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Abstract

Synchrotron Radiation is used to selectively excite chlorine
and Clydoped argon in the VUV region. Stationary fluorescence and
excitation spectra of 1‘2:, 24Z:and 231'[3 Cl, states and of the
ArCl (B-X) transition are obtained. The excitation threshold of
ArCl (B) in Ar/ClZ system is found to be 1285 % 5 K. The
formation of ArCl* and 012(23rlg) is discussed in terms of recent
potential curves data, A detailed time resolved study 1s reported
which allows us to determine precisely the radiative lifetime of
ArCl(B) state (5.2 ns) and numerous kinetic parameters of this
system, to estimate the C state energy and to discuss the relaxation
and mixing process of the ArCl1{B) and (C) states. A two ladder
multilevel kinetic model is described which accounts for the
experimental results and shows the difficulty of studying this
particular ArCl system compared to the closely related XeCl and KrCl
ones,

Code PACS : 3490, 3320N, 8220K.



1 - Introduction

Rare gas monohalides with their weakly bound van der Waals
ground state are not stable but exist only in short lived
electronically excited states, In the heavier molecules, the
lowest bound excited states (B,C,D) are of ionic nature {1-3). The
molecules are produced in mixtures of rare gases with halogen
donors in elementary reactions of electronically excited or
ionized speciles (4). The main source of information on the
electronic structure is fluorescence which is of the bound-free
type. The dominating transition is the B—» X transition, however,
C—» A and D-* X can alsc be cobserved (4), Some rare gas
monohalides play an impertant role as laser melecules in high
power UV excimer lasers, Therefore, besides the spectroscopic
properties of the emitting states, the dynamical aspects of
formation, relaxation and decay of these molecules are the subject
of several investigations.

In rare gas monohalides laser systems of the discharge type
(5) or with & beam excited experiments (5,7), the reaction kinetics
are extremely complicated by the superposition of various
processes. Therefore it is highly desirable to study the kinetic
processes under well defined primary excitation conditions. This
was first done successfully, e.g., with flowing afterglow
techniques, in which the elementary reactions of rare gas (Rg)
metastables with the halogen donor were studied (8-10).

Information about dynamical processes was obtained from the

measurement of relative intensities of competing fluorescence
channels,

In general, most reliable data on dynamical processes (like
rate constants, lifetimes, etc ...) can be extracted from time
resolved fluorescence spectra following state selective primary
excitation. True state selective excltation of rare gas
monohalides is difficult. In most cases, the molecules are
produced in an elementary reaction in a broad, athermal
vibrational distribution (11). Moreover, the B and the C state
being nearly degenerate, both excited states are produced at the
same time, Only in two cases (XeCl* and XeBr‘), state selective
excitation of various vibrational levels of the B state was
possible up to now by exciting ground state molecules with a laser
(12-13).

Synchrotron Radiation (SR), combining the advantages of a
pulsed and VUV tunable source for state selective excltation
with time and spectrally resolved fluorescence spectroscopy, is
particularly well suited for these studies.

Qur preliminary work on Kr/Cl; (and Ar/Cl;) was undertaken
at the fluorescence experimental station of the storage ring ACO
at ORSAY (14,15). Our further studies have been carried out with
conslderably increased sensitivity and time resolution at the
Synchrotron Radiation Laboratory (HASYLAB) of DESY/HAMBURG (16-18).

In our first papers {(14,15) we unambiguously showed that
not only colllsions of the type Rg + Cl,—»RgCl® + C1 (Rg : Ar, Kr)
but also Rg + Clj —» RgCl® + C1 lead to the formation of the
ronohalides. The several vibrational progressions.of Cly in the

yuv (18,19,20) make it feasible to tune quasicontinuously tue



entrance energy of the reaction over a wide range. This new
formation channel (from Cly ) was especially exploited in our work
with Synchrotron Radiation. In a recent paper, we have reported
reliable values of kinetic parameters, mainly in XeCl and KrCl
systems, and have been interested in the evaluation of the energy
difference and ordering of the B and C states (21). This is indeed
of crucilal importance for the dynamical decay properties of the
collisionaly mixed B and C states in laser systems.

This paper is focused more precisely on ArCl where primary
Cl, excitation of fers the unique opportunity to scan through the
threshold of the formation reaction and to produce vibrationally
relaxed B state molecules. This simplifies the analysis of kinetic
data considerably. Excitation at higher energies leads to ArCl‘ in
a broad vibrational distribution (high v') of the B and the C
state. Then the influence of the collisional mixing of both states
in the de-excitation process can be deduced.

A special feature of the Ar + Cl; reaction is the fact
that not only Arc1* but also C1,* (2”“5) molecules are formed
which lead to the Clz laser emission at 2580 ;. The nomenclature
for the Cl, states is in accordance with ref. (18,13). In sec. 3,
stationary time integrated fluorescence and excitation spectra of
ArCl* and Clz* emissions are presented. The formation mechanisms
both of Arc1® and Cly (2’”2) following primary Clz* excitation
are discussed, In the threshold region, the Cli* (242:) state is
the dominating primary state. Most probably, collision induced
intersystem crossing leads to Clé* (23ﬂ3) formation. ArC1¥
production is at least partly due to a complicated pathway with two

t _Lagt -
steps, (i) intramolecular relaxation 2420_—)1 Zu via diabatic

crossing of two potential curves, followed by (ii) an elementary
reaction of the type Ar + (Cf'Cf3» - (A;’Cf)*+ Cl.

In sec. 4, detailed time resolved measurements are
presented. Special care is taken on the overlap at 1750 Z of both
ArCl (B-X) and c1z(1‘z:,—,x) emission signals. Excitation close to
the threshold yields the dynamical properties of the vibrationally
relaxed ArCl (B) state. Higher primary excitation leads to an
estimation of the C state energy and information about B/C mixing
process. The collisional two level mixing model, which correctly
accounts for the results obtained in XeCl and XrCl system (21), 1s
no longer valid for ArCl, A two ladder multilevel mixing and

relaxation model is presented.
2 - Experiment

The experimental work reported here was carried out in the
Synchrotron Radiation (SR) laboratory HASYLAB at DESY, Hamburg.
The stationary and part of the time resolved spectra were obtained
at an experimental station which is described elsewhere (16,22).

The partial pressures in the Ar/Clz mixtures range between
.5 torr and 10 torr (Clz) and between 50 torr and 60C torr (Ar).
The gas mixtures were prepared in a Viton-sealed stainless-steel
gas-handling system with a base pressure <'154torr. The gases were
Matheson research grade (Cl,) and Ar N47 (99.997 %) (1'Air Liquide).

The excimers were produced in a stainless steel gas cell
via state-selective excitation of one of the components with SR.
SR was dispersed with a 1 m VUV monochromator at a spectral

<
resolution of 4 A (fwhm). The exciting radiation was focused on



a point inside the gas cell. The spectral range of excitation was
restricted by the transmission characteristics of the L1IF windows
to‘A > 1040 2. Fluorescence was analyzed at a right angle to the
exciting beam with a .4 m Seya Namioka monochromator at a band
pass of 12 E. The fluorescence signal was detected with a solar
blind type photomultiplier {stationary spectra} and with a Valvo
XP 2020 Q photomultiplier {time resolved spectra) without any
wavelength shifter.

The pulsed nature of SR is the basis for the time resolved
experiments. At HASYLAB, SR consists of light flashes with a fwhm
of v 150 ps at a repetition rate between 1 MHz and 480 MHz, During
aur experiments, the SR source was operated with repetition rates
of 40 MHz and of 20 MHz so that only time constants < 20 or 50 ns
could be investigated.

The ultimate limit on time resolution in this-experiment is
set by the time characteristics of the detector. With appropriate
deconvoluti&n techniques, characteristic time constants down to
500 ps were measured with the Valvo XP 2020 Q. Single photon
counting and timing was used to measure the decay rates of
spectrally selected fluorescence bands (22,23). Analysis of the
decay curves was performed with the aid of a computer program of
Striker (24} which makes possible the fitting of the decay curves
with up to three exponentials and which also includes different
mathematical tests of the reliability and accuracy on the fits,

Another part of the time resolved experiments was carried
out at the experimental station SUPERLUMI which is described
elsewhere (25,26), SR was dispersed with a 2m VUV monochromator at

-
a spectral resolution of 2 A, Fluorescence was analysed with a VOV

a
toroidal grating monochromator at a band pass of 8 A, The

fluorescence signal was detected with a channel plate detector
with an ultimate time resolution of & 100 ps. Due to the high
excitation intensity of this experimental station, the Ar pressure
could be lowered to a few torr. The storage ring was operated at i

MHz. Therefore, lifetimes longer than 50 ns were also accessible.

3 - Stationary fluorescence and excitation apectra

3~1) Results

Fig, 1 shows a fluorescence spectrum of 275 torr Ar doped
with ,3 % Clp. The system was not excited selectively but with the
Oth order of the primary monochromator, The spectrum is not
corrected for the traﬁsmission curve of LiF windows of the gas
cell. The fluorescence originates in :

{1) bound~free type Ar: fluorescence peaking at 1265 X. (27)
(11} Cl;'(1421) emission containing both bound-bound and bound-
free contributions, which extend from A 1400 X to ~ 2000 R.

(18,19)

(iif) superimposed on (i1), the B-»X fluorescence of ArCl’ (4)
(iv) 012*(2’n3) emission with its maximum at 2580 K (15,28)

The fluorescence is 8o complex that we were only able to understand
it in satisfactory detail by performing spectral analyses of
excitation as well as emission.

Fig. 2 shows selectively excited fluorescence spectra. In
the upper part, Clz was excited at 1180 R. In the lower part, Ar
was excited at 1066 Z (Ar 3P4). Under primary Clz-excitation, the

two main decay channels are of comparable intensity. Under primary
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Ar excitatlon, arc1l¥ emission dominates, We want to point out,
however, that the spectral distribution 13 also a function of the
total pressure conditions.

The particular role of the primarily exclited state
manifests 1tself most directly in the excitation spectra of the
different radiative decay channels. Fig, 3 displays excitation
gpectra of the ArCl* emission and of Clz(Zaﬂg) emission (upper
curve), Characteristic excitation wavelengths are marked at the
top of the figure. Only two Ar excitations are avalilable below the
LiF cut off, namely AraP4 and 4R‘. Among the various Clz bands,
the 1 and 2‘2:,states have been analysed recently (18,19). Note,
that the c12(2‘nk) state which dominates in the absorption of pure
Cl, (18) is nearly absent in the excitatlon spectra as it is in
the excitation spectrum of pure Clj emission (18).

Fig. 3 demonstrates that the monohalide can be produced
both under primary excitation of the Ar atom and of the Cl,
molecule. The branching ratio between ArCl* and Cl;'(anj)
emission is a function of excitation wavelength. As a measure of
this ratio we take the ratio of the peak intensities of the
exclitation spectra.

In Fig. 4a, this is plotted as a function of the vibrational
quantum number of ZAZ: for three different mixtures. All three
curves can be extrapolated to approximately the same onset at
A = 1285 % 5 A (9.65 eV). Care was taken with the
superposition at 1750 Z of the 01;(42:) fluorescence and the PwCl'Jrr
(B-X) emission,especially for the lowest Ar pressure and the
1280 A c1, 2I% (v1-0) excitation wavelength (18). To within the

accuracy of our measurements, for excitation wavelengths below

[
1200 A, the ratio is independant of excitation wavelength down to

~ 1100 &. It depends however on the pressure conditions. The decrease
of the branching ratio I(ArCl)/I(Cllzsqg with increasing pressure
(Fig. 4a) probably reflects the collisional relaxation of the
initially excited Clz’(z*zz,v') levels towards v'=Q aone or lo even
lower levels of the 1‘21 state. Indeed v'=0 of the 2‘1.: state is
close to the energy threshold of ArCl*formation Gﬁ =0) while the
production of the 2%5 state by collisional intersystem crossing is
still efficient down to a Cl, excitation wavelength of 1470 R
(29}.

More insight into the pathways of formation of ArCl* and
population of Cl;-(23nj) following initial excitation of
Clz*(ZAZ:) is obtained by normalizing the individual excitation
spectra to the absorbed excitation intensity, This i;e?ather
delicate procedure because the amount of excitation intensity
absorbed within that part of the gas cell which is observed by the
analysing monochromator is not known well enough for a quantitative
analysis., For a qualitative analysis, we assume an optically thin
medium, which sesms to be justified for 1 torr Clp. Then we can
normalize to the absorption cross sections of the 231 vibrational
levels which have been measured recently (18}. Fig. 4b shows the
results., For ArCl* fluorescence, we get a monotonic increase up to
v'=3 and then a slight decrease. The c1;'(2zﬂj ) emission has a

pronounced peak at v'=1,
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3-2) Formation of ArCl and population of Cl2 (2$ﬂj) after Cl,
excitation

The threshold for ArCl* formation is explained in Fig. S
which shows schematically the entrance channel of the reaction of
Cl;' with Ar. It includes the possibility that an intermediate
complex C}.EAr+ may be involved. The energy of Cl, Zdzt,v' and
the asymptote Ar + Ci’+ Cf-are arranged in a correct scale taking
into account the binding energy of Cl, (X) (D,= 2.51 eV) (30). The
asymptote of the Arcl* state, Arf(zP%&) + C].—("S° ) is calculated
from the ilonization energy of Ar*(IP(z&&) = 15.76 eV) and electron

affinity of CI (3.615 eV) (31). The splitting of the ArC1™
potential curve into the B and the C state is indicated
schematically. The C state is positioned abave the B state, which
follows from our time resolved study (Sec. 4). The potential
curve is approximated with the model proposed by Brau and Ewing
(32). Within .1 eV, the energy of the minimum, Ewms coincides with
By, - Do+ Therefore we interprete the measured threshold Eth as the
energetic threshold of the reaction Cl; + Ar —» ArCl* + Cl., In
other words, EH1 allows a direct measurement of the energy of the
minimum of the lowest ArCl* state (more precisely speaking :
of v'=0 of the ArC1¥ (B) state).

Next we discuss the monotonic increase of ArCl* emission as
a function of the vibrational level of the Cllz‘zihstate {Fig.
4b). A few selected excited states of Cl, are presented in Fig. 6

(33), which obviously play a role in acc1® formation. As is

indicated by the dotted lines, 2'Z, and the double well state '
result from an avolded crossing of two diabatic states of the same
symmetry. In a recent fluorescence study on pure Clp {19) it was
shown that the decay of 2‘2: arises partly from predissociation
and partly from diabatic crossing of the gap between 2 and 112:,
followed by radiative decay of 1'Z. . The yield of the radiative
process in pure Cl, (included in Fig. 4b) increases with
increasing vibrational quantum number, v', of 2451. This increase
could be correlated with the Landau-Zener probabilities for the

lLabatiaErossing of the gap (19). The yleld of the radiative

process (Fig. 4b) shows qualitatively the same dependence on v' as

the yield of ArCl* emission in Ar/012 mixtures. It thus appears

that the precursor for ArCl* formation is the ionic 1AZ: state

though Cl, is initially excited in its 2*% state.

The reaction Cl; (447:)+Rg —> RgCL™ + C1 was recently

calkd a displacement reaction instead of a harpooning reaction
since 1t involves the displacement of the Cl+ ion of the 012(442:
) ionic state by an Rg+ ion to give the RgCl* tonic state (34).
Note however that it also involves an electron jump from the Rg
neutral atom towards Cl+ in the transition state of the triatomic
(Rg «o» et el ) collision complex as in a usual Rg* + ClZ—’RgCl* +
Cl reaction. In (34), this displacement reaction was excluded for
Ar + 611(4‘21) collisions because the lonization energy of Ar is
higher than the lonization energy of the Cf-(JD) state in which Clg
(1”[:) dissociates. This argument is correct in the asymptotic
limit, but the situation may be different if both the dissociation
and internal energies of the molecular species involved in the

reaction are properly taken ints account to guarantee energy
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conservation.

The population of the Ziﬂastate of Cl, in Ar/Cly mixtures
after initial excitation of ungerade states is ascribed to
collision induced intersystem crossing. This process clearly takes
place, when Cl, 1s excited into the 17Z} state (19). A direct
proof is the huge maximum in the excitation spectrum of Cl, 2580 Z
emission at excitation wavelengths around 1350 A (Fig. 3).

The peculiar behaviour of the yield of C12{23H2) emission
(Fig. 4b) with its peak at v'=1 of 2‘2: , however, is explained in

the following way. The ab initio calculations of the Cl, potential
+

W

curves (33) predict a crossing of the 33”3 state with the 277
state near its minimum (Fig. 6). The 33ﬂ? state is related to the
emltting 23ﬂ% state in a similar way as 2421 is to 14Z:: . The
peak in the yield of Zgﬂj emission is obviously due to a maximum
in the collision induced intersystem crossing probability and

Aot .
gives strong evidence that 33”3 crosses 2 Zu near to v'=1 giving

rise to large FC overlap integrals. So, our result adds another piece

of knowledge to an experimental determination of Clz potential curves

and demonstrates once more the guality of the ab initio potentials

calculated by Peyerimhoff and Buenker (33).

4 - Time resolved studies

4-1)} Introductory remarks

The time evolution of ArCl*(B) and C12(142: } emissions
under selective Cly excltation was reinvestigated as a function of
the partial pressures of Ar and Cll. Our goal was to check the
radiative lifetimes and quenching rate constants previously
measured (14) and to determine the T state energy from the effect
of pressure induced B/C mixing in Arcif For this later purpose,
numerous time profiles of the ArCl* 1750 K fluorescence were
studied for a great variety of Ar/Clg mixtures and specific Cl,
excitation energies. In particular the threshold region of arci’ B
and C state formation was thoroughly examined by exciting Cl, in
the 2Aztr vibronic progression {18), namely at 1280 (v'=0), 1265
(1), 1250 (2), 1223 (4) and at 1180 E. In general the pressure of
chlorine was in the range 0=-10 torr and the argon pressure varied
between 5 and 500 torr.

Fig. 7 compares the fluorescence spectra of pure Clz and of
two different Ar/Clz mixtures excited at Aexc=1280 K. A particular
difficulty of the ArCl kinetlc study, by means of the Cl,(2°Z.)

+ Ar— ArCl* + Cl entrance channel, is that the structured bound-
free emission 1 4Z:v—9 XAZ; of Cly is superimposed on the acc1®
(B —-» X) fluorescence at 1750 K. We thus first studied the kinetics
of the CI; precursor state, in order to safely distinguish in a
time signal at 1750 R what is due *to 01;- and what is due to
ArClk.



*
4-2) Kinetica of the Cl, precursor states

Fig. 7 shows that the ArCl* signal at 1750 Z is hardly
visible with 30 torr of argon while the m,_(z‘nj >1%1, )
fluorescence at 2580 R 1s intense. At 200 torr of argon, the Cl,
(4421) fluorescence 1s strongly quenched and ArCl (B-X) emission
at 1750 X is clearly seen.

For the lifetimes and quenching rates determination, best
observation wavelengths were determined by taking the specific Cl,
fluorescence spectrum for each excitation energy used in this
study. These spectra show beautiful bound-bound and bound=-free
features. These features were observed before, but only in part,
due to the 510, window detector used in our previous investigation
(18). The observation wavelength is now choosen outside the
emission spectrum of acc1* (B-X as well C-4 transitiéns) and as
c¢lose as possible to the excitation wavelength. This eliminates
the effect of vibrational relaxation which results, at longer
analysis wavelengths, in lower values of the quenching rate
constants.,

Fig. B8 shows some of our results and Table I reports the
measured values of the various rate constants and lifetimes.
Quenching of CI;' by Clq is very efficient and results in V-V
transfer or excitation of other Clz-states which may dissociate or
not, Good agreement is found with the recent work of Zuev et al.
{35) based on luminescence absolute quantum efficiencies
measurements,

The radiative lifetimes we determined for different levels

At A ot
of the 1 Z@_ or 2" Z, states are similarly short,n3 ns. That of

the state reached at Aexc=1180 Z 1s even shorter.

Ar collisions, as was shown in the first part of this
paper, lead to intersystem crossing to the Zgﬂ; state and/or to
ArCl* formation, depending on the initial Clz* excitation energy.
We find no drastic change in the rate constant k(Ar) with the
excitation energy, i.e whether the formation of ArCl* is possible
or not, Note that k(Ar) is the total deexcitation rate constant of
the primary Cli‘ excited state, i.e., the sum of the individual
formation rate constants of all the products.

Before discussing the ArCl* kinetics, we can point out for
accuracy that the time profiles of the Cl; emlssions always contain
an additional slow component of low intensity. Its assignment will
not be discussed in this paper. It is only worthwhile to say that,
for P(Ar) over 10-15 tofr, both components of the Cli* emission
decay faster than any decay from ArCli. Moreover, due to the
reactive collisions with Ar, the Clzf signal is rapidly quenched

*
and does not hinder too much the evaluation of the ArCl signal,

4-3) Kinetics near threshold excitation. Determination of the

*
radiative lifetime and quenching rate constants of ArCl (B)

In the first part of this paper, we have shown that an
initial excitation of the Ar/Clz systen at 1280 ; allows ArCT‘to
be obtained at the bottom of the B well, very near its formation
threshold which was estimated at 1285 Z.

Fig. 9a shows some examples of time profiles obtained for
Aexc=1280 3. At the top of the figure, one curve (%) corresponds

Qo
to C11¥ emission with an analysis wavelength of 1290 A. All the
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other curves are obtained at Aan=1750 K with different Ar/Cl,
mixtures. The chlorine pressure is fixed to 0.8 torr.

Whatever the Ar pressure, the time profile of the 1750 K
emission always has a prompt onset. For low P(Ar), this is due to
the primary Clzf fluorescence which is identified, in the 1750 ;
time profile, by comparison with the pure 01; gignal for the same
argon pressure, At higher argon pressures, the primary Clg’ signal
is quenched (see Fig. 7) but the formation process of the arcl”™
(B,v'=0) emitting level 1s very fast, due to the short radiative
lifetime of the Cl;' precursor state and to the high rate constant
of its reaction with Ar,

Fig. 10 presents the decay rates we have evaluated on the
late exponential part of the ArCl*decay (Fig. 9a) and the
corresponding fitted values obtained with the two-exponential
Stricker program (24), This comparison shows the general good
agreement between the two determinations. One sees that our
evaluations give a weaker scatter together with good approximate
values of the decay rates.

For high P(Ar), a weak and fast primary peak persists in
the early times of the 1750 ; signal decay (Fig. 9a). It probably
arises#rom the 01;' fluorescence, Other laow v')>O ArCl*(B) levels

might be Initially formed at the 1280 A entrance energy and also
emit at the 1750 ; analysis wavelength. These - levels would
obviously decay faster than the v'=0 level due to their additional
vibrational relaxation lass term and eventually to some energy
transfer term with the C state. At high P(Ar) the early decay rate
is clearly different from that of the (B,v'=0) level whose P(Ar)

dependence has a simple parabolic shape. At low P(Ar), the small
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deviation of the measured decay rates with respect to the parabola
is ascribed to the contribution of the superimposed signal whose
decay rateé can not be distinguish from that of the {(v'=0) level
vetween 5 and around 70 torr.

The decay rates of the ArCl* (B,v'=0} level thus obeys the
quadratic expression (I)

16 = g, + kg An) Ar) » kz(Ar)[ArJZ (1)
in which ‘1/~co is the intercept for P(Ar)=0 at the particular Cl,
pressure. The two and three-body quenching rate constants with
argon as well as the radiative lifetime, deduced from experiments
where P(Cl;) was varled (see below) are given in Table II.

Fig. 11 presents our results of the quenching of ArCl*
(B,v'=0) by Cl, collisions, P(Ar) is fixed {49 torr) and P(Cl,)
varied between O and 10 torr. The slope gives the value of the
rate constant (Table II). Note that similar determinations of
k (Cl,) where done for other excitation energies and various argon
pressures, No systematic variation of the rate constant was
obtained within the limits of the experimental error. The
different intercepts observed (Fig. 11) for the same argon
pressure but different excitation energles are discussed in part
4-4).

We thus conclude, from the pure quadratic expression (I)
that the ArCl*(B,v‘=O) level is a pure decaying state. This is a
different situation from the XeCI*and KrCl*systems (21} where the
(B,v'=0) level is collisionally mixed with the C state, That means
that the ArCli(C) state is not initially formed by the 1280 Z
excitation and that the (B,v'=0) level can not transfer energy to

it by collision, The C state is thus located at a somewhat higher



energy than B.

4-4) Kinetics of ArCl* under higher excitation energles

Fig. 9b and 9c¢ present some of the time profiles obtained
at )an=1750 ; for different argon pressures of the Ar/Cli mixture
excited at 1250 and 1180 A. For A oy o=1250 i (Fig. 9bv), the first
curve is a pure Clz* decay. Low P(Ar) curves show the early Clzk
signal before the decay due to ArClﬁ Some deviation from a pure
exponential ArCl*decay is nevertheless suspected. For high P(Ar),
the chlorine emission 1Is quenched and a rise component is visible ;
moreover a low Intensity additional slow decay component appears.
For kbxc=1180 Z {(Fig. 9¢), the rise and long components are more
important and can be evaluated.

The two other excitation wavelengths used (1265 and 1223 R)
give time profiles somewhat similar and are not shown. For
AEXC=1265.1 the rise component hegins to be visible at high P(Ar},
but not yet the slow decay.

Because of the Clz' fluorescence, hothing can be said about
the rise component of the ArCl*signal at low P{Ar). However at
nigh P(Ar), the clear rise observed must at least contain
information on the vibrational relaxation from the firstly
obtained ArCI‘high levels to the v'=0 one observed at 1750 Z.

Computer fits of the high P(Ar) time profiles with a three-
exponential program correctly agree with hand evaluations of the
fast and slow decay components., However the computer procedure is
long and glves sometimes unreliable results, We thus prefered our

direct measurements of the slopes of the decay curves in the
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semilogarithmic scale, knowing that they only give approximate but
reliable values of true decay rates.

Fig. 12 gives such determianation of our "decay rates" and
the mean P(Ar) dependence for the time profiles obtained at 1250
and 1180 A. The 1280 3 parabola is also shown for comparison as
well as rough estimations of the rates of the rise and slow decay
component faor Xexc=1180 K.

Comparad to experiments at lexc=1280 A, higher excitation
energies lead to large deviations from the simple parabolic shape
at low P(Ar) (Fig. 12). The difference, which is already important
between 1280 and 1265 i excitations, decreases with the higher
energies. A systematic trend seems to exist in the "decay rates"
obtained at the same argon pressure with the five excitation
energies used in this‘study 21).

The inflexions observed on the 1/t =f(P(Ar)) curves were
already found in the XeCl¥and KrClisystems and satisfactorily
explained by the two level collisional mixing of the B and C
states (21). In those cases, in spite of the fact that the RgCl
systems are exclted in high vibronic levels, the vibrational
relaxation to the v'=0 level 1s fast and does not interfere with
the A“component of the collisionally B/C mixing and decay process
of the B state (21).

In the ArCl*system, the differences observed between 1280 A
ond higher excitation energies show 1) the critical importance of
the excitation wavelength on the C state initial population, l.e.
the ¢ state must be significantly above the B state and 2) that
vibrational relaxation in the ArCl* case 1s not fasf enough, since

we see an effect of the excitation energy on the apparent rdecay
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rate" of the ArCl*(B,v=O) level.

An attempt for a purely empirical determination of the
threshold of the C state formation is presented on Fig. 13. For
that purpose, the ArCl* decay rates deduced from the curves shown
on Fig. 12 are plotted for specific argon pressures as a function of
the different Cly excitation wavelengths. For a given P(Ar}, 1ﬁt
values are nearly the same for the three higher energies, but are
very different for the 1265 and 1280 X excltations. The lines thus
defined cross at a A c value which linearly decreases with
increasing argon pressure, as it is shown in the lower part of the
figure. We believe that the wavelength of the P(Ar)=0
extrapolation (v 1260 R), for which no collisional vibrational
relaxation effect can occur, is a good estimation of the C state
excitation threshold in the Ar/Cl2 system.

The 1285 and 1260 A values we have thus determined
experimentally for the excitation thresholds of ArCi*B and C
statesin the Ar/ClL system correspond to a AE(B-C) energy

difference of W 1600 cm-l. This is much higher than in the xec1®

and KrCl’systems where the simple two=level B/C mixing model was

applied satisfacterily (21). With such a high AE(B-C) value, the

two level model predicts a pseude crossing of the A+and X-

P(Ar) dependences (21), which is not observed in the case of arc1®

(Fig. 12). Therefore comparing AE{B-C) with a vibronic quantum and
considering the effect of the vibrational relaxation in the
ArClwsystem led us to test the following theoretical two-ladder

B/C mixing and relaxation model.
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4-5) The ArCl two-ladder multilevel mixing and relaxation model

3
The basic assumptions of the simplified ArCl two-ladder

multilevel mixing and relaxation model are the following :

1) We assume zn harmonic potential for the B and C states of arc1™

with w =281 crtx'l taken from the KC1 (X) ground state (36},

N

Overlap of levels v'(B)=5 with v'(C)=0 ; v'(B)=7 with v'(C)=1
etc +v4, up to v'(B)=10 with v'(C)=4. The mixing rate constant
for these coresponding levels are set so that kBC=k1=kCB. We
thus suppose an activation energy between B and C of rv 1700 cm'l.
3) It is assumed that the rate constant for the downwards mixing
transitions between B and C are identical for an equal energy
gap A E. Por 1instance, from B(v'=7) to C{v'=0) kBC70=kCBO5 ;
kBC80=kCBO4 etec ... An energy gap law 1s assumed to be valid
for these downwards transitions, for example kBC70=k1 exp(-AE/kT.)
In the case of the upwards transitions, identical rate
constants for equal energy gaps were also used, for example
kBC50=kCB0Q7, kBC40=kCBO8, etc ... Upwards and downwards
transitions have been coupled by the principle of detailed
balancing (37).
4) According to the results of a first order perturbation
approximation FOPA (38) theory, the vibrational relaxation has
been described by :
kRB(v+1,v}=(v+1)kRB(1,0) and
KRB(0,1)=kRB(1,0) exp {- 4 E/KT)

for both the B and C vibronic manifolds with kRB(1,0)=kRC(1,0).




~ 23 -

5) The quenching of the B and C states in two or three-body
collisions was assumed te be independant of the vibrational
guantum number and to be ldentical for both the B and C
states.

6) The radiative lifetime of the B state (T 5.2 ns), derived
from ocur results,assumed independent on v'B) ; a C state lifetime
of IC =48 ns (independent on v'C) and a radiative lifatime of
the C1," (2'T}) state of 3.2 ns (independent on wmf(l"z’b) have
been usen*hroughout all our calculations.

7) It was assumed that, within the bandpass of our secondary

menochromator, only the B to X transition from v'=0 was

detected. For three distinct cases of excitation energy of Clz R

the time profiles of the Arcf*{B,v'=0) fluorescence were

calculated for a variety of Ar pressures. The two and three-body
quenching rates by Ar and Cll were taken from the present results

(Table II). It was assumed that the harpconing reaction (1)} has

a rate constant of 9,0 x 1dqocﬁ?4and unit quantum efficiency

C1,(2'T ,v') + Ar —» ArC1Y 4 C1 (1)

so that the quenching rate k of Cl, states by Ar collisions

measured in this study leads only to ArCl* pumping. The

calculations were carried out using the computer progranm

FAKSIMILE to solve the very complex set of differential equations.

In the first case,a -like population of C1,(2"3) ,v'=0) is

supposed to lead only to the pumping of ArCl*(B,v'=O) level, In

the second case, from v'=2 of Cl; , one pumps v'B=6 and v'C=0
with the same rate. In the last case, the excitation of v'B=10
and v'C=4 was supposed from Cl?{Z‘ZI,v':}) excitation, also with

identical rates, The population of the lower B and C vibronic levels

*
from the primarily excited Cly was neglected. All calculations
*
were carried out over 20 orders of magnitude of the ArCi (B,v'=0)-w
ArCl(X) intensity. This intensity, the decay rate
K - foj I(t:+bl:) - g”ﬂ I(t)
: At

and the population for each B and C vibronic levels were

computed for at least 400 steps in time.

Some of the calculated time profiles of the ArCI*(B,v’=O)—’
ArCl(X) emission are shown on Fig. 14. They are in good
qualitative agreement with the observed fluorescence signals of
Fig. 9. Bxcept for the first case of excitation, all time
profiles, when plotted in a semilog scale, show a slight curvature
in the early decay portions of the fluorescence signal, In order
to compare the computed decay rates with the observed hand-
evaluated values, an average of K at Imax/10 and Imax/1000 was
choosen,

A comparison of the computed Ar pressure dependences of K
for the three cases of excitation,with our experimental results}
are shown in Fig. 15. A fair agreement between computed and
experimental values of K was obtained by using kBC=k1=1.1 x 1O_Iu
cm3s-1 for the Ar pressure induced mixing of B and C states at

-1 for

energy resonance and a value of kRB(1,0)=2.5 x 10-12m3s
the relaxation in the B and C manifolds. The general behaviour
of K, at low Ar pressures, at which pronounced differences In
the pressure dependence of the decay rates were experimentally
found for different excitations energies (Fig. 12), is well

described by the model,

At high P(Ar), where the three curves appear to be parallel
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and shifted in K, the relaxation to ArCi?B,v'=0) seems to be
the rate controlling step. Agreement with the experimental results
at high Ar pressure was only achievable under the assumption that
the V-T relaxation is slow compared to the mixing of B and C by
callisions.

Due to the numerous assumptions made and to the time
consuming nature of these calculations, we did not intend to

extract from a better agreement between model and experiment

chlorides (21,39,40). Our three-body rate constant

k2 (Ar)=1.4¢10" >0 em’s~! is much higher than that recently
reported by Liegel et al (7) in an e- beam pulse radlolysis study
of Ar/RCl1 mixtures. However we believe that our value is more
reliable if we compare several respective experimental parameters
of both studies, in particular : selectivity of the primary

formatim process and of the excltation and observation wavelengths,

time resolution In excitation and detection, direct or relative way

the atsolute values of some missing rate constants., However, the of data determination, etc ...

. *
mode]}ls interesting and useful and perfectly confirms how and why Generally measurement of the radiative lifetime of a RgCl(B)

. ¥
it is difficult to study experimentally the physical ArCl state is not an obvious task. As a matter of fact, a survey of the

system. literature clearly shows that, depending on experimental

Moreover we have to note that the present model can not conditions (low or high pressure experiments, variable entrance

explain the additional late decay compeonent which appears for energy in the system), different values of z'rad have been

< s . . *
high P and high excitation energies. This point is further discussed obtained. For ArCl, very few determinations have been reported.

below, In low P experiments, Gundel et al. report values of the order
of 100 ns {9) while high P studies, or experiments in which RgCl*

4-6) Comparison with other works is formed in the bottom of the B potential well, yield much lower

values of 10-20 ns. These discrepancies are due to two main reasons':

Owing to several experimental improvements, mainly in i) a strong dependence of the radiative lifetime with the

spectral and time resolution, and to a better general knowledge vibrational energy (41), hence an Lmportant effect of the entrance

ord a much more precise description of tne physical system, energy and of the vibrational relaxation process ; ii) an efficient

lifetimes and rate constants presented in this paper take collisional B/C mixing of the low levels of B and C states which

precedaice over those reported in our earlier work (14). results in an effective lifetime longer than the radiative one of

* %+
Thus our firstly reported ArCl high quenching rate the ArC1(B,v'=0) state of 5.2 ns.

*
k(Ar)[Ar] 1s now seen as the sum of a two-body k1(ar) (Ar] and a The energles we determine for ArCl B and C states agree

three-body k2(Ar)[Aﬂ2 term (Table II) which have the same order with the work of Gundel et al. (9). Indeed these authors, by the

3 *
of magnitude as the corresponding terms of krypton and xenon reaction of Ar Fiometastables with HC1, obtained ArCl (B-X)
£



emission from the lowest levels of the B state without any C-4A
fluorescence. If ArCl (B) is formed from AraPametastable, this
meansithat Ar?’F; can't excite Ar'Cl*(C). From the knowledge of the
regective dissoclation energies of HCl and Cl;, we deduce an
estimation of the energy threshold of B and C states In the Ar/Ck

system, The B state threshold would then occur at A exc slightly

o
above 1292 A and that of the C state at Xexr slightly below 1268

A, In very good agreement with our findings.

The reaction A;:-Cll was also studied by Golde and Poletti
who nave found that Ar QEL ylelds mainly the B state while Artaf;
forms preferentially the D state as shown by their ArCl*(D-X)
emission spectrum in the 1500-1830 i region (10). The threshold
excitation energy of the D state can befestimated to be Aexc =1265

Z in the Ar/Clz system, that means just in the region where we
estimated the C state energy. '

In the particular case of Arci*, an additional difficulty
thus occuﬁs, wlth the eventual participation of the D state to the
B/C mixing process. The D — B collisional state transfer was
already suspected in similar recent studies of XeF*(42), KrF*(43)
and ArCl*itself (44)., It might be useful to consider a B/C/D
mixing model for a complete description of the ArCl*system. In any
case, this dlscussion shows the crucial need for clean experiments
am#areful studies for any significant investigation of this

surprisingly complicated ArCl system.
No doubt that theoretical developments of the work would be

useful In the future, in particular the study of these

multisurface reactive collision processes, with spin-orbit

coupling, by means of symmetry correlation diagrams in linear or

*
bent configuration of the (Ar,Clz } collision complex,

5 - Summary

By using the experimental station for fluorescence
spectroscopy of the Synchrotron Radiation Laborgtory HASYLAB / DESY
Hamburg, stationary and time-resolved fluorescence spectroscopy of
the Clz M*Z;}(zf:,) and ArC1" (B) emissions have been studied in
much more detail than before ia the Ar/Clz systenm.

The entrance channel from excited vibronic states of Ci,
(le + Ar —» products) was mainly exploited. Depending on the
initial excitation energy of Cl, , either Cl{(a’ng) state or both
Cl;YZjnj) and ArC1¥(B) (and (C)) states are populated, Formation of

23ﬂ3 is discussed in.terms of collisional inter-system crossing
anq#upports the calculated potential curves from Peyerimhoff et

al.(33). Formation of ArCl(B) occurs at the threshold by a

mechanism which can be considered to bqbf the harpoon type.

A detailed time resolved study of the arC1* fluorescence is
presented. In the Ar/Clz system, special care must be taken for
the possible overlap of the C1;11*Z:—9X] emission with the arc1*
(B ~=» X) signal, Much better values of the radiative lifetime
and quenching rate constants by Ar and Clz of the ArCl?B)state
have been determined. The C state energy has been experimentally
estimated, and the collisional mixing between B and C states is
discussed Ln terms of a two-ladder multilevel relaxation and

mixing theoretical model.
The results are compared with the 1iteratufe data. ¥Finally

+*
a last question of this particulary delicate ArCl study 1Is the
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eventwal participation of the D state in the population and decay

processes involved.
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FIGURE CAPTIONS

Fluorescence spectrum of 275 torr Ar doped with .3% Cly.
The gas mixture was excited with the zeroth order
radiation of the primary monochromator. The main decay
channels are characterized.

Fluorescence spectra of 275 torr Ar doped with .3% Cl,
under selective excitation of either Cl, (upper curve) or
Ar.

Excitation spectra of c1{(2’n,) emission and of the ArCl®
B-»X fluorescence in 275 torr Ar doped with .3% Cl; . The
main excitation channels are characterized. The
assignments of the Cl{ excitations are taken from Ref.
(18).

" a) Branching ratio between ArCI’ and Cli emission as a

function of the vibrational quantum number of the

13
primarily excited c11(2‘zz) state. The pressure conditions

given are also valid for b).

b) Fluorescence yields of ArCl. emission (open circles)
and of 01; emission (crosses) as a function of the
vibrational quantum number of the primarily excited
C1y(242%) state.

The triangles display the fluorescence yield of pure Cl,
(mainly Clz(1‘2:) emission) (19).
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Schematic pathway of J‘«r‘Cl"r formation in collisions of
selectively excited Cl; with Ar. The coordinate in the
entrance channel is the Cl; - Ar distance. The ccordinate
of the exit channel is the internuclear distance of ArCl.
The arrow on the energy axils represents the minimum of
ArCl‘given by Brau and Ewing (32). The second arrow
represents the measured threshold of the reaction.
Potential curves of the Cl, molecule (not complete). In

the lower part, experimental potential curves are given
(XfZ; , 1T, and 1"M.)(30). All other potential curves

are results of ab initio calculations (33).

Fluorescence spectra of a) pure chlorine (1

torr) ; b) Cl3 (1 torr) + Ar (30 torr) ; c) C12(1 torr) +

Ar (200 torr). The pure Cl, spectrum corresponds to 242:
and 145:*ﬁx42+ transitions, Addition of Ar results in the
2}ﬂj—a3nuemission at 2580 E and in ArCI‘(B—X) fluorescence
at 1750 ;.

Determination of the Ar or Cll guenching rate constants and
radiative lifetimes of different Cll* vibronic states. The
lower part of the figure concerns pure Clz. the upper part
Cl{t+ Ar mixtures where 2(Ar) only is varied. Excltation
and analysis wavelengths are indicated.

Time profiles of the 1750 ; fluorescence signal in Ar + Cl;
mixtures for two primary excitations of the 01; {ZAZ:]state
a) 1280 A (v'=0) ; b) 1250 A (v'=2) and o) for CL
excitation at 1480 Z. P(Cli is always 0.8 torr. ﬂ%ﬂ {torr)

is given in each case.

Fig.

Fig,

Fig.

Fig.

Fig.

Fig.

10

11

12

13

14

15

P(Ar) dependence of the ArC1+(B-X) 1750 1 decay freguency
forlexc=1280 A corresponding to the Clz(afz,v'=0) state : {e)
experimental, (+) fitted values. The parabolic curve is gliven
by equation I (see text). The steep line corresponds to the
arC1™ formation raté (see Fig. 8).

Determination of the quenching rate constant of ArCfTB} by
Cl). The value 5.2 ns for the radiative lifetime of B{v'=0)
results from both Fig. 10 and 11 data at A, . = 1280 A.
P(Ar) dependence of the ArCl 1750 ; decay frequency

for thres excitation wavelengths. Best mean curves through
the experimental points are shown. The lines a and b
corresponds to the rate of the rise and of the last decay

a
component for A =1180 A (see fig. 9c).

exc
Estimation of the ArkaC) state formation energy threshold
in the Ar/Clz system (see text).

Computed time profiles of the ArCl*(B,v'=0) emission for
the three cases of primary excitation of Clz(ZAZ:) v'=0, 2
and % (see text), P(Ar) 1s a) 10 ; b) 100 ; c¢) 500 torr.
P(Ar) dependence of the computed decay frequency K of Arcl*
(8,v'=0) emitting level with the two ladder multilevel
model used. The three curves correspond to

case a) excitation of B(v'=0)

case b) excitation of B(v's=6) and C{v'=0)

case c) excitation of B(v'=10) and C(v'=4)

For compariscn, the measured decay rates for Aexc=1280(-)

o
and 1250 A (0) are repeated.
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Table I - Radiative lifetimes U and quenching rate constants

(k(C%? . k(Ar)) of various CI;- excited states.

e e T T T L T ————

dexc /han ¥ 1350/1403 1280/1290  1250/1270
I (vw40) 2L (via0)  2Ti(via2)
T {ns) 2.6 2.85
k(Cly) (en’s™) 1.9 x 107 2.7 x 1677
3 4 -0 40 -40
k(Ar) {(cm s™ ) 9 x 10 9.7 x 10 10.4 x 10

1180/1205

see text

1.4

2.2 x 10

o
* the wavelengths (A) of excitation ( Aexc) and fluorescence

analysis ( Aan) are specified, with the assignment of the

corresponding CIZ* excited state,

- 5B -

Table 1II -~ ArCl parameters determined in this work

- Spectroscopic parameters (threshold excitation wavelength in

the Ar/Clz system)
°

B state : 1285 * 5 A
o

C state : w 1260 A
- Kinetic parameters faor ArCl*(B,v'=O)
Radiative lifetime

Quenching by Clz

: U = 5.2 ns

M 3

Two-body quenching by Ar  : k4q(Ar) = 0.4 x 10 cm’s

Three-body quenching by Ar : kz(Ar)

1.4 x 10_30 ens

-A40
tk (Cly) =7 £ 0.5 x 100 cn’s

-4
-4

-4
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