40)
)
S FIG. 13. Variation of the
2 Xe(®P,) decay frequency as a
o function of P, in Xe-Ar mix-
- tures.

0~ T T T T r | T T "

0 100 200 300 400
(Xenon presure)® (Torr’)
C. Interpretation kg
3 1 1 + 1
+ + + :
L Resonant siae Xe(P;) + Xe('Sy) + Ar(1Sp) ——— Xe[ 0] ]+Ar(Sp)

The broadening coefficient of the xenon resonance line
due to argon is about eight times smaller than the resonan&@Tespond to a constamy,. The rate constarks corre-
broadening coefficient:  &a,= (/) éxe=(3.76= spo_nds to § excimer f_ormatlon by three—t_)ody homonucl_ear
0.16)x 10 ¢ m3sL Constanta, is independent of the qoll|3|0ns. Its qletermlnatlons for th_ree independent situa-
added gas, as expected: close values are obtained in the Xi2nS, namely, in the pure gas and in the two xenon based
non-krypton (6.98 0.11)x 10°s2 and the Xe-Ar (7.04& mlxtgures, are c_ompatlble. No two-body collision decay of the
0.07)X 10152 mixtures. Xe(°P,) state is observed, as suggested by the absence of
The reactions any coincidence of argon and xenon energy levels.
Our works can be comparédiable VIII) to those of Glea-
son et al. [94] and Brunetet al. [58], for similar pressures
Ka and wavelengths. In addition to the three-body heteronuclear
Xe(3P,) + Xe(1Sy) + Ar(1Sy) ——— XeAr* + Xe(1Sy), reaction previously described, these authors also considered

101

(@ ]
12 ®
Ttn
8~ s experiment S 10 4 = experiment
— (Eq.32, with values given in §1X.A) S (Eq.34, with vaiues given in §1%/A)
o ~
7]
s (=)
[=]
T 64
Ve FIG. 14. Variation of the slope
~ I', (@ and 1£2 (b), deduced from
T4 Fig. 13, vsC/(1—C) in Xe-Ar
mixtures.
2 -4
or—TTT T T ot+——7—T T T T
0 20 40 60 80 100 0 20 40 60 80 100
C/(1-C) C/(1-C)
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Argon concentration

Xenon pressure

= P, =20Torr
o P,=15Torr
(Eq.41)

(10°s™)

(10° s™)

FIG. 15. Variation of the
Xe(®P,) decay frequency with
Py (@) andPy, (b) in Xe-Ar mix-
tures.

Frequency 1k,
Frequency 14,

: r . ————r T
0 5 10 15 20 25 30 0 200 400 600 800 1000
Xenon pressure (Torr) Argon pressure (Torr)

decay of the resonant state by binary heteronuclear collisiopp,,=400 Torr), while xenon pressure varies from 0.2—3.6
ks ITolrr, the time co7(stant ;neasured b)l; Bru?eal. va][ies very(/j
3 1 3 1 ittle. However,C/(1—C) increases by a factor of 18, and a
Xe("Py) +Ar("Sp) Xe("P2) +Ar("Sp). variation of the apparent lifetime should have been observed.
The discrepancies are not at all surprising if, with hindsight,Neither Gleasot al. nor Geiger ever considered three-body
we closely examine the interpretations of the results put forc!lisions with two ground state-argon atoms. This is in con-
ward by in Refs[94] and[58]. In Gleasonet al’s experi- tradiction Wlth.OUI: results since e,lt such sufficiently high
ment, the energy transfer towards xenon populates thBr€SSUres, Geiger’'s or Gleasenal’s results should have
Xe(3P,) state by cascades. According to these authors, thBrought its presence to the fore.
decay frequency follows I{=Kk;Pa,+ksPxPa, . But the
apparent lifetime is not constar?t since argeon is in a consid- 2. Metastable state
erable majority in the mixture: the argon concentration varies As in the Xe-Kr mixture, the second time constant ap-
and exceeds 99%. Let us plot, like Gleasstral. 1/7,P,,  pears for lower xenon pressures compared to the pure gas,
against xenon pressure, for high argon pressures and lofecause of heteronuclear collisions which contribute to the
xenon pressures; EQq(40) gives 1hPa~\a,/PsPyx.  €xcimer formation. In the expression retained for the varia-
+k4Pye. The linear variation at the higher xenon pressuredion law of 1/r, [Eq. (41)], the absence of a constant term
corresponds to three-body heteronuclear collision reactiongonfirms that it can only be attributed to the XBg) meta-
in agreement with our results. But for low xenon pressuresstable state.
the variation is no longer linear for a constant argon pressure, The constankg is associated with
and we may have doubts about the interpretation considering

. .. kl
a binary collision term. 5

In the kinetic study of this mixture by Brunet al. at 145 Xe(3P,) +2Xe(1Sy) ——— Xey[1,(3P,) ]+ Xe(1Sy).
nm, XeCP,) is created by energy transfer from argon to
xenon. The pressure ranges from 0.2 to 6 Torr for xenon andhe agreement between the values found in the pure xenon
from 300 to 800 Torr for argon. One time constant is attrib-87+5 Torr ?s™* and in Xe-Ar mixtures 9% 6 Torr ?s™*
uted to the decay of the first xenon resonant state and it§ satisfactory. The two- and three-body collision rate con-
expression is as follows: 4{=k;+KksP+KsPxePa; - stants obtained by various authors are given in Table IX.
Brunetet al.’sresults disagree with ours: for instance, ina  The following reactions can be associated with the rate
set of measurements where argon pressure remains const&anstant, :

TABLE VIII. Two- and three-body rate constants for the decay = TABLE IX. Two- and three-body rate constants for the decay of

of Xe(®P,) in Xe-Ar mixtures. Xe(®P,) in Xe-Ar mixtures.
ks (Torr sy 980 494 99 ki (Torr s} 6 11+2 162+23
k, (Torr 2s7Y 51 228+22 93+4 ky (Torr2s7Y 28 27+3 29 243
Reference [58] [94] This work Reference [58] [94] [95] This work
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kb in our calculations, using a random numbeg uniformly

Xe(3P,) +Ar(1Sy) (products, distributed over[0;1]. A photon is emitted only if 6xy
<P,q- If not, the resonant state disappears by collision, the
Xe(3P,) + Xe(1Sy) + Ar(1Sy) calculation is given up, and a new initially created resonant
state is considered. The introduction of the collisions in the

kg elementary processes does not presuppose anything about the

— Xe[1,3Py) ]+ Ar(1Sy), decay law of the density of the excited states. An alternative
consists in adding the radiative decay frequency to that of
Xe(*P) +Xe(*Sg) + Ar(1Sy) collisional decay, for a single exponential decay law: when

collisions occur, the exponential solution of E): n(r,t)
=m(r)exp(-Bt), with B=(g/7,)+F., leads to the escape
factor defined previously: g=1

The different values associated to the decay of the’Rg) ~[1m(7) 1 voumd(F' ) G(F,F")do”.

state by three-body heteronuclear collisions are in very good

agreement. This reaction should allow the formation of a B. Study of the first xenon resonance line
Xe-Ar excimer. However, the dissociation of these excited in xenon-krypton mixtures

states should be very fast because of their low bond energies.

Gleasoret al.[94] and Brunekt al.[58] only associated this in pure gas(Sec. \J. Furthermore, for the mixtures, we in-

gglciliigr] rzfcgr%?r?ta?é Vtvr']tgséhZuft%ron:st'?aeoiézgtgﬁuz:orret_roduce the measured van der Waals broadening coefficient
C . gl f ' and the collision rate constants. For example, here we give
sponding to binary collisionk; expresses the decay of the

3 ) : some results obtained by simulation for the Xe-Kr mixture
Xe("P») state in creating for xenon pressures ranging from 1 to 6 Torr, and for kryp-
K, ton concentrations between 50% and 99%. In Fig. 16, the

decay frequency of the resonant state is plotted versus xenon

3p \-wal3 1 3 1
Xe(*Py):Xe(*P2) + Ar(*So) Xe(*P1) + Ar("Sp). partial pressure for different krypton concentrations. The val-
But, the inverse reaction should also occur. Gleasbal.  Ues obtained from the simulation program were compared to

put forward another interpretation considering the decay ofh€ €xperimental ones. The agreement is quite good and the

’
k4

—— 5 [Xe(®P,) — Ar]* + Xe(1Sy).

The calculations are performed in the same conditions as

the metastable state by induced collisions: relative difference always less than 5%.
Xe(*P,) + Ar(1Sg)— Xe(*Sp) + Ar(1Sp) + hw C. Evidence of self-absorption
(A~147 nm In our conditions of low light flux, recording the emission

spectra of the resonance line with satisfactory resolution is

impossible. On the other hand, this is possible with our

X. MODELING OF RADIATION TRAPPING model, by classifying the photons detected according to their
IN BINARY MIXTURES wavelength. The spect(&ig. 17) concern the Kr-Ar mixture

The final aim of this model was to calculate the escapdVith & complete frequency redistribution. The ordinate rep-
factor g in most geometrical and pressure conditions. Espel€S€nts the density of the probability of obtaining a_phpton of
cially in binary mixtures both the resonance and the experifféguencyr. Each spectrum presents the characteristic shape
mentally determined van der Waals broadening coefficient§f the autoabsorption phenomenon. Examination of this fig-
can be introduced as initial data. In order to account for th&I'® shows that(1) the maximum value of the probability

decay of the resonant state by inelastic collision, we defined®nsity, occurring abn,,, decreases as the concentration
the collisional decay probability. increasesy(2) the interval (. 1) iNncreases with argon

This program also gives certain information which we canconcentration;(3) as the concentration increases, the pres-
attain with difficulty by experiment, such as for example, the€nce of photons coming from the wings is favored and such
spectral distribution of the photons detected, the dependendd10tons have less chance of being trapped. Therefore, the
of the escape factor on certain physical parameters of eithéPparent lifeime decreases when the concentration of the
the excitation or the photon detection device. foreign gas increases.

A. Radiative and collisional decay of the resonant states Xl. CONCLUSION

An isolated atom can decay radiatively with the probabil- ~The van der Waals broadening coefficiegi{sof the first

ity resonance line of krypton and xenon, due to a lighter rare
gas, have been determined in conditions where the variation
UUr, of the apparent lifetime is easily observed:

(42) (i) Our method of selective excitation of the resonant

states allows us to work with concentrations of the added gas
in the presence of collisions of frequendy;=k,P,+ k3P, higher than 50%, without excitation of the latter.
+Kk4PyPy+ kg,prL kGP)Z,. The collisions are thus introduced (i) The very efficient transfers between rare gases are

e (A  F
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6 7 Experiment Simulation | ------- Analytical law deduced from simulated values
|| » c=99%|| o C=99%
— A4 C=98%| + C=98% -
‘v 54l v C=90%( % C=90% o
© = C= 0% x C= 0% .
o -
-~ 4_
<
§ 34 .o"" FIG. 16. Comparison of the simulated
g Xe(3Rl) decay f.requency with experimental re-
g - sults in Xe-Kr mixtures.
I 2+ - R
A
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0 T T T T T v T T T T T !
0 1 2 3 4 5 6
Xenon pressure (Torr)
avoided by using lighter added gases. Currently, we are carrying on with these works by study-

(iii) The pressure of the excited gas is sufficiently low foring the influence of neon and helium on these resonant lines.
the three-body homonuclear reaction to be unlikely. It is,A comparison with Igarashi’s workl2] concerning the xe-
however, sufficiently high to assume pressure broadeningon resonance line at 146.96 nm will then be possible. Our
and complete frequency redistribution. experimental device may also allow us to selectively excite

The coupling of the apparent lifetime measurements withthe Xe(P,) resonant state. The study of the influence of
the modelling of resonance radiation trapping in our realighter rare gases on the second resonance line of xenon at

experimental conditions proves to be a powerful tool. The129.6 nm could thus be achieved. These are our main short-
determination of the oscillator strength of the transition, asterm objectives.

sociated with the measurement of the apparent lifetime in
mixtures gives the van der Waals broadening coefficients for
the added gases. Simultaneously, three-body heteronuclear
reaction rates for resonant states are measured. A careful
calculation of the precision of the measured constants greatly In an infinitely long cylinder, resonance radiation trapping
facilitated the discussion about the reactions that should btor an optically thick medium where pressure broadening is
accounted for. Henceforth, the introduction of the overallpredominant leads to an apparent lifetimgproportional to
results in our program of modeling will allow us to calculate Vk,(vo) [wherek,(vo) is the absorption coefficient at the
the decay frequency of resonant states in any conditions. central wavelength of the resonance lin&s established in

APPENDIX

4.0+

3.5 1

krypton-argon mixtures
1 ——P,=1Tor, C=0
3.0 ——P, =1Torr, C = 90%

2.5

2.0 1

FIG. 17. Simulated spectra of
the krypton resonance line in pure
krypton and Kr-Ar mixtures.

1.5 5

1.04

0.5

P ) / max 0

0.0 L

Detection probability density (10" s)

————
-2x10" -x10" 0 1x10" 2x10"
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052721-19



N. SEWRAJ, J. P. GARDOU, Y. SALAMERO, AND P. MILLET PHYSICAL REVIEW &2 052721

Eq. (13) in Sec. IB for a binary mixtureX-Y in the same respectively.

conditions,r, is proportional toyk(»g), and depends oy For a more complex geometry, the same dependeneg of
andé&y, the resonance broadening coefficient and the van desn the densitiedlgy andNgy can be expected, if we consider
Waals broadening coefficient, respectively, and on the derthe expression of the escape factor as a function of the reso-
sities of the ground state of atom¥sand Y, Ngx and Ngy, nant state density(r), established by Holsteif®,10]:

1
f nz(F)E(F)dv+—f [n(F)—n(F")]?G(F,F")dv dv’
cell volume 2 cell volume.
g:
J' n2(f)dv
cell volume

SinceG(r’,r) is proportional to 1{ks(vg) [10], we can writeG(r”’,F) =[ 1/\Vks(vo) ]T(F’,F). ForE(r), 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 integral
of G(f’,r) over an infinite volume is equal to E(F) =1~ [ caivolumS (.7 )dv" = [ axt vorum&S (F,F")dv .

ThenE(F) is also proportional to 4/k(vo), and so for the escape factgr

1
f n2<r*f f(F,F')dU’dU-f--f J [n(F)—n(F’)]Zf(F,F’)dv dv’
1 cell volume ext. volume 2 J cell volum

g =
\/kT( VO) J nZ(F)dv
cell volume
Thus the expression
NOX 1/2
To=Al ——————
a ExNox+ &yNoy

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