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We have studied inert-gas pressure effects on the fluorescence decay in CO selectively excited to the v = 0 to 7 vibronic
levels of the A 1T electronic state. [t is shown that the dependence of the guenching cross section ojge on the average value
of the S—T mixing coefficient (8% has a quasi-logarithmic form. A simple two-level model describing semiquantitatively this

behavior is proposed.

1. Introduction

The fluorescence quenching and phosphorescence
induction by collisions with inert partners (e.g. rare
gases) is a common feature of small (CO {1,2],
glyoxal [3]) and intermediate (pyrazine [4], biacetyl
[5], etc.) molecules. As shown first by Gelbart and
Freed [6,7], these processes may be described in
terms of collision induced transitions between
“mixed” molecular states:

m=23 o, 1S+ 21T,
b t
of =§a£s; 7 = 163, 1)

where S and T are pure spin states. In the following
we denote mixed states as S (for a2 > B2) anf T (for
B2 > a2y,

_ In small molecules, cross sections for the collision-
induced intersystem crossing (CI ISC), 0,,, show a
Pronounced dependence on the properties of the col-
lider {3,8] and may be correlated to its polarizability
[8] or to the energy-well depth of the collisional com-
Plex [9]. This suggests the important role of the at-
tractive part of the intermolecular potential for CI
ISC, as it is the case for rotational relaxation.

*
On leave from Tel-Aviv University.

A unified treatment of CI ISC and of the rotation-
al relaxation was given by Freed [7]. A principal con-
clusion of this work is a linear dependence:

Oige ™ ﬁ2UR (2)

(where o denotes an averaged rovibronic relaxation
cross section involving a single electronic manifold).
This relation deduced from the first-order perturba-
tion treatment (i.e. strictly valid in the weak-coupling
limit) has never been experimentally checked.

In this work, we have studied the effect of colli-
sions with rare gases {X = He, Ar, Kr)} on the CO fluo-
rescence decay under a selecitve excitation of single
vibronic levels (v' = 0 to 7) of the A 1T state, coupled
to quasi-resonant levels of a'3Z*, ¢ 32~ and d3A trip-
let states. Coupling constants being known from high-
resolution spectroscopic studies [10], the mixing co-
efficients of individual rovibronic levels, o, and §,,
have been evaluated and checked by a study of the
collision-free flucrescence decay [11]. Under the pres
ent experimental conditions the S—T transition in-
volves many initial levels: if the rotational relaxation
within a singlet vibronic state is fast as compared to
CI ISC, the initial state is a mixture of rotational
levels with Boltzmann populations:

N = (2T +1) exp{-heB'T'(J' + )/KT] . (3a)

On the other hand if rotational relaxation is slow, the
populations N(J) are determined by the initial excita-
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tion process:

MDN= 2 a8,
=P R

X expl-#cB"J"(J" + )/kT] , (3b)

where S,(J) is the rotational line strength [12]. In
either case the mixed character of a given vibronic
level is roughly determined by the average:

B = ?ﬁzmwmf?;wm. )

The (32) values obtained from eq. (4) using eqs. (3a)
or (3b) are listed in table 1. It is seen that both calcu-
lations yield about the same results.

Complete results of this work will be published
elsewhere, this paper contains only preliminary data
concerning o, for a few collision partners and a pre-
liminary model treatment.

2. Experimental and results

The CO fluorescence was excited by synchrotron
radiation of the Orsay Collision Ring (ACO) using a
specially designed monochromator [13] with spectral
slits of the order of 10—15 A ensuring a good separa-
tion of individual vibronic bands and a constant in-
tensity distribution within a contour of a single band.

Table 1

Mixing coefficients <3%) and quenching cross section ajsc fo1 vibronic levels of the A ITT state. Relative error in aigc values is + 10%
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The CO pressure was maintained constant (5—20
mtorr) and that of added gases was varied between 0
and 200 torr. Correlated single-photon counting tech-
nique adapted to specific properties of the light
source [14] was used for recording the fluorescence
decay curves.

In collision-free conditions, the CO fluorescence
decays quasi-exponentially with lifetimes varying
with v in the 912 ns range [11]. In the presence of
a collider the decay becomes strongly non-exponen-
tial and may be approximated by a bi-exponential
function (fig. 1). It has been shown [15,16] that the
long component of the decay is due to the reversible
character of CI ISC and to the vibrational relaxation
processes, while the short one practicatly unaffected
by vibrational relaxation, characterizes the initially
excited vibronic level and obeys the Stern—Volmer
relation:

I/T(px) = I/T(O) + kstpx s

where kg = 0.} is the rate constant of the S—T CI
ISC. 0, for different vibronic states and different
collision partners, is given in table 1.

It may be clearly seen that there is no regular varia-
tion of a;,, with v" but a net correlation between o,
and (82). We do not observe, however, the linear cor-
relation expected from the first-order perturbation
treatment [cf. eq. (2)]. If we suppose that no transi-
tions between pure singlets and pure triplets can oc-

V Perturbing levels %) from oisc (A%)
eq. (3b) eq. (3a) He,A=45cm™, Ar, A=150cm™, Kr,A=185cm™,
1/a=3.13 A la=3.56 A l/a =3.65A

0 edz =1 0.102 0.092 3.4 27 44

d3a (v = 4)
1 d3a (v =35) 0.062 0.080 2.7 25 43

a3t (= 10)
2 e?2” (u=4) 0.0044 0.0032 0.9 10.1 32
3 d*a (v=8) 0.003 0.003 0.45 9.1 29.5
4 a3t w=14) 0.012 0.016 1.35 17.5 45.5
5 ez (w=8) 0.002 0.0019 0.55 12.4 30.5
6 d3A(w=12) 0.102 0.084 3.6 23.2 44.5

2 dst(u=17)
7 edr (w=11 0.001 0.0012 0.5 9.8 36
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Fig. 1. Experimental decay curves (corrected for the black-
counting and stray-light background) for v’ = 2 level of CO.

pco = 12 mtorr. (8} pAr =0, (b) par =4 torr, (C) pAr = 35
torr.

cur i.e. that gy, = 0 for 82 > 0 and if we neglect the
possibility of heavy-atom effects, the variation of
isc With {2y may be described in the following way:

(1) Initially, o, increases rapidly and quasi-linearly
wiht (82); for h1gher (82) it attains a limiting value

ax dependent on the collision partner.
(ii) This “saturation” takes place more rapidly for
heavy (large mass, large polarizability) perturbers.

3. Model calculation

The experimental data demonstrate that the linear
dependence predicted by the first-order perturbation
treatment breaks down for the observed range of cou-
pling strengths. It is natural to associate this observa-
tion with the breakdown of the linear approximation.
In order to test this viewpoint, we checked whether
the observed phenomena may be fitted to calcula-

tions based on a non-perturbative solution of extreme-

ly simplified two-level models with physically reason-

able parameters. The collision is treated semi-classical-

ly 5o that the coordinate of the perturbing atom is
taken as a time-dependent classical function in the in-
teraction hamiltonian. For simplicity the interaction
is assumed to depend only on the separation between
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the centers of mass of the colliding particles. Follow-
ing Freed [7] we also assume that this interaction
which induces the coupling between S and |77
levels is proportional to the mixing coefficient 8 [eq.
(1)] and to the collisional coupling between rotation-
al levels of the S (or T) state:

Vsrrr=BVsssr -

Note that this collisional coupling does not conserve
the molecular angular momentum so that levels char-
acterized by different rotational quantum numbers ./
may be collisionally coupled.

With the objective of obtaining rough estimates we
make some more drastic assumptions:

(1) Level shifts are disregarded.

(2) Two simple choices of interaction potentials
are made:
(a) A square perturbation, different from zero during
a collision time 7

T, = l/av (5)
and given during this time by
V=nli2gA e—a%b? ’ (6

where b is the impact parameter, 2 measures the range
of the interaction potential and A its strength. v is the
relative velocity of the colliding particles. Eqs. (5) anc
(6) are obtained by fitting a gaussian interaction

Ve (D)= BAe—a*R*(®) = ppe—a’b?

2v2r2

.

to a square potential taking

=[f an(R(r))/f can(R(r))]U2 (8

and

v=(1/r.) f V(R())dt . (9

(b) A time-dependent perturbation of the form
VST(I) = Cl SECh(Czt) s (10

where C; and C were determined so that 7, and ¥
defined by egs. (8) and (9) are again given by eqs. (5)
and (6). This leads to

C, = %ﬂ1/2ﬂAe—a2b2 , (11
¢, = Jmav . (12

4’
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The transition probability in a collision with a
given impact parameter, b, is obtained by solving the
time-dependent Schrédinger equation. This gives in
case (a):

Ta2e—2a2h?
P, v) = ‘J'TAﬂ__E —
21 +nA 282 20767)

242.-22%b2\1/2
X [1 wcos(1 +adple W ] , (13a)

v

where A = 24/8 £ and ¥ = 2hav/8E and in case (b)
(according to ref. [17]):

Pb,v)= sinz(—,-rlﬂ;fﬁe“a’bz/ﬂ sech2(2/v) .

The total cross section for a given velocity v:

(13b)

ou)=2n [ Pb,v)bdb

0
will be, for case (a):

0y (V) = (n/4a2){In(1 + nA2p2) + 2C,(1/7)

= 2G[(1 + nA 260127} } (14a)

and for case (b):

O (V) = (n/2a2) sech2(2/¥)

[y +In(2n V2487 — Cy(2nV/2AB/W)] |

where 4 is the Euler constant. This result may be nu-
merically averaged for Maxwell—Boltzmann distribu-
tions corresponding to different colliding pairs and
temperatures in order to evaluate the effective cross
section defined as:

(14b)

aiSC = (Um(v)vV(V) .

These formulae are applied to the CO case with
the following choice of parameters: §£ = 10 cm™!
(of the order of the average gap between the closest
lying S and T states for v’ = 0, 1 and 2 AT CO levels);
Aco e is taken from ref. [18] while for other gases
we suppose Ao x/Aco e = (6x/ege)/? where € is
the Lennard-Jones constant; 1/a is equal to the
averaged Lennard-Jones radius (o¢q + 0x)/2. 0 and
€ parameters are taken from ref. [19].

Plots of g, versus In(§*) obtained in this way for
cases (a) and (b) are compared with experimental data
in fig. 2.
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Fig. 2. 04 plotted versus In{g?). Top: experimental values.
Bottom: calculated values for case (a), dotted line, and case
(b), solid line, for different collision partners.

4, Comments

(1) It has been shown that with a reasonable choice
of parameters we obtain a correct order of magnitude
for o, and reproduce fundamental features of the
observed behavior (saturation, dependence on the col-
lision partner.

(2) In the weak perturbation limit (A8 - 0), egs.
(14a) and (14b) give a linear dependence of ag;, on 82,
deduced previously from the first-order perturbation
treatment {7].

(3) The two model potentials [egs. (5) and (6) for
case (a), eq. (10) for case (b)] were chosen because
they lead to analytically soluble problems. The close
similarity between the results obtained in both cases
suggests that at least in the range of parameters con-
sidered, the exact form of the perturbation is relative-
ly unimportant. This is seen in the range ¥ 3 1 where

o = (n/2a2)42B2 /452 for case (a) and

o= (n/2a2)42p2 /72 for case (b).

For v 5 1 the results of the two models disagree
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with each other because the square potential cannot
account correctly for the adiabatic behavior in this
limit.

(4) Our model! neglecting the level shifts is com-
plementary to that of Freed and Tric [20] account-
ing for level shifts by the first-order perturbation
treatment and for the level crossing in the spirit of
the Landau—Zener approach.
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