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In this paper we present the results of an experimental study of the lowest doublet excitations (!S;—°P,
and 'S,—'P,) of atomic xenon in dense supercritical fluid neon and helium and the 'S,—'P; xenon excitation
in dense supercritical and subcritical fluid argon. The spectral shift, the linewidth, the first moment, and
the second moment of the absorption bands exhibit a strong density and a weak temperature dependence.
The semiclassical statistical theory of line shapes was applied for the calculations of the first moment, the
second moment, and the entire line shape. By fitting to the experimental moments over a broad density
range, the excited state guest-host interaction potential parameters were derived. An analysis of the
density dependence of the splitting and of the intensity ratio of the Xe doublet perturbed by high pressure

rare gases was provided.

I. INTRODUCTION

Spectral perturbations of atomic excitations induced
by foreign atoms at moderately low pressures were
handled in terms of Margenau’s statistical theory,®
which accounts for spectral shifts® and for the appear-
ance of satellite bands.® At higher densities the statis-
tical theory has to be modified to account for correla-
tion effects between the positions of the perturbing
atoms. Recently Saxton and Deutch* and the present
authors®® have analyzed the (blue) spectral shifts and
the line broadening in the absorption and emission’
spectra of the lowest resonance line of atomic Xe,
Xe(!Sg) ~ Xe(®P,)® perturbed by supercritical and sub-
critical Ar. The statistical theory, extended to account
for guest—-host and host-host correlations, results in
manageable expressions for the first moment and for
the second moment of the absorption band which were
expressed in terms of a difference guest—host interac-
tion potential together with the solute-solvent and the
solvent—solvent radial distribution functions. The
theory was utilized to extract quite reliable informa-
tion concerning the excited state Xe(®P,) + Ar('S,) pair
potential. In this paper we present additional informa-
tion regarding excited state potentials in rare-gas sys-
tems, extracted from the analysis of spectral perturba-
tions. We report the results of an experimental study
of solvent perturbations of the following transitions of
atomic xenon: (1) Xe(!Sg)~ Xe(*P,) perturbed by Ar in
the density range p=0.1-1.4 g cm™® (1.5x107*-2x10%
X 10" atom A-?) in the temperature range 80-300 K.

(2) Xe('S) ~ Xe(®*P,) and Xe('Sy) ~ Xe(*P,) perturbed by
Ne in the density range p=0.1-0.65 g cm™ (3x1073-1.9

%1072 atoms A*) and in the temperature range 65-295 K.

(3) Xe(*Sg) ~Xe(*P,) and Xe('Sy) ~ Xe(*P,) perturbed by
He in the density range p =0.047-0.09 g cm™ (7x1073-
1.35%10° atoms A‘s) and in the temperature range
113-295 K.

Hl. STATISTICAL THEORY OF LINE SHAPES

In this section we shall present a brief review of the
statistical theory which will be subsequently applied for
the analysis of our experimental data. The semiclas-
sical approximation for the absorption lineshape function
£(w) for an allowed transition® is
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where W, (R, Ry, ** *Ry) and W (R;, R, - * Ry) denote the
multidimensional adiabatic potential surfaces of the
system in the ground and in the electronically excited
state, respectively. R, R, -‘-Ry denote the position
vectors of the host atoms relative to the guest atom.
B=(kgT)!, %w is the photon energy while %Zw, corre-
sponds to the guest atomic excitation at p=0. Next,
one has to invoke the additivity assumption for the po-
tential surfaces which are thus approximated as super-
positions of pair potentials

VVK(RI i RN) = E Vg(Rz)+ Z Ug(IRl _Rm|)’
1 i<m
(1. 2)
W{R,~+"Ry)=2_ V,R)+ 2 US|R,-R,|).
1 I<m

V. (R;) and V,(R,) are the guest—host pair potentials in
the ground and in the excited state of the Xe atom, re-
spectively, while U/ (IR, -R,|) corresponds to the host-
host pair potential in the ground state. The difference
guest—host pair potential is defined as

AV(R,) =V,(R,) - V,(R,) . (1. 3)

From Egs. (II.1)-(II. 3) the line shape is recast in
terms of a Fourier transform

£(w) = 51; j " dt explit (- wp)] f16) (1. 4)

where the generating function is

A= f . f P(R,,R,, -+ *Ry) exp[—- i zl: AV(R,)t] I;Id3R,.

(I1. 5)
P(R, - * *Ry) is the probability that one perturbating
atom is at R,, a second atom at R,, etc.,

P(Ry, Ry, * " "Ry) =exp[- BW,(R),R,* - *Ry)]1/Z . (II.6)

The generating function can be expressed in terms of an
exponential density expansion®
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f(t)=expld,(t) +A,(1) +-+- ],

where the first term is

(I1.7)

A,(t) =4mp f: dRR? g, (R){expl-itaV(R)] -1}, (IL. 8a)

while the second term can be estimated using Kirk-
wood’s superposition approximation!®

Az(t) =47TP2 fow denglz(Rﬁ{ eXp[— itAV(Rl)] - 1}
x J: dRyR} g12(Ry) {expl ~ ita V(R,)] - 1(1/R,R,)

IRy*Ry |
x fl R S len(S) = 1]dS (IL. 8b)

Ry=Ryl
g12(R) is the solute—solvent radial distribution function
(RDF), and gy,(R) is the solvent-solvent RDF.

We now turn to a moment analysis of the line shape
function. The Ith moment of £(w), Eq. (II.4), is given
byll

. (II.9)

Equations (II. 5) and (II. 7) now resultf in

1
m,=(i)’f---f Hd%,[- ZiAV(R,)] PR, "Ry) .
H H
(I.10)
The lowest moments are now obtained in the form

WMo = 1 3
my =N f d°R,AV(R,) PV (R,) ,

(11.11)
my=N [ PR [aVR)PPO®R,)

+N(N-1) f f d*R, P*RAV(R)AV(R,) PP (R, R,) ,
where
. N
POR, - 'R4)=f’ . f II #r,P®,:--Ry), (1.12)
1=+l

corresponds to the i-particles distribution function.
The one-particle distribution function P‘’(R,) is

PR =(0/N) g12Ry) ,

while the two~particles distribution function can be ex-
pressed using the Kirkwood superposition approxima-
tion!?

(I1.13a)

(N];lZ)l Pzglz(R1)g1z(Rz)

P(z)(Rl’ R'z) =
(I1. 13b)

xé’u(IRl“Rel) .

Eqs. (II.11) and (L. 13) yield the following results for
the moments of the spectral distribution

my =4mp j; " HRBVR) g,R) (I1. 142)

-and

g =l +4mp fo " REIAVR)F g5(R)

+8m2p? J; fo dR{dR,REREAV(R,)

XAV(R,) g12(Ry) g1, (R,)

iR{+Ry

i
X(l/Rle)fI as 9 g, 8y -1]. (I1. 14b)

R{-Ry)

The experimental first moment-M; =, and the spec-
tral dispersion M, = (m, — m?)*/? can be analysed in
terms of Eq. (II.14). It is important to emphasize at
this stage that the first and the second quantum me-
chanical moments of a strongly allowed transition are
correctly given by the semiclassical approximation.!3
The only approximations inherent in Eq. (II.14) are the
pairwise approximation, Eq. (II.2) for the potential
surfaces and the Kirkwood superposition approxima-
tion, Eq. (II. 13b), for the three-body correlation ef-
fects.

Il. EXPERIMENTAL PROCEDURE

The absorption spectra of Xe/Ar; Xe/Ne and Xe/He
mixtures were monitored in the spectral region 1150-
1600 A. The experimental sefup was the same one
used previously, 8 except that single beam detection was
applied. A conventional Tanaka light source!* (Ar and
Kr lamps) was used. We have employed a McPherson
225 vacuum spectrograph equipped with a grating of
1200 lines/mm. The resolution for 150 uwm slit width
was 1.5 A (90 cm™ at 1300 A). Transmitted light was
detected by an EMI 95148 photomultiplier coated with
Sodium Salicylate converter. The signal was amplified
before being chart recorded. The high pressure ab-
sorption cell and the gas handling system were de-
seribed elsewhere.® In experiments with Ne and He the
cell was cooled by the flow of cold He from a liquid He
container and therefore was supplied with a radiation
shield. The temperature was monitored with an ac-
curacy of + 2 K by a chromel/Fe: Au thermocouple. In
experiments where solvent perturbation by He and Ne
were studied the procedure was as follows. The mix-
tures were prepared by first introducing Xe at pres-
sures 0.05-0.10 torr from the gas handling system into
the cell. Subsequently, Ne or He (Matheson Research
Grade) were introduced directly from the original cyl-
inder into the cell. The amount of gas in the cell was
measured at the end of each experiment by expanding
into the gas handling system. The highest pressure
applied was 400 atm at 300 K and the temperature range
covered was 300-24 K. The general procedure of de-
termining the density inside the cooled optical cell was
already described.® The pressures at the two differ-
ent parts of the cell, which are characterized by differ-
ent temperatures, were expressed as functions of den-
sity using the appropriate expressions for the equation
of state at room temperature!® and at the cooled part.'®
The densities which cause an equilization of pressures
were evaluated by the Newton—Raphson root finding
method. The upper limit for the fluid density in Xe/Ne
and Xe/He systems was determined by the solubility
limit of Xe in these fluids. In experiments with Ar, the
apparatus, sample preparation and density determina-
tion method are the same as described in Ref. 6.
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FIG. 1. Absorption spectra of Xe perturbed Ar in the wave-

length range 1230-1300 A.

IV. SOLVENT PERTURBATION OF Xe(*P,} AND
Xe(!P,) BY Ar, Ne, AND He

In Fig. 1 we present the absorption spectra of Xe/Ar
mixture (Xel/[Ar]=10"%) in the energy range 1230~
1300 A (9.5-10.1 eV) in the density region p=0.1
-1.4 g em™ (1.5%10°~2x10" atom A™?) and in the
temperature range 80-300 K, spanning the effects of
solvent perturbations from low pressure supercritical
gas, throughout the dense supercritical and subcritical
fluid. Two transitions are exhibited at low densities,
the atomic transition to the Xe 6s’[3] state, i.e.,
1S,~ P, (appearing at 1296 A (9.59 eV) at p— 0) and the
atomic transition to the Xe 5d[3] state (appearing at
1250 A (9.94 eV) for p~ 0). In what follows we shall
consider solvent shifts of the former transition. At
moderately low Ar densities p£0.3 g cm™ a single blue
satellite band appears on the high energy side of the
second [Xe(‘P,)] resonance line, in accord with previous
observations.'” At higher density, p=0.4 g cm™, the
satellite band considerably overlaps the broadened res-
onance line and for higher densities, p>0.4 g cm™, the
absorption spectrum merges into a single broadened
absorption band which is blue shifted and further broad-
ened with increasing Ar density. The features of sol-
vent perturbations are specified in terms of the spec-
tral shift & (relative to the atomic transition Zwy="77185

4579

cm™), the linewidth at half maximum 6, the first mo-
ment M,, and the spectral dispersion M,. The two lat-
ter observables can be confronted with the statistical
theory discussed in Sec. II. Unfortunately, the inten-
sity of the absorption band around ~ 10 eV increases ap-
preciably with increasing density and in the density re-
gion p>0.65 g cm™ the absorption in the range 1200-
1270 A (9.8-10. 3 eV) overlaps the perturbed Xe(*P,)
band. This interesting effect, which will be discussed
elsewhere, !® prevents us from deriving reliable ex-
perimental data for M, and for M, in the density range
p>0.65 g cm™. The density and the temperature de-
pendence of the spectral shift & are portrayed in Fig. 2.
We find that A is temperature independent (within ex-
perimental accuracy limits of + 60 ecm™) throughout the
entire temperature region T =80-300 K. At low

(p<0.3 g cm™) densities the resonance line exhibits a red
spectral shift while in the density region 0.3-1.4 g cm™
a blue shift is revealed which shows a superlinear in-
crease with increasing p. The density dependence of
the linewidth at half maximum § is presented in Fig. 3.
In the density range p>0.7 g cm™ the contribution of
the overlap of the high energy band was subtracted as-
suming that the perturbed Xe(*P,) absorption band is
symmetric. This inevitable procedure introduces some
arbitrariness (accuracy of + 10%) in the determination
of 6. We note that § increases almost linearly with in-
creasing p up to p=1.0 g cm™® and reveals a weak den-
sity dependence in the high density range p=1.0-1.4¢g
cm™, The temperature dependence of & throughout

the range 80-300 K is weak, within the experimental
uncertainty claimed by us (+ 10%). The gross features
of the density dependence of A and § for the Xe('S,)
—~Xe('P,) transition perturbed by Ar are similar to
those previously reported by us® for the Xe('Sy) - Xe(P,)
transition in fluid Ar.

2000
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FIG. 2. Density dependence (in the temperature range 85—
300 K) of the spectral shift at the maximum of the Xe 'S, —1P,
absorption line perturbed by Ar relative to the atomic value
Kwy=177185 cm™, Experimental data are designated by points.
The solid curve is the calculated first moment using best fit
of excited state potential at high (p=0.1 g cm™) densities.
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FIG. 3. Density dependence (in the temperature range 85—~
300K) of the linewidth at half maximum of the Xe'S, —!P, tran-
sition perturbed by Ar. Experimental data are designated by
points. The values at densities higher than 0.6 g cm™ were
obtained by assuming a symmetrical line shape. The curves
represent the value of 2.4 M, calculated using best fit potential
at high (>1,0 g cm™) densities,

In Figs. 4 and 5 we present the absorption spectra of
Xe in the range 1500-1150 A (8.4-10. 3 eV) perturbed
by Ne and by He. The perturbers densities were
0.1-0.65 g cm™ (3x10°-1,9x 10" atom A"%) for Ne
over the temperature range 65-295 K and densities of
0.047-0.09 g cm™ (7x1073-1.35% 102 atom A™) for He
over the temperature range 113-295 K. We shall
briefly discuss solvent perturbations of the Xe(*S;)
~ Xe(®P,) transition at 1470 A (8.44 eV) and the Xe(iS,)
~Xe(*P,) transition at 1296 A (9.57 eV). We note that
the two blue satellites!® appearing at the high energy
side of the first Xe(’P,) line and the single blue satel-
lite!” on the high energy side of the Xe(*P;) line at low
pressure (p~100-1000 torr} of these perturbing gases
are smeared out at the lowest Ne density (p=3x10"3
atom A, 0.1 g cm™) and at the lowest He density
(p=7%10" atom A3, 0.047 g cm™) studied herein. The
experimental data for M, and M, derived from these ab-
sorption spectra are summarized in Table I. The
Xe(®P,) transition is well separated from the higher
bands and no problems are involved in the evaluation of
the moments. The Xe('P,) state perturbed by Ne and by
He weakly overlaps the Xe 5d[3] state located at ~ 10 eV,
(1250 A). As is evident from Figs. 4 and 5, this latter
band is weak and its intensity is weakly dependent on the
foreign gas density in contrast to the behavior of the
Xe/Ar system where a strong density dependent absorp-
tion is exhibited in this density range. Thus in the Xe/
Ne and Xe/He systems reliable experimental data for M,
and for M, could be obtained.

V. EXCITED-STATE POTENTIALS

In order to calculate the first moment and the dis-
persion of the absorption line shapes it is necessary to
know the difference potential AV, the guest—host RDF,
g12(R), and the RDF g,,(R) for the pure solvent. The
ground state potential was taken in the Lennard-Jones
form with well known!® parameters which are repro-
duced in Table II. For the excited state solute-solvent
pair potential we have chosen the exponential-6 three-
parameter potential of the form
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V)= =57 A6/ @) explal — /7| = (re/r)), (V.1)

where € is the potential well depth, », the equilibrium
distance, and a the steepness parameter. g,(R) for
the Xe/Ar and for the Xe/Ne systems was calculated in
two ways. First, using the simple Percus-Yevick
hard-spheres model?® (PYHS) at the reduced density

p* =pod; and, second, by using the more accurate Per-
cus~Yevick approximation for a Lennard-Jones fluid
(PYLJ)Y?! at the reduced density p* and at the reduced
temperature T* =k,T/€,,, where ,;,=3.36 A and €y
=1.2%1072 eV!°® correspond to the Lennard-Jones po-
tential parameters for the Ar(*Sy)-Ar('Sy) interaction.
As we have shown elsewhere, ® the theoretical results
for M, and for M, are sensitive to the form of the sol-
vent—solute RDF but rather insensitive to the fine
details of the solvent-—solvent RDF. Indeed, the
values of M, calculated using the PYHS and PYLJ
forms for g;,(R) differ by less than 5% and consequently
we preferred to use the simpler and more convenient
PYHS approximation for g,,(R). The RDF gy,(R) for
Xe/Ar and for Xe/Ne mixtures was calculated by ap-
plying the PYLJ approximation for a pure fluid with the
Xe—-Ar or with the Xe—Ne LJ potential parameters and
by scaling for the binary mixtures using the procedure
proposed by Deutch and Saxton.? Finally, for the Xe/
He system, where the Saxton—-Deutch scaling procedure
for g1,(R) is expected to be unreliable in view of the
large size and the large mass difference between the
two constituents, we have utilized the PYHS approxi-
mation both for the pure fluid?® and for the mixture.?

To obtain theoretical information regarding the per-

ENERGY "eV]
1o ___oc %0 1 B
‘ 1 ' Temp Densﬂ
Xe / Ne A K lgmen
S
s S~ 85 08l
—~ N o
N\
I\ I
il 1] J \
~ N \ 78 059
e -
N\ // \
/ ) /
//'/\‘”\\\,/*x/ L—_#A,,/ / \ 88 05l
A A
5 N /] ,
el /Lo 044(
JaY
& K 7\
3 ‘ [
& e // ‘ / |
3 VS G A et
/f i / \
f \,\\\_’/;d/ g ,;\’_J u75 032
4 /
Vv
- oS lees oz
fﬂf\ aJ_//LJ__J‘/ %95 o2l
‘ S T ! | L

FIG. 4. Absorption spectra of Xe perturbed by Ne at the wave-
length range 1150-1500 A,
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turbation of the Xe(!P,) state by Ar we have assumed,
in accordance with previous results® for the Xe(®P,)
state, that in the density range p>0.8 g cm™ the ab-
sorption band corresponding to this state is symmetri-
cal, whereupon & =~ M,. Furthermore, we assume that
in this density range the second moment of the line
shape is close to that corresponding to a Gaussian (as
is the case for the Xe(®*P,)/Ar system®) and we accord-
ingly set M, =0.425. At lower (p~0.6 g cm™) densi-
ties where the absorption band is asymmetric a direct

TABLE I.
pressure rare gases.

evaluation of M, and M, from the experimental spectra
was carried out. The best excited state potential
parameters for this system are summarized in Table
II, and are utilized in Table I and in Figs. 2 and 3 for
the calculation of the density dependence of 34 and of
M,. In the high density range the theoretical values of
M, and of 2.38 1, fit quite well the experimental data
A and for 5, respectively.

The analysis of the solvent perturbations of the Xe(aPl)

Density dependence of the first moment and of the dispersion of the resonance lines of Xe perturbed by high

Density Excited state potential
Perturber Density (atoms A® Temp. Mi(exp) M,lexp) Mi(cale) Mylcale) € 7q
Atom g cm™ x107%) °K) (cm™) {cm™) {cm™) {cm™) otev) (A a
#P,) Xe line {6s[Z] 1470 A}
Ne 0.21 6.5 295 465 310 545 360 2.5 5.9 15
Ne 0.31 9.2 175 755 385 725 400
Ne 0.41 12.2 150 980 415 920 445
Ne 0.51 15.2 78 1380 530 1200 460
Ne 0.65 19.0 70 2000 540 1600 510
He 0.09 13.5 113 1320 560 1210 580 1.5 6.35 15
He 0.08 12.0 138 1200 530 1050 550
(P, Xe line {6s'[}] 1296 A}

120 4.5 15
Ar 0.63 9.5 200 320 500 300 380
Ar 1.27 19.1 140 1150* 4802 1120 520

2.5 5.4 17
Ne 0.21 6.5 295 370 230 410 275
Ne 0.31 9.2 175 530 310 550 300
Ne 0.41 12.2 150 725 355 695 320
Ne 0.51 15.2 78 1110 450 900 340
Ne 0.65 19,0 70 1550 460 1180 370

1.5 6.0 15
He 0.09 13.5 113 870 340 770 360
He 0.08 12,0 138 740 300 670 340

#Comparison is made by assuming M; = A(Shift) and M,=0,425 (half-line width).
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TABLE II. Ground-state and excited-state potential parameters.

Potential Parameters

Ferturber Ne
Atom Level Excited-state (exp-6) Ground-state (LJ) Reference
Clev) VLAY G V) 7, (A)

Ar 3PS 1.6-107  3.64 )
Ar Gsl3l <107 1.6 15 (2)
Ar s 151 L2107 403 15 W
Ne Sptlts, G.5-107 4.5 (1)
Ne Gl 251070 5.9 15 (3)
Ne Gs {51 2,5-107 5.4 17 (3)
le SpS 1.3-107 3,36 1)
He CRYM 1.5-107" 6.4 15 3
e Gs' {51 1.5-107 6,0 15 (3

TReference 19. ’Reference 6. 3present work,

and Xe('P,) excited states by Ne and He is conducted in
Table I where the “best” excited state potential param-
eters to fit M, and M, throughout the entire density
range are summarized in Table II. The agreement be-
tween the simple theory and experiment is within 20%.
The uncertainty in the fit of the excited state potential
parameters is A€ =+2X10" eV (Ar), +1%x10™ eV (N,
He); Ay, =% 0.05 A (Ar), A7,=+0.3 A (Ne, He); Ao == 1.

From these data, together with the results of our
previous work,  we have derived a set of quite reliable
potential parameters (Table II) for the excited state po-
tentials in some rare-gas systems. From these data
three interesting conclusions emerge. First, the ex-
cited state potential of Xe(®P,) + Y(!S,) where Y =Ar,
Ne, and He, is more repulsive than the corresponding
Xe('P;) + Y(1S,) potential, that is the latter potential be-
ing characterized by a lower value of ,. Second, the
depth € of the excited state potential for both Xe(*P,)
+Y(Sy) and Xe(*P;) + Y('S,) decreases from Y =Ar to
Y =He, as expected. Third, we note that the equilib-
rium value ¥, decreases in the order »,(Ar) <y, (Ne)
<7,(He). This is an unexpected result for the excited
state potential as in the ground state oy, and the equi~
librium separation vary in the reverse order.

In Figs. 6(a)-(c) we present the excited state pair
potentials obtained by us, together with the appropriate
difference potentials. It is important to note that in
all cases AV(R) is a smooth monotonically decreasing
function of R. This observation raises an interesting
problem concerning the appearance of the blue satel-
lites on the high energy side of both the Xe(®P,) and
Xe(*P,) transitions perturbed by Ar, Ne, and He at low
densities. The semiclassical approximation attributes
blue and red satellites to maxima and minima in AV(R),
respectively. »%® In the case of Xe(*P,) + Y(1S,) and
Xe(*P,) + (1S,) the appearance of two blue satellites in
the former case and one blue satellite in the latter case
would then infer a maximum in the difference potential,
which is not the case. A more profound study of these
satellite bands will be of interest.

The present treatment provides quite reliable theo-
retical estimates of the first moment and of the second
moment of the absorption bands. A calculation of the
entire energy dependent lineshape requires, in prin-

008 - ——— -
‘ (@)
cos} ‘
004y -
I o0zl Potential - Difference
L2 A%
s 000- N I
8 - . i A 1 :
& 4 L Xe(ReArs) \
w004t  Excited State Potential |
: 9576V
00z Xet'g) + Arl'sy)
Ground State Potenhal i
000 -~ ;
I
ool oI ool N }
20 40 60 80 100
INTER- ATOMC DiSTANGE (4]
OOSL - — — Potental  Drfference ]
|
006 \‘
004 |
! | \
002 xe ('P) + Nel('Sy)
| Excited State Potential
oooﬁf
=
2 ‘
5 008}
g !
& o004t 957ev
002 |- xe(’R) +Ne('sg)
Exced State Potential
000 —
004 - :
B44ev |
ooz |- | | X
xe('s )+ Ne('sy) \‘
Ground State Pofentiat
0001
002l b i L Lo Lo L | 1 B
20 30 a0 50 60 70 80 30 WO 1o
NTER - ATOMC DISTANCE [4]
— - . -
(<)
008 +— —=— Potennal Difference ‘
006 }— ‘
|
004 }— i
Xe('P)+Hel'sy) \
ooz |— ’
Excited Stote Potentol i
|
> 000t |
2, 6‘ :
S 00 )
o
g 957ev [
2 ooa— i
i
I
002~ xe( P+ rel's,) i
Excited Stale  Potenta
0.00{
004
Bdgev
002— xe('sy) + Het'sy)
Ground State Potential
000+
-002 | {1 L 1 | . L.
20 30 40 50 60 70 80 90 100 o

NTER- ATOMC DISTANCE [4]
FIG. 6. Potential curves for the Xe(lS) + Y(!S;) potential and
Xe(Py; 1P;)+Y(1S,) excited state potentials (solid curves) Y
=Ar, Ne, He together with the difference potentials AV(r)
(dashed curve). The potential parameters are given in TablelIl.
(a) Xe(ls, —1P,) + Ar(}S,) interaction potentials. (b) Xe(lS,
—-3P,: p,) + Ne(ls,) interaction potentials, (c) Xe(ls, ~3pP; 1Py
+He(lS,) interaction potentials.
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FIG. 7. Calculated line shapes (solid curves) for Xe/Ne and Xe/He incorporating two-body and three-body correlation effects.
) =expld, (¢} +A4,{t)] where A, () and A,(f) are given by Egs. (II.8a) and (II. 8b), The points represent experimental data, (a) Line
shape for the Xe 'S, —°P, transition perturbed by Ne relative to band maximum %w,,, = 70050 cm™! (experiment) Aoy, = 69650 cm™
(calculated). PYLJ RDF for £1»R) was employed. {b) Line shape for the Xe ‘S‘o -“P1 transition perturbed by Ne relative to band
maximum Kwp,, = 78750 cm™ (experiment); Kuw,,,="77650 (calculation). PYLJ RDF for £12(R) was employed. (c) Line shape for
the Xe 1SO—~3I:'1 transition perturbed by He relative to the band maximum Kuwp,,= 69370 cm™ (experiment); Fwmay = 69260 cm™ (cal-
culation). PYHS RDF for g,(R) was employed, (d) Line shape for the Xe ‘SO —'P, transition perturbed by He relative to the band
maximum A, = 78050 cm™ (experiment); Kwg,,=77950 cm™ (calculation). PYHS RDF for g,(R) was employed.

ciple, not only the low order A,(¢) and A,(f) terms in
Eq. (II.7) but also higher order terms. It is of some
interest to evaluate the entire line shape, incorporating
the effects of the two-body and three-body correlation
effects and disregarding the effects of higher solvent-
solvent correlations. Accordingly, we have performed
a calculation of the line shape, Eq. (II.4), using the
generating function f(t) =exp[A,(t) +A,(#)]. In Figs.
7(a)-(d) we display the resulting calculated line shapes.
The experimental results for Xe/Ne and Xe/He also
reproduced in Figs. 7(a)~(d) are in fair agreement (at
least at high densities) with the line shape calculated
when three-body correlation effects are incorporated.

VI. SOLVENT PERTURBATIONS OF THE DOUBLET
SPLITTING OF Xe

In the foregoing discussion we have treated solvent
perturbations of the Xe(*P,) and Xe(*P,)® impurity states
perturbed by rare-gas fluids by assigning a distinct
pair-interaction potential to each of the two components
of the Xe doublet. The density dependence of the Xe

doublet splitting in fluid Ne and Ar is portrayed in Figs.
8 and 9. In these figures we have displayed both the
difference between the band maxima and the first mo-
ments now calculated from the experimental data on an
absolute energy scale, together with the theoretical
values for the difference in the first moments calcu-
lated from Eq. (II.14a) together with the potential pa-
rameters of Table II. The reasonable agreement be-
tween the experimental and the theoretical doublet split-
ting does not provide us with any new information as the
excited state potentials were derived by fitting the
shifts (and dispersion) for each of the two components
of the Xe doublet. What is interesting is the gradual
decrease of the doublet splitting, AE, relative to the
atomic value AEy=1.13 eV?" with increasing density of
Ne and of Ar. At the highest densities attained by us
we have AE/AE(=0.95 in Ne at p=0.65 g cm™® and
AE/AE=0.85 in Ar at p=1.4 g cm™. This observa-
tion is of interest in relation to the assignment of the
two members of the Xe doublet in liquid in in solid
rare-gases. In this context it is worth while to point
out that a recent comprehensive study of Xe impurity
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states in solid Ne conducted by Pudewill ef al.% re-
sulted in a reassignment of the Xe(!P,) level originally
observed by Baldini.?® Pudewill and colleagues?* have
concluded that in this system a E—aE,=~1300 cm™!
(and aE/AE(=0.86), a result which is compatible with
a rough linear extrapolation of our data (Fig. 8) for the
Xe/Ne system at lower densities up to the solid
{0=1.44 g cm™) density.

In the case of Xe the major contribution to AE orig-
inates from spin-orbit coupling X and thus in many
qualitative discussions it was asserted that AE= 2.
Theoretical studies of medium effects on the spin—
orbit coupling in solids®*® resulted in the conclusion that
nonorthogonality corrections result in a modest in-
crease of X relative to the gas phase value 2,=1.18
eV, ¥"%8 g0 that Ay <1<1.01%,. More elaborate studies
by Knox and Inchauspé®® and by Onodera and Toyozawa®®
of the halogen doublet of alkali halides within the frame-
work of the intermediate coupling scheme, a problem

DENSITY [gm cmi3]

equivalent to the Xe doublet, resulted in AE, =2V21/3
for the minimum doublet splitting.*® On the basis of
these theoretical studies?® 23" we expect that the ex-
perimental Xe doublet splitting in a dense medium will
satisfy the condition AE/AE,> a,=2V21,/3AE,=0.98.
This prediction is not borne out by our experimental
results for Xe in Ar and in Ne fluids and for the Xe
impurity state in solid Ne? where in all cases the ex-
perimental value of AE/AE, is lower than ¢,. A way
out of this difficulty is to incorporate medium-induced
shifts which are different for the two spin—orbit split
components of the Xe atom in a dense medium. This is
just the procedure adopted in Sec. IV. Several ques-
tions arise at this state. First, and most important,
we would like to raise the issue whether our treatment
of solvent perturbations of the Xe doublet, which rests
on the notion of independently perturbed two-excited
level system, is self-consistent. As it is well known
these two states corresponding to the allowed transi-
tions of the Xe doublet should be treated via the inter-
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mediate coupling scheme, and it is an open question
whether solvent perturbation can be handled indepen-
dently. Second, can one provide a self-consistent inter-
pretation of both the splitting and the intensity ratio of
the Xe doublet perturbed by Ar and Ne. We shall now
address ourselves to these problems.

Vii. INTERMEDIATE COUPLING SCHEME FOR
SOLVENT PERTURBATIONS OF THE Xe DOUBLET

It is well known that the doublet splitting and the in-
tensity ratio of the two doublet components of atomic
Xe can be described in terms of the intermediate cou-
pling scheme?®2%3 and a similar approach should be
readily adopted to Xe impurity in the condensed phase.
We start from the (J,,j) coupling scheme, appropriate
for a heavy atom like Xe (where J, is the total angular
momentum of the ionic core and j corresponds to the
angular momentum of the excited electron). The ap-
propriate zero order lowest excited states of Xe cor-
respond to |1)=(3,3), and 12)=(3, %), which in the iso-
lated atom are split by the spin—orbit coupling Ay, while
the electron-hole exchange interaction Z; mixes the
(zero order) states i1) and 12). When the Xe atom is
perturbed by an external medium the spin~orbit cou-
pling A and the electron-hole exchange interaction Z
are expected to be density dependent. Theoretical cal-
culations on Ar impurity states in solid rare-gases®®
indicate that A in the solid is about the same as Ay, so
that density dependence of A is weak. No complemen-
tary information is available regarding the density de-
pendence of Z. When medium induced perturbation of
the Xe doublet are described just by the density-depen-
dent energetic parameters Z and A, the minimum split-
ting rule &E, =2V2)/3 is violated in the Xe/Ar and in
the Xe/Ne systems, as discussed in Sec. VI. We have
provided a straightforward extension of the intermediate
coupling scheme for medium-perturbed Xe by incor-
porating two (diagonal) density dependent energy shifts,
€, and €, of the (zero order) states |1} and (2), re-
spectively. We note in passing that €, and €, which
specify the perturbation of the zero order states, not
included in Z are distinct from the experimental and
theoretical values of A(*P,) and a(*P;). The interaction
matrix in the (J,, j} representation is®?

3,8)| 2M/3+2Z/3+¢, v22/3 (VIL 1)
3.3 V22Z/3 -2/3+2Z/3+¢, :

The resulting experimental energy levels of the states
|A) and |B) of the system expressed in increasing or-
ders are '

E =3{Z+M/3+€ + € - UL +aWA/%}
Ep=3{Z +M/3+ € + 6, + U1 + 4AW?)'/2} |

(VIL. 2)

while the splitting AE =F; — E, and the intensity ratio
I,/Iy are '

AE=U(1+4W?)'/2 (VIL. 3)
NoX 1/2 _ 2
I4/1p= [2 3?_(_1(1 igﬂ‘}z)n 7z SW] ) (VI 4)

where

4585

Usr+€,—-€-2Z/3,

) i (VIL. 5)
F3(K+€1 - €2) -7 :

From Egs. {VII.2)~(VIL 4) it is evident that, in general,
when the 1) and the |2) states are strongly scrambled
one cannot assign spectral shifts in terms of additive
contribution to the energy levels |A) and IB) of the
isolated Xe atom. Such a procedure is justified only
for limiting situations. In the present case we assume
that a=Z/x <1 and b=lg; -~ €,1/A<< 1. The first in-
equality originates from the data for atomic Xe?' where
Z /2 =0.22 while the second condition is justified on
the basis of the data of Figs. 8 and 9 as | ¢ - €|

~|aE - AE,<1000 cm™ so that b~ IAE —AEyl/x,~0.1.
Expansion of Eqs. (VII. 2)—(VII. 4) to second order in
1/A results in

_ 2272 € —e)
EA-—A/3+62+ZZ/3—g < ( -—L———zh

(VII. 6a)
2 -
Ep=2)/3+¢€+ z/3+§ZT < —51753)
AE=U[1 +§(z/x)a+ o] (VIL. 6b)
_ 2
I/I5=2-4(Z/N) +4—Z(7§1——‘?l +135(§X) . (VIL6c)

Taking as rough estimates ¢=0.25, Z~0.25 eV as
appropriate for atomic Xe and 5~ 0.1 the last term on
the rhs of Eq. (VIL. 6a) can be neglected, thus the spec-
tral shifts are

AlP) =Ey - fwg=€,+ 20 =2 +:(Z - Zy) ,

APP) =E, -Hwy=€, =5\ =A)+2(Z - Z,) . (VIL.7)

The density dependence of €,,€,, A, and Z, all of which
appear as linear terms in Eq. (VII.7) is incorporated
in the effective pair potentials advanced in Secs. II and
IV. The weak density dependence of A can be probably
neglected (setting A =X,) and the major contributions to
the guest-host interaction potentials originate from
electrostatic and exchange terms. These considera-
tions provide a justification for the application of the

TABLE III. Density dependence of the integrated
intensity ratio ¢P,/'P,) of the Xe doublet perturbed
by Ne.

Temp, Ne Density Intensity
(°K) g cm™) Ratio®
295 0.1 1
165 0.16 1.6
105 0. 22 1.5
225 0.28 1.6
175 0.32 1.3
140 0.37 1.6
150 0.41 1.75
110 0.44 1.5

88 0.51 1.5

78 0.55 1.7

70 0.65 1.8

6 1.44 (solid) 1.9

2Reference 25,
bAccuracy of intensity ratios for perturbed Xe, 0, 2.
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statistical theory to the components of the Xe doublet.

To obtain some idea regarding the density dependence
of Z we finally consider the intensity ratio I,/Ip [i.e.,
to the ®P, and to 'P, states in the notation of Section
(I.-IvV.)]. In Table Il we present our experimental
results for the Xe/Ne system, where reasonably ac-
curate data (within + 15%) would be obtained by numer-
ical integration of the spectra of Fig. 4. The intensity
ratio increases from I,/I;=1.0at p=0%to I,/I;=1.5
+0.2 at p=0.15 g cm™ exhibiting a further slow in-
crease with increasing p up to the value I,/Tp=1.8
+0.2 at p=0.65 g cm™, while in solid Ne®® I /I, =1.9.
For Xe it is sufficient to take Eq. (VII. 6¢) in the form
I./Ig=2—-4(Z/2), and the dependence of the intensity
ratio on l¢; - €,1/x is negligible. For atomic Xe we
thus have Zo/Ay>0.22 andI,/I;=1.0. The increase of
I,/Ig from the value of 1.0 to 1.8+ 0.2 over the Ne
density range 0-0.65 g cm™ implies that Z/x decreases
from 0.22 to 0.05+ 0. 05 over this density range. Me-
dium perturbations result in a decrease of Z from
Z3~0.25 eV at p=0to Z=~0.04 + 0.04 eV in the dense
fluid at p=0.65 g cm™, and a similar small value of Z
is also appropriate for the solid. This density depen-
dence of the electron-hole exchange together with the
incorporation of the density dependent diagonal energy
shift €, and €, provide a semiquantitative self-consis-
tent interpretation of the splitting and of the intensity
ratio of the medium perturbed Xe doublet.
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