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Near-infrared absorption spectrum of the Ar—HD complex: A theoretical
study of predissociation effects
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Results of close-coupling calculations on the near-infrared absorption by the Ap=HD(=1)
complex, exploiting the best available empirical and theoretical models of intermolecular potential
and of induced-dipole moment for Ar-Hare reported. The first quantitative description of the
S,(1) band of the spectrum is given, including transition energies, linewidths, and intensities, and
the description of th&);(1) band, included in the recent study on Ar—HID Chem. Phys109,
10823(1998], is completed with calculation of the spectrum shape. A pattern of pairs of lines of
distinct widths and heights is found in thie and N-transition regions of thé&;(1) band. The
narrow lines in the pairgwidths ~0.1-0.2cm?) result from transitions between bound and
predissociating states. The wider linésbout 6—10 timesappear due to transitions between
predissociating states. The relations between heights of lines in the pairs differ qualitatively from the
relative intensities of the corresponding lines in Bg1) band of the absorption spectrum of
Ar—H,. IntheQ,(1) band, transitions between states predissociating rotationally are found to be the
only ones which have discernible impact on the line contour. Results of this work and the recent
results on the Ar—HD({=0,j=0) complex are summarized in a discussion of effects of the
asymmetric isotopic substitution on the absorption spectrum shap@00@ American Institute of
Physics. [DOI: 10.1063/1.1379754

I. INTRODUCTION complex were focused on calculation of the widtfRsviak-
ing such calculations so efficient that the measured widths

thoroughly investigated family of van der Waals could pe included in th_e ?terative determinat.ion of empirical
molecule€—° As typical for this kind of molecules, the rovi- Potentials was, and still iecf. Ref. 11, a desirable goal to
brational energy spectrum of Ar—HD consists of relatively 2Chieve. At the next stage, the scope of studies of the Ar—HD
few truly bound state levek0, as established recerftignd ~ cOmplex became considerably broadened by adoption of the
of numerous metastable states which can decay by tunnelineW of the predissociation as resonances in the photodisso-
(the quasibound statesby coupling between intra- and in- clation process. Accurate photodissociation calculations have
termolecular vibrational and rotational modes of motjtire become possible due to the exploitation of the idea of artifi-
predissociating statgsor by a combination of these mecha- cial scattering chann¥for numerical implementation of the
nisms. Among the best-known complexes formed by hydrofigorous theory of photodissociation of triatomic molecules,
gen molecule isotopomers with noble gas atoms, the Ar—HDleveloped by Balint-Kurti and Shapitd:* Application of
complex is distinguished by rapid decay through rotationathis theory to the Ar—HD complex resulted in the first
predissociationabout two orders of magnitude faster than simulatio® of the predissociation limited shape of the
the rates characteristic for ArHand Ar—D,). From that  S;(0) band in its absorption spectrum.
stems the role of the Ar—HD complex as a benchmark In the last decade, there have been remarkable develop-
weakly bound system for studying predissociation phenomments in the determination of intermolecular potential sur-
enon. faces of van der Waals complexes. Due to the development
There have been several stages in theoretical studies of the symmetry-adapted perturbation the¢8APT) of in-
the Ar—HD complex. The modeling of the electronic energytermolecular interaction&f. Ref. 15 for a review the first
potential surface for the ArH, system was certainly the fully ab initio potential for the Ar—H complex appeared in
leading motive of the studies at their initial stage. At the time199316 |n 1996 a new empirical potential for Ar—Hfitted
when the first measured predissociation widths in the nearo the most recent high-resolution discrete infrared spectra
infrared absorption spectrum of Ar—HD became availdble, for Ar—H, and Ar-D,,® was published! it represents the
theoretical investigations of weak-anisotropy van der Waalsirst application of the sophisticated exchange-coulgX®)
molecules’ revealed “that predissociation level widths do ... model to a three-dimensional atom-diatom potential surface.
contain information about the potential anisotropy whichThjs new electronic structure information has naturally in-
cannot be obtained from the level energies alone.” Naturallyyoked a desire for assessing its quality by comparing to a
the first theoretical studies on predissociation in the Ar—HDpossiny wide range of experimental data, and in particular,
with the data for the predissociation widths in the Ar—HD
3Electronic mail: felicja@phys.uni.torun.pl complex. That was the goal of our recent study on the near-

Ar—HD belongs to the earliest discoveteahd the most
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infrared absorption spectrum of the Ar—HD compfekhat task, requiring evaluation of a greater number of pho-
study was also concerned with some purely dynamic aspects totransition amplitudes between multichannel free
of the photoabsorption procesgthe role of transition from states which necessarily involve close-channel com-
quasibound statgsas this appeared necessary for achieving ponents. Thus, exploitation of the generalized log-
good consistency with the experiment on the theoretical derivative method in such a simulation can provide
shape of the5,(0) band of the spectrum. further evidence that the method is capable of facili-
The comparison of theory with experiment in Ref. 9 tating the investigations of molecular collisions in a
shows that theory can reliably investigate aspects of photo- weak radiation field. Indeed, the method avoids direct
absorption dynamics of the Ar—HD complex which are dif- evaluation of the initial and final state functions, and
ficult to study experimentally with high accuracy. Of particu- it does not require enlarging the system of the coupled
lar interest is absorption by this complex when HD is equations which have to be simultaneously dealt with.
rotationally excited:® The corresponding parts of the spec- Because of the latter feature it should be more effi-
trum in the near-infrared range are the bands accompanying cient than the approach employed in the most recent
the Q1(1) andS;(1) transitions in HD. These bands seem calculations on the infrared absorption spectra by the
worthy of a deeper analysis for the following reasons: H,—He collision pairs, Ref. 24, being an adaptation of
(i) They involve predissociation effects which are more the close-coupling theory of atomic collisions in a ra-

diation field of arbitrary strengtf
(i)  The overall shape of th@,(1) band should be sen-
sitive, much more than the shapes of Bg€0) and
S,(1) bands, to the relative strengths of the two basic
spherical components of the induced-dipole moment
vector for Ar—H, the quadrupole-induced and the
charge-induced ternf§$:?’ Some new information
may be expected to emerge from calculations of the
shape of this band concerning adequacy of the empiri-
cal models of the induced dipole for Ar—14%28

diverse than those occurring in t8g(0) band studied
previously. The diversity results from the fact that
both the final and the initial states of many transitions
composing these bands can decay by rotational pre-
dissociation. Since the decay rates of initial and ter-
minal states of the transitions vary over a wide range
(cf. Ref. 9 and Sec. I} the very nature of a van der
Waals complex—as an intermediate between a typical
(bound molecule and a typical(free) collision
system—is reflected. How this character manifests it-

self in the absorption spectrum shape is therefore @ g scope of investigations on the dynamics of photoab-
question of quite general importance. A recent simu-gohtion by the Ar—HD complex is extended in this work to
lation of the shape of th&,(0) bgn& revealing that  1he 5 (1) andQ,(1) bands so that the picture of predisso-
some inconsistencies with experiment encountered iRjation effects exhibited by this benchmark system could be
an earlier stud%® have origins quite different tha_n made more complete. The theory and the computational
was suspected shows that the answer to the question j§ethodology used in the present investigations are basically

not as obvious as it might seem. the same as those applied in Ref. 9.
Because of the abundance of transitions between rap-

idly predissociating states, an adequate simulation of*- Contents of the paper

the shapes of th@,(1) andS,(1) bands becomes, to Since a sufficiently detailed description of the theory of
a large extent, a matter of the determination of resophotoabsorption dynamics by atom-diatom van der Waals
nance structures in the cross section for collision-complexes was presented in Ref. 9, only some necessary
induced absorptiofCIA). Since the anisotropy of the definitions are repeated in Sec. Il of the present paper. More
intermolecular interaction is the cause of these strucspace is devoted to a description of the dynamic implications
tures, the rigorous version of the CIA theory for mo- of the asymmetric isotopic substitution. Of particular interest
lecular gase$*® has to be applied. Applications of is the influence of the enhanced rotational predissociation on
this version have been ratsee Ref. 20 for a revielw  the absorption spectrum shape. Attention is paid to effects
because of computational expense, so improved waywhich may appear because of the presence of transitions be-
of numerical implementation of the theory should between predissociating states. In Sec. Ill, a description of cal-
sought. This is, therefore, a good occasion to promoteulations done in this work is given. It includes the most
the idea of transplanting to the field of molecular CIA important details of the line-shape simulations of the predis-
calculations the invariant imbedding techniquessociation limited spectrum of Ar—HD. In particular, informa-
which, due to their stability and efficiency, are widely tion is given on the computational effort which was neces-
used in solving the coupled equations of the quantunsary for the inclusion of transitions between predissociating
theory of molecular collisionésee Ref. 21 and refer- states. A part of the description is devoted to simulations of
ences therejn Though the idea itself seems obvious, absorption spectrum contours limited by experimental reso-
it had not been tried till the recent calculations on thelution. Such simulations, for the Ar—+tomplex, were also
shape of theS;(0) band of Ar—HD in which the performed in the course of the investigations on the dynam-
log-derivative method? generalized for the evalua- ics of Ar—HD. They were aimed ati) collecting sufficient
tion of first-order free—free transition amplitudds, numerical material for a quantitative discussion of effects of
was exploited. Line-shape simulation of ti83(1) the asymmetric isotopic substitution, aqd) providing an
andQ,(1) bands is a considerably more demandingassessment of accuracy of new results for the Ar—HD(
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=0,j=1) complex(which cannot be verified at present by sections, respectively. Partial-wave expansion of the free
direct confrontation with experimentSection Il also con- (i.e., stationary scatteringstates and application of the
tains a brief description of some preparatory tests whichVigner—Eckart theorem leads to the following expression
helped in choosing the input to the line-shape simulations ofor the CIA cross sectioft*®2°
the Ar—HD absorption spectrum. Considered were: two em- 42
pirical models of the induced-dipole moment, of Refs. 26, ()=~ j dE; P(E)

. . F—F 3c i i
and 28, respectively, and two models of the intermolecular

potential for Ar—H, the empirical XC modél and the the- 341
oretical (SAPT) potential'® In Sec. IV, a comprehensive pre- X D ; TrTL (T Hw;3JipiE), 2)
sentation is made of results of the accurate close-coupling Jipi J=13i— 1]

calculations performed on the absorption spectrum of th
Ar—HD complex in this and previous worRsFactors deter-
mining the spectrum, energy level positions and widths, an
relative inteqsities of indivi(_jual transitions'are analyzed anctTR—F)yk,yS::<Ef_prfa7k||d_|| EJipi,ve)

compared with the respective characteristics of the spectrum

of Ar—H,. An _estima_1tion of the _char_1ges introduced b)_/ asym- <E;Jfopf"yk|Eq|Ei+\]i|\/|ipi \Ys)
metry of the isotopic substitution is attempted. Besides the =y2Jt+1 C(I13 MM ;
. . i+Js, Vg f)
increase of the level widths, an effect of a decrease of the
anisotropy relevant to the level positiotes decreased split- with E;=E;+#Aw andp;=(—1)""Ji"1p;; J, M, andp are

ting of J levely is estimated. A fragmentary estimation is the usual total angular momentum and the spectroscopic par-
also included of therelatively small impact of the asym- ity quantum numbers characterizing particular partial waves
metric isotopic substitution on transition intensities. Lineof the initial and final statesy indicates the state of the
shapes of three bands of the Ar—HD spectrugi(1), Ar+HD system at infinite separation of the subunits from
Q.(1), andQ4(0), arepresented. Predissociation effects oc-which a given ingoing |E~...)) or outgoing (E*...)) par-
curring in the shapes of the first two bands are exposed by #al wave has evolved, i.e., three quantum numbers: vibra-
comparison with the contours of the corresponding bands itional (v) and rotational {) of HD, and rotational I) of Ar

the spectrum of Ar—hl Newly generated contours of the and HD about each other are collectedyjN° is the number
Si(1) andQq(1) bands of the Ar—K absorption spectrum of differenty's possible for the givelk, J, andp, consistent

are compared with recent experimém.number of new or  with angular momentum addition rules and with the require-
more complete line assignments result from this comparisorment that the ¢, j)-state(of energye, ;) be an open scatter-

In Sec. V, some general conclusions emerging from theng channele, ;<E; d, denotes component of the vectbr

§h which Tr_p(;JJipiE) denotesNyx N? matrix of re-
éiuced free—free phototransitions amplitudes

present and previotistudies are stated. in the spherical basis ar@(...) is theClebsch—Gordan co-
efficient. In the analogous expression for the photodissocia-
Il. THEORY tion cross section\?-dim. vectorTg_g(w;JiJipinEF) with

elements  Tr_g),,:=(Er Jpr. »dl(E"Ipn)))  appears,

The absorption spectrum of the -AdD van der Waals . . .
ption Sp . wheren is the van der Waals stretching or intermolecular
complexcan be viewed as a collection of resonance struc-

tures which appears in cross section for excess hotoabsorVi—b ration quantum number of Ar—HD. Since the valuesof
tion, caused t?ypinteraction between subunits of tf\e complex‘?’ andp are definite in bound states, the single Smﬁ(E‘B)
when the photon frequency is varied. Assuming that the prtands in place of the operatiofidEP(E;) 2. For conve-

and HD subunits are in a low density gas mixture at thermaltiénce of reference, the formula fore._¢ can be described
equilibrium, the cross-section is given by the following @S @ sum of thermally averaged partial cross sections

formula?®
or f(®)=2 X Te p0;33ip), ©)

4 Jipi It

2
o(w)= ’”; Pl(fle-dli)28(E—Ei—hw), (1)

¢ and analogouslyyr._g(w) ::EiEJf?rFHB(w;JfJi pin;).

wherew ande denote the photon frequency and polarization,  The structures in the photoabsorption cross section are
respectivelyd is the interaction-induced electric dipole mo- the manifestation of a temporal confinement of a colliding
ment of the complexji) and|f) stand for the initial and final Ar+HD pair. Such a confinement, a metastable state of the
rovibro-translational states of the complex respectively, Ar—HD complex, shows up as a rapid change in character of
and E; are energies of those states, @ds the population Some free partial stat® [EJMp,y,) (for k=1,...N°)
factor of the initial state at a given temperatdreBoth the ~ Within a small energy range~(2I") aroundE™: The most
bound and free states of the complex are involved as initiaPronounced variation is exhibited by the dominant compo-
states. Due to the conservation of energy, only free finanents) of the functioris) of this state, to which some, j, I,
states are possible when photon frequencies are within th@ndn quantum numbers can be assigriéie same for all
near-infrared range. Thus, two kinds of transitions, bound—y’s). These numbers, denoted,f,l):=y andn, give an
free and free—free, contribute to the absorption, so the crosspproximate description of all the intra- and intermolecular
section can be divided into two partsr._g and og_g, vibrational and rotational modes of motion within the tem-
which are called the photodissociation and the CIA crosgorarily confined system; together widlthey serve as labels
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FIG. 1. Energy levels of Ar-HD: d=0y=1n
=0,1),J) and p=1y=3n=0,1],J), and energy lev-
els of Ar—-H,: (v=0y=1,n=0,1,J) and p=1y=3n
=0,l,J) (dots and lines witH labels standing on their
right-hand sides The energies are given relative to
their  respective  dissociation  thresholds:eg;
=89.228 cm! and &, 5= 4141.424 cm’—for Ar—HD
andeg,=118.486 cmi* and e, ;= 4831.392 cr'—for
Ar—H, (g00=0). The lengths of lines represent level
widths. The widths for Ar—H are multiplied here by
25. Dots denote bound state levels. The lower dots in
the pairs below they(=0y=1) threshold of Ar-H
denote actually two close-levels; the levels with]

4 =1+1 lie slightly above thel=1—1 ones. Of the four
“ladders” of levels drawn for the Ar—HD complex, the
n=0 ladders associated with the two,{) thresholds,
(0,) and (1,3, consist of all (,J) levels with | =0

3 —10, i.e., of 31 and 65 levels, respectively.
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of metastable states of the Ar—HD complex. A metastablgevels, p:(_1)1_+|_+J: —1, with n=0 andI=1-7 and

state with they and labels corresponding to a closed chan-with n=1 andl = 1,2; cf. Fig. 1.
nel atE™ (i.e., &, >E ) is a predissociating state or Fesh-  When E;~E™ and o ~E"~ E*%=AEy;, the matrix
bach resonance. Obviously, the labeling of metastable statqs. _(:J,J,p.E;) describes transition between metastable
of the Ar—HD complex reflects the character of the interac-g; ;o [0y, where #=(7nJ) and fi=(7m:J;). Analo-

1 1 - [l gl = "

tion between the subunits—weak-anisotropy éasand re- gously, the vecto e s(w; JiJ;p,n,EB) describes transition

mains adequate also for bound stafesceptn goes over to res _B —
the exact quantum numbaey. from bound to metastable state whéw~E~—E;" and i

— DR
The bound and metastable states of the Ar—HD complex_ (¥iNiJi). The strength of the transitions depends on the
are groupedi]y{n]1{J}}}}, where the spacing between the 20"
groupsv] } for v=0,1 corresponds to the vibrational energy

qguanta of HD, that between thésuk)groupSJ_{} for J
=0,1,... etc. to thee,;,— €, differences; two orders of
magnitude smaller than the former and the latter are, respec-
tively, the spacings between tmé } groups forn=0,1 and
the spacings between the subsequ_t{ljtgroups; the small-
est (less than 1 cmb) is the splitting  of levelsJ=|j D5 5(3PJipi:R)
—1]--+J+ 1 within group with fixedl, j, 0, andv. There are m
20 truly bound state levels of Ar—HDOf interest here are
the ones belonging to the=0j=1 group which are thé

() ipr res _
(TFHF)yk,‘ySFV(F;f (Ef ’ykyR)|Dyf,'yi

X (IpdipiRIFS ES R, (@)

where

=2 (1R (M) O IV LA 90,
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TV T30 =LA 0 TABLE I. Transitions GynilJi)— (0;=07nl1,J) in weak-anisotropy
complexes. Notation.

X[ I1}M2C(JiLJr;000C(1;Al;000)

Numbers
J J 1 Group specified  Notation
I
{7 7 L Band vrJi A ByU)  B=QS  foraj=0+2
A ' Subband T, n; n=n—n;
i 1 A Branch Al b b:=T,R,P,N for Al=+3,+1,
-1,-3

[L]:=2L+1, in which: (i) the Jacobi coordinates in the b'“a”?.'“on 1i,A b(l)
space-fixed reference frame are=(r,f),R:=(R,R), Transition 1.3, ALLAJ b,(I;,3) @=+—0 fordJ=+1-10

lengths and spherical angles of the vectors which pomt frorr;A
H to D and from the center of mass of HD to Ar, respec-
tively; (ii) the close-coupling expansion of the partial waves
is (r,R|E_ IMp,y)= (1/IR) ®*MP(r,R)F*)P(E,%,R), where
the basis ®MP(r,R): {(llr)X(Ul)k(r)ny’}")p(r RN,
built of rovibrational radial functions of HDy,;(r), and of
eigenfunctions of the angular momentum operatf)zrs]z,
J2:=(j+1)2, and J,, having definite spectroscopic parity,
p=1 or p=—1; (iii) the expansion of the induced-dipole
moment functions in the angular basis id_qa,R) 5 X

= (47V3) 3, dL A (r,R)VI(F,R). The approximate char- I I
acter of Eq(4) for (TFFF)yk,yslies in that only the dominant  &=fi+1 - . l}lf=‘—1
components of the respective vectors of the radial functions 41 e+t
FOPP(ES, y,;R) and FCOUP(ES®, yg;R) are retained.
An analogous approximate formula folf £_g) 7o with the

x:=X¢—X; for X:HJ.

from the respective functions for the Ar-Hcomplex,
V(r,RAr_HZ) andd(r,RAr_Hz), by simple coordinate transfor-

mation,V(r,R)zV(r,RJrfr), wherefr with f=[mp/(m
+mp)] — 3 is the displacement of the center of mass of HD

dominant component of the vect5§B)Jipi(EiB;R)) standing i
in place ofFH)J'p'(Eres «:R), can be used for an estimation z{

of the strength of bound—free transitiori®bviously, such
crude formulas cannot be used in any calculations called

“accurate.”) From the structure of the formula for ,—ffl i ,—ffl
D7, 7 (JPJipi;R), which is the respectiveeduced matrix Lefs1d 1 i_fJ_r; l:f—l},-fz,—i_l
element of the dipole operator in the badi¥MP(r,R), the i ( i
selection rules for transitions in the complex are
inferred?%2%31 The strict ones, concerning and p, have b) R_|||R, |||B- PR |||P-
already been indicated in ER); they result solely from the 5
properties of the rotational facto()i,||). The rules for the [
approximately preserved quantum numbgrand | result ‘_{,—H
from dominance of some radial componedis (r,R) in the it
dipole moment function, namely, those with,\)=(2,3) l_ffl . l.ffl
and (0,1), and are:Aj = 0,+2 andAl=+3,+1. The nota- R L §Jf+; {f—l},—F,-i_g,
tion used for transitions<ti allowed by the selection rules i " i
and for groups of these transitions distinguished by transition
energy,AE;, is summarized in Table I. Transitions compris- T, ||T, |T. N, |IN, |||V
ing theQ4(1) andS;(1) bands are presented schematically 5
in Fig. 2. i
Summarizing, there are three basic factors determining z{
the absorption spectrum of the complex: the pattern of en- .

ergy levels of bound and metastable states, the decay rates of

the metastable states, and the intensities of individual transf!G- 2. (& Components oR(I;)- and P(I)) transitions inQ(1) band.

tions between the states. The first two factors depend sensjere are only single components Bl )- and N(l) transitions in this
tively on the intermolecular potential of the complex, Pan% T.(,Ti+1) andN_(I},1i-1), respectively(b) Transitions {1J)

= . . . . 1:J;) in S;(1) band. The orderings df levels (thinner lineg and ofe
V(r,R), and the third involves additionally the induced- —(19) 1(1) 9 ( ¢
levels within the initial and the flnall{} groups are as typically occur in

dipole momentd(r,R). Since both these quantities do NOt o and in Ar- H, (except the relative position of;=1;+1- andJ,
depend on nuclear masses, W|th|n'the F:Iamped nuclei ve'r5|0n|—l_1 levels is reversed in the latter casef. Fig. 1. The thick(thin)
of the Born—Oppenheimer approximation, they are obtainedrrows denote the mogthe least intense components of the transitions.
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from the position in H. This operation naturally brings into or “disappearance” of some transitions from spectrum con-
consideration the question of what effects it introduces to théour, accumulation of intensity of neighboring broad lines,
absorption spectrum of the complex. and shifts of line centers due to the accumulation. All these
In a qualitative analysis dahe effects of the asymmetric secondary predissociation effects are evidently mediated by
isotopic substitution in the absorption spectrum of thethe induced-dipole moment. An example of a secondary pre-
Ar—HD complexone may concentrate only on those intro- dissociation effect can be found in tSg(0) band of Ar—HD
duced via the intermolecular potential; the changes of th&hen one compares it with the corresponding band of Ar—H
total intensities of transitions caused by the transformation ofFigs. 11 and 3, respectively, of Ref. Vhereas in the latter
the dipole moment functiofbeing not large, cf. Sec. IMdlo  spectrum the heights & lines tend to increase when going
not have any dramatic impact on the spectrum shape. Thiom the band center towards its edge, the opposite tendency
contribution to the intermolecular potential generated by thés revealed in the former. Accumulation of intensity of tran-
isotopic substitutiony (r,R):=V(r,R)—V(r,R), and its im- _sitions from relatively rapidly.deca.ying quasibouttdnnel-
plications for energy level positions and predissociation ratel19) states has been ascertained in a recent Stiadpe the
are a well-analyzed subjett. Essential is the anisotropy caus.e.of the reve.rsal.. Ewdencg has been glven_thereby. that
character ob(r,R), i.e., the difference between expansions!ransitions producing lines too diffuse to have noticeable im-
of the potentialsV(r,R) andV(r,R) into Legendre polyno- pact on the shape of the sharp absorption spectrum of Ar—H

inls. P R)) for L=0.1 herel is th | may acquire some importance in the flattened spectrum of
mials, P, (cos€-R)) for L=0,1,.., whereL is the polyno- . "in Much stronger effects of the same kind can be ex-

mial order. The str_ength of _the particular terms_ occur_ring in ected in theQ;(1) and S,(1) bands of Ar—HD for the
these expansions is determined by the respective radial funEéason that the broadening of lines produced by different
tions, Vi (r,R) and V((r,R). Thus, the differences, transitions inthese bands is certainly less uniform. Generally,
V (r,R)—V.(r,R):=v (r,R), are the isotopic corrections to lines of transitions from the predissociating= 1-parity

the Lth order anisotropy strength functions. The facts estabstates t=0,=1,,J=1+1) will be broadened much more
lished are((i) the corrections to even-order anisotropy affectinan lines of transitions from the boupc= — 1-parity states

mostly the positions of energy Ie\./e-lsb Shiﬁls the entire (J=1). Thus, relative heights of lines of the two kinds may
groups!{} andv, changes the splitting within the groups; pe significantly altered in comparison with their counterparts
(i) the appearance of first-order anisotropy termvinV, in the spectrum of Ar—HK

=v,, enhances greatly the rotational predissociation: for all

states {,J,n,l,J) labeled withj=2 and for p=1-parity
stateg(e-levelg with j=1 it becomes possible to decay into
energetically closest dissociation channels, associated with As follows from the Introduction, the calculations on the
the respectives,,_; thresholds. Obviously, the increase of photoabsorption dynamics of the Ar—HD complex planned to
decay rates is most dramatic for the latter states, since ihe performed in this work have mainly a predictive charac-
Ar—H, they can decay only to the distant 1,j) channels ter. Associated with this was the need for performing some
or (for v=0) are bound. The differences between predissoadditional tests which would provide an estimation of the
ciation governed by the=1 and by thd.=2 anisotropy of accuracy of the new results. Such information is desirable
the potential can be stated in the form of some approximatbecause the input used in the calculations, the XC fit to the
selection rules for the underlying bound—continuum transiintermolecular potential of Ar—§t’ and the Dunker—Gordon
tions. To this end the followingsimplified) perturbative for- model of the induced-dipole momefit,though the best

Ill. CALCULATIONS

mula forIT" should be recalled: available, is not yet fully reliable in all respects which matter
in the description of Ar—HD.
FU—J*;TJ%ZW_Z |(713|P|j13) A. Testing the input
J
s ~ The Dunker—Gordon model of the induced-dipole mo-
X<Ff,—j);ﬁ|(XU_ﬁVL|XU_j>r|F%)J>R|2’ (5) ment may indeed be a source of uncertainty, cf. Refs. 7, 8,

28. Though the doubts raised are not essential for reproduc-
WhereIEi—%—J(R) denotes the radial function of a bound stateing the experimental shape of t8g(0) band of Ar—HD, as
giving zeroth-order approximation to the predissociatingit @Ppeared in a recent studadditional tests of the model

;)J(R) is a one-channel scattering function at were required before applying it to calculations on other

state andINZI()—- bands. In particular, a comparison was made with the later
E~E'=— | in which the mixing ofl components has been g P ’ P

vjniy’ = o model?® fitted to the improved experimental data of Ref. 2.
neglected. The rules arg:—j=L and|—-I=*1 whenL  The conclusions argi) the two models are almost indistin-
=1, andl —1=+2,0 whenL=2. guishable when shapes of t8g(1) band of Ar—H resulting

As to the implications of the isotopic correctiofte the  from them are comparedij) in order to achieve similar con-
potentia) on the spectrum shape, at least two categories ofistency of results for th®,(1) band of Ar—H, the radial
effects can be distinguished. Besides the primary effects tpart of the charge-induced component in the Dunker—
which obviously belong broadeningtrictly, flattening of ~ Gordon model has to be strengthened by a factor of approxi-
lines and shifts in lines positions, some secondary effects ahately 322 Eventually, the Dunker—Gordon model was cho-
the broadening may appear important, such as “appearanceen for calculations on the corresponding bands of Ar—HD
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FIG. 3. (a) First-order anisotropy coupling element
{x14Vix10)r with V; determined from the XC poten-
tial, exactly and approximately: ViPP=fr[V
+(2/5)V3+ (6/5R) V,], where prime denotes deriva-
tive with respect tdR. [The sign 0f\71 differs from the
sign in Eq.(15) of Ref. 4 because the opposite orienta-
tion of the vector is assumed in this wotkPlotted are
also: the elementy.|frV{x.1), and the contributions
to this element which arise from the expansion
VO(R,r)=2kvo,k(R)(r/r0—1)k, wherer, is the mean
separation of atoms in the=0,j=0 state of H. (b)
Deviations( x 1o X347 7= X*C| y,,), for X=V2P and for
the terms ofViP" arising from the isotropic and the
second-order anisotropy terms \¢f

[with the dy; strength parameter multiplied by 3 for the approximate treatment of dynamics, pertinent to the CM

Q1(1) band because its functional form is better suited totheory, is adequate in the cases tested. The use of the ap-

the isotopic substitution transformatigexplicit dependence proximate formula of Ref. 4 for the COUp”f’(g(lean)r,
on ther coordinatg. The transformation was performed fol- including only linear terms in the displacement paraméter

lowing the (accurate procedure of Ref. 9.
The XC fit to the potential for Ar—HKlis, indeed, the

is shown to impair slightly the widths; the CMvalues are
smaller by ca. 3% than the CM results. Finally, the compari-

most reliable model to choose when the accuracy of transison of the CM- results with those denoted as GMph

tion energies is concerned. Unfortunately, that model seems
to have a(smal) defect in the repulsive wall region which
affects accuracy of predissociation rates in Ar—HD. The
widths of lines in theS;(0) band of Ar—HD resulting from
the XC potential have been found in Ref. 9 to be too small
and less consistent with experiment than the widths gener-
ated from the theoreticdlSAPT) potential*® Believing that

this finding can be extrapolated to other bands of Ar—HD, it
was decided to calculate linewidths in tBg(1) andQq(1)
bands from both the XC and SAPT potentials. Additionally,
some tests were carried out whose results may be helpful in
correcting the short-range behavior of the XC fit.

Figure 3 presents an analysis of the differences between
theV, terms which result from the XC and SAPT potentials
V. Strictly, the elemeny 15 V1x11): is analyzed which is the
main factor determining the widths of lines in ti®(0)
band of Ar—HD, cf. Eq.(5). The different derivatives
(0l 9R) Vo(R,r) and, in particular, their different dependen-
cies on the coordinate in the SAPT and XC potentials, are
shown to be the main source of the deviatidg,| V3 "
—V¥€| x11), in the smallR region. ForR<3.3A, the con-
tribution of (9/dR) (V5*"— V) to the deviations exceeds
more than 10 times the total contribution of the differences in
the V, terms of the two potentials. Figure 4 summarizes
some tests which were made in order to establish how sen-
sitive the widths of thed=1y=2,n=0,,J= *+2) states of
Ar—HD are to the strength and composition of the element
(X12Vix10:r - In these tests, the configuration-mixit@M)
theory”® of resonances was exploited, in the versfoane

08

0.7

0.3

0.2

0.1

FIG. 4. Widths of p=1j=2],J=1%2) states of Ar—HD. LT—"exact”
esults(from Life-Time matrix analysigRef. 9, LT matrices evaluated us-

ing VX¢, the transformationv*¢—VX*¢ performed numerically CM—
perturbative resultéfrom configuration-mixing approacti;** all couplings

evaluated using exatt*). CM~ and CM-~sph denote perturbative results

discrete state interacting with coupled continua. The curvesbtained when the exact elemét| V3 x11), (only this ong was replaced
marked with LT and CM in Fig. 4 serve to show that the with (x1)V}€ 2.4, [cf. Fig. 3a)] and (x1d frVi*Cx.0), . respectively.

Downloaded 07 Aug 2001 to 158.75.5.21. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



3162 J. Chem. Phys., Vol. 115, No. 7, 15 August 2001 Felicja Mrugata

TABLE II. Averaged partial cross section8;y,, ;JiJipin;), determined  two columns of this table, it should become evident that the

in the line shape calculations for Ar—HD. The averagingB was done ahulk of the computational work associated with the simula-
T=77K with unnormalized Boltzmann factors: exgf/kT) and

exp(—Ei/kT)IZ}fge'(Zj +1)exp(eg /KT) for transitions from bound and
from free states, respectively.

Number Aver. number

tions was devoted to the determination of tH€° - parts; the
total number of evaluations of thE:_r matrices exceeded
more than 30 times the total number of evaluations of the
Te._g vectors.

Band Type p nm Ji=3J of G's of T's perg® The initial and final states of AfHD involved in the
Q1) F=B -1 0 1-8 0 8 1000 transition amplitudes were represented in the bases
-1 1 130 3 ®’MP(r R) in which rovibrational functions of HD with
E:EZ ‘i 0 11‘§ él J=<8 ﬂ 10100 fixed v number were used:=0 for the initial andv =1 for
FLF 1 - 0-10 +1,3,=<10 20 160¢ 270 the final states. The values p_franged fromj n_ﬂn_z_O(l) for
~1 - 9-10 #1,0,J=10 5 thep=1(—1) -parity states tQ,,,=2 for the initial states,
S(1) F—B -1 0 1-8& =*1,0 23 2000 and j ha=2 and 4—for the final states in th@,(1) and in
-1 1 1-3 £1,0 8 the S;(1) bands, respectively. Thus, the respective maximal
F—F _i - g_icl) fi g’jfi 18 351 190270 dimensions of the sets of coupled radial equations dealt with

in the evaluation of the transitions amplitudes we¥e=6,

®The average numbers of individual transition amplitude matrices whichN;=6 and 15. The method of solving the coupled equations
were calculated to determine one partial cross section of given type agnd the accuracy parameters were described in Ref. 9.
function of » in the region 3605-3655cm for Q;(1) and
4030-4070 cm?® for S;(1) band. In F—F cases, the number dF's is . .
shown as: the number of values @fchosen to cover the respective region Partial cross sections of free—bound and bound—bound types,
X the number of points necessary for integration dver The integrations
were done over the ranges 15—500 ¢rfor Q,(1) and 46—116 cmt for

Si(1) band.

PThe values);=8 andJ;=3 (for n;=1) correspond to tunneling states lying
above the {=0,=1) threshold(cf. Fig. 1). Because of very small widths

they were treated as bound states.
“This includes transitions to the statas{1j=1n=0,l =J=1-8) which
are bound because of the representation chéssm the tejtor have very

small width J=8).

This includes three transitions to states wits=1 andJ;=1-3.

Another fact to note in Table Il is the appearance of the

needed in the simulation of th®,(1) band. This is obvi-
ously a consequence of the representation chosen; the meta-
stable states of the complex which can decay only by vibra-
tional predissociation show up as bound states. In order to
add contributions from the bound—bound transitions to the
function 0" ~HP(w), the calculated total intensities of these
transitions were convoluted with Gaussians of width
0.08cm? (the experimental resolution taken from Table | of
Ref. 3.

Line-shape simulationsf the Q4(1) andS;(1) bandsof
the Ar—H, absorption spectrumvere made with the help of

reveals that~85% of the widths are due to the isotropic the function

term of the potentiaV/. This is a substantially higher contri-

bution than that obtained in Ref. ®rom one of the older
empirical potentials for Ar—F).

Line-shape calculations of the absorption spectrum of
Ar—HD were carried out in two steps. Determination of en-

aAf-Hz(m):ZJijw—w’)af—Jw')dw’, (7)

fei

ergies and widths of the bound and metastable states of thgneres; 5(w) denotes profile, a Lorentzian orstype pro-
complex associated with three AHD(v,j) dissociation
channel, {,7)=(0,1),(1,1), and(1,3), was the necessary stable and bound states of the complex, &hw) is a
first step. In view of the results presented in Ref. 9, onlyGaussian,G(w) = (a/\/7)exp(-a’»?), with full width at
states associated with the highest threshold had to be detdralf maximum FWHM=2.lIn2/a set equal to the experi-
mined in this work. This was done following the same pro-mental resolution of 0.04cnt®. The list of the o7. ()
cedures as used in Ref(i8olated-resonance analysis of life- profiles included in the functiom”M2(w), together with

time matrices obtained

calculations.

file, of individual N-, T-, R-, or P transition between meta-

in convergent close-couplingsome details on calculations of the parameters of the profiles

(positions, maximal intensities and widihsare given in

In the second step, the photoabsorption cross section dfable Ill. The last column of this table summarizes informa-

the complex

N 0)=0r_p(w) + o Hw),

(6)

was evaluated in two regions a@é (of width ~45cm?)

centered at the frequencies of tlig(1) andS;(1) transi-
tions in HD, 3628.305 and 4052.196 Chy respectively. In
part,
Or_r(w;3:J;p;) [cf. Eq. (3)] were included which exhibit
resonance structures in the regions of interest. The specificatensities of individual transitions contributing to the bands.
tion of all the partial cross sections included in the functionObviously, strong effects of intensity accumulation can occur
o™ "P(w) to simulate the contours of th@,(1) andS;(1)
bands is given in Table Il. From the information in the last mental resolution.

free—free

partial

Cross

tion on widths of the profiles. This shows that the widths due
to rotational predissociation of the majority of profiles in the
Si(1) band are on average one order of magnitude smaller
than the resolution achieved in this region in the recent ex-
periment. Thus, predissociation effects, especially the sec-
ondary ones, are practically absent in the function

sections o""M2(w); for both the S;(1) and theQ,(1) bands the

heights of peaks in this function reflect essentially relative

when energies of the transitions coincide within the experi-
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TABLE IIl. Profiles o7_;(w) of transitions §;J=01;J)«—(v;=0s;7;  TABLE IV. Splitting of levels within two representativey=1j=2n

=01I,J;) determined in the spectrum shape calculations for Ar—H =0I{} groups in the Ar—H, Ar—HD, and Ar-D complexes AE=E(J
=1)-EJ=1-2).
Type of . Number of  Average
Band transition$§ I It profile® widths® Ar—HD
Ar—H, Ar-D,
Q1(1) B—B 0-6' 0-& 74 0 1 AE AE  AE(f=0)2 AEWP AEM(f=0)° AE
F—B 4,6 7 7 0.09
B—F 7 4.6 7 0.21 3 1.337 0.79 1.48 0.80 1.35 1.543
Si(1) F—B o-¢ 0-6 128 0.003 6 1139 0.84 1.29 0.88 1.28 1.325
F—B 4.6 7 15 0.076 :
FeF 7 46 15 0.21 ®Results from untransformed potential.

bperturbative resultsAEW=[(J1I=1[P__,[j13=1)~(l1I=1—J[P__,|
3For transitions i of type=F—B, B—F, and F—F, the profiles were  XJ13=1-)1[{V2)r+{v2)r]. v, Was evaluated according to H36) of
taken as Lorentzians,af—;(w)=5Type(w;)/[1+4ﬁ2(w—wg)z/r%pej, Ref. 4. The averageg---),x were calculated with the functions
with Trype=T¢, T, T+T;, respectively, and for BB transitions,  Xu,(r)Fni(R), where F,(R) denotes solution to the equation
o1 (0) =g _p(om) dw—wn); hop is the transition energy and [—(A%/2u)((d%dR?) — (I(1+1)/R?))+ Vo (R) —€, 1Fn =0 with
Grypd i) denotes the corresponding maximum in the thermally averagedVo,R)=Vo(R.r) andr,=0.766 64 A.

partial cross sectioiry,{ w;J; Jipin;=0), cf. Eq.(3). °The term(v,), excluded from the formula foAE®).

bThe parameters of the profilesy, T', andd(wr;), were determined in the
close-coupling calculations in which rigid rotator type basbé?""(r,lﬁ)
:{(1/r)X;ﬂr)yf|Mp(f,ﬁ); j=1,3,5/, were used to represent states of the

Ar=Hg(v.J) complex with ©.J)=(0,1),(1,1),(1,3). Rovibrational ener-  atinn of the contribution of the, correction to the splitting
gies of H, were approximated as;j~e,o+ B, (J)j(j +1) with B;(J) cho-

? LI i of J levels in Ar—HD. In the two cases shown, this contribu-
sen to give the exact values of; (listed in footnote b to Table V In . . e
calculations of maxima of the profiles;(wy;), Boltzmann factors of the tion is even larger than 30% of the splitting due to We
form P(E;) = exp(—(E,— £07)/KT) with T=77 K were used for all types of ~term of the potential.
f—i transitions.
°The widths of the profiles are given in cth

dinitial states withl_i=6 are actually tunneling states of very small widths = =

results of some auxiliary tests which allow for a direct esti-

(cf. Fig. 1 TABLE V. Average levels widthsl';5,, and positionsk,;,, in Ar—HD and
®These states are bound because of the neglect of vibrational predissociatidR. Ar—H,. Deviations between the valugsandE listed (obtained from the
The statel;=J;=6, of energy above,,, has very small width. xc potentia) and the values resulting from the SAPT potenti&l; and

SE, respectively, are shown in the second lines. Except d‘,cﬁ and
[A-HD/TA-H2 3l quantities are given in cnt.

IV. DISCUSSION OF RESULTS pA-Ho

_ _ .TAr-H
A. Energy levels: Positions and widths Ar-HD ArH, T

N. T/sT2 E/sE® N T/s5I° E/SE

Energies and widths of thev(j,n,1,J) states of the _° J P
Ar—HD and Ar—H, complexes associated with twa,() c 1 1 15 o8 7209
thresholds of intgzrest i'n th.is work0,1) and (1,3),' arepre- ;g 05.98 _2'7929
sented schematically in Fig. 1. As to the positions of the 12 -001
energy levels, the major effect of asymmetry of the isotopic1 2 1 21 053 15299 18 0.0190 323.363 (22°
substitution seen in this figure is the decreased splitting of 16 0.09 —-14  0.107

levels within ther{} groups in the Ar—HD complex. The -1 13 022 15396

decrease is of the order of 20%—30% and arises mainly from; 3 1 26 322 23?'72,?6 22 0.0042 545014 (&2)
the fact that the strength function of the second-order anisot- 23 0.10 -19  0.115
ropy term of the intermolecular potentid,(r,R) (cf. Fig. 4 -1 18 013 236.19 14 0.0014 546352 @)
in Ref. 17, and the isotopic correction to it,(r,R), have 81 020 1 0230

opposite Slgn§ foRs in the van der Waals well region; cf. *The averages were calculated according to the forml)f(gjp

Eq. (16) and Fig. 2 of Ref. 4. i=(LN) < 273X m=orap for X:=T,E; only states of energies below
The crucial role of asymmetry of the isotopic substitu- the &5 threshold were taken for the averagimdi: is the number of states

tion in causing the decreased splitting dflevels in the  summed up. B

Ar—HD complex is exhibited in Table IV. The splitting in the PThe positions are relative to th@,j—L) thresholds with.=1 and 2 for

Ar—H,, Ar—HD, and Ar-D complexes is compared in this A_r—_HD and Ar—H, respectively. The energies, ;, of the thresholds
e - (@.)=(0,0),(0,1),(1,0),(1,1),(1,2),(1,3) are: 0, 89.228, 3632.161,
table on two representative=1j=2n=0I{} groups. TWO 3717533 3887.680, 4141.424chin Ar—HD, and 0, 118.487,

kinds of results for Ar—HD are included : the exact ones 4161.167, 4273.742, 4497.841, 4831.392 &min Ar—H.,.

(from the potentialV) and results generated from the un- “o1':=(I"*""/I'~1)x100% andsE=E>*""E. _
transformed potentialf(= 0)' The Comparison reveals a ten- (Ijigsrgé/iaetri];rr:es mean that the states cannot decay by purely rotational pre-
dency of the splitting to grow with the mass of the diatomic, ' . o . .

. . . . In parentheses are given the ratiod s from which the rotational factors
Sbeun't- The §pl|tt|ng n AI’—HP is shown to Change SLIbStan'of the primary bound-continuum transitions involved, cf. E5), have been
tially (becoming larger than in Ar—pl when asymmetry of  “removed,” i.e., eachl’; 757, taken for the averaginga close-coupling re-
this complex is ignored. Columns 5 and 6 of Table IV list sult was divided by |(J1J|P,|j —LIJ)|%
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Figure 1 also shows the pronounced effects of the asymwidths of thef levels are considerably smalldr;,_; /T 15
metric isotopic substitution on stabilitflifetimes) of the — _g 4 andT 5 ,/T1,~0.25. These relations between the
states:(i) the change of character of tie=1-parity states average widths in the Ar—HD complex and the relations:
below thev=0j=1 thresholds, from bound states in Ar-H Flgl/ﬁzﬁO.ZZ andFls,llﬂzﬁo.O?—in Ar—H, reflect,

to rapidly predissociating statesidths of the order of of course, the dependence of the individual widths included

1cm Y in Ar—HD, and (ii) the quantitative change of sta- . - .
bilitv of the stat iated with the=17=3 thresholds: in the averages on the two distinct factors seen in (&g.
ity of the states associated wi &4 resholas. - he rotational factors, i.e., the Percival-Seaton coefficients,

the widths of the states are more than 50 times larger Irz]jlre responsible for the smaller widthsfofevels. The vibra-
Ar—HD than in Ar—H,.

An overall quantitative characterization of the rotationaltIonal factors, i.e., the overlap integrals of the bound and
predissociation in the Ar—HD complex and of its enhance- continuum radial functions, are the origin of the decrease of
ment in comparison with the Ar—+tomplex is presented in the widthsI';— 45, of levels of a given parity with growing
Table V. Average W|dth§1"£]p are given of the IJ:” L‘ (The overlaps tend to diminish rapidly when the position
ZOIJ) levels with (—1)/*'"J=p which lie below four Egjp of the levels relative to the threshold of the closest
(v,J>0) thresholds,(0,1) and (1,1-3. The width I';,,  decay channel becomes higher.
=0.53 cm * characterizes the most important part of the pre- ~ The last column of Table V presents ratios of the average
dissociation in the Ar—HD complex, on which the previouswidths I';— 4, for (J,p)=(2,1),(3+=1) in Ar—HD relative
studies focused. Relative to this quantity, the average widtht the widths in Ar—H. These ratios are meant to be a kind
of e levels associated with the other thresholds areof global estimate of the predissociation enhancement which

U11IF121~1 5,1.8 forv=0,1 and I‘131/F121~0 4. The concerns the terminal states of transitions in$H@) and in
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TABLE VI. Q4(1) band of Ar—H. Assignment ofP- andR lines.

Line position(in cm™%) Line position(in cm™%)

cald® Calc-Expt Transition§ cald® Calc-Expt Transitiond
4147.952 —0.030 P_(6,7), P_(6,5) 4155.251 d R.(0,1)
4148802  —0025 P (56),P_(54) 4156357 —0.013 R,(1,2)
4149.778  —0.028 P_(45),P_(43) 4157438 —0.015 R.(2,3),R.(1,0), R.(2,1)
4150.820 —0.026 P (34),P (2,1) 4148456 —0.020 R.(3,4),R.(3,2)
4151914  —0.024 P (273) 4159.414  —0017  R.(4,5),R.(43)
4153.020 P (12) 4160.268  —0.032  R.(5,6),R.(5,4)
4154.101 P.(1,0),R_(0,1)

3 isted are only the transitions which contribute most significantly to the intensity of a given line. They are
ordered according to the decreasing integrated intensities afthéw) profiles corresponding to them. For

each line, the intensity of the last transition listed is no less than 1/3 of the intensity of the first one. The
energies of the transitions are within the interval of 0.04 tmround the line center; see Fig. 7.

PThe position of the peak in the functiar"2(w); cf. Eq. (7).

‘The deviations are from the experimental positions taken from Ref. 2. The uncertainties of these positions are
ca. 0.1cm?.

9The Q,(1) line of H,, 4155.254 cm?, is seen here in the measured spectrum.

the S;(1) bands. The estimates provided are:B. Transition intensities

PATHP/TA™H2= 28 and 52, respectively, for the=1 states For reasons explained above, the simulated absorption
in the two bands and™""P/TA"2=93 for thep=—1  spectrum of the Ar—k complex will be presented herein.
states in theS,(1) band. The numbers in parentheses indi-First of all, the adequacy of the used model of the induced-
cate that more than 50% of the enhancement comes from thﬁpme moment function should be documented. Figure 5
angular matrix element factors contributing to the widths. Ingeryes this purpose. The contours of @g1) and theS;(1)

view of the comment made in the previous section regardingands drawn in the two panels of Fig. 5 should be compared
the potential used, the estimates should be taken rather cayit the experimental views of these bands given in Ref. 3,
tiously, of course. To make one aware of that, Table V' alsqn Figs. 5 and 6, respectively. The overall agreement of the
shows how the listed values of the average level widths and;, jated and the experimental band shapes is good, though

positions deviate from values obtained from tle initio o rtainly not fully satisfactory. The relations between inten-

SAPT potential. For all groups of predissociating states in'sities of lines from different branches of ti@ (1) band are
vestigated in the Ar—HD complex, the relative deviations of

. T AT - quite well reproduced in the calculated spectrum. Less satis-
the widths, &1 p:=(I'7 ) /175, = 1)< 100%, are positive  factory is the consistency of the simulated and observed rela-
and range from5,I'511=5% to §,I'15-1=31%. Two of the tive intensities between different branches of §€1) band.
three deviations shown for the Ar—tomplex,5;,; and  In particular, the calculated lines appear somewhat too
55131, are negative and have magnitudé4% and 19%, Strong in comparison with thBl lines. The cause of that is
respectively comparable with their counterparts in Ar—HD. not easy to identify(the same component of the induced-
Thus, the estimates of the predissociation enhanceme#ipole momentd,s, is responsible for intensities in both
would be larger, even as much as 50%, if they were based deranches A possible explanation is that the overall relative
the SAPT potential. N- to T-branch intensity in the experimental band shape may

Obviously, all the deviation$,I" given in Table V and e slightly inaccurate; some minor errors can arise when the
ESAPT_E can serve as indicators of SPectrum of the Ar—klcomplex is separated from the strong

the sensitivity of dynamics of the Ar—HD and Arkom- underlaying CIA spectrum of y+Ar. The relative intensities

plexes to differences which exist between particular terms off lines within a given branch, especially within theandN

the SAPT and of the XC potentials for ArHcf. Figs. 2—4 branches, are essentially correct in both simulated bands.

of Ref. 17. The deviations in the widths of the states of the ~ Major inconsistencies with experiment are noted only in
Ar—HD complex result mostly from the different slopes of the R- andP branches of th&,(1) band. In particular, the
the isotropic terms of the two potentials in the repulsive walltWo strongest lines observed in this region, at 4157.453 and
region, cf. the tests in Sec. Ill. The negative deviations be4150.846 cm, respectively, appear in the calculated spec-
tween the SAPT and XC results obtained for the widths intrum considerably weaker in comparison with their neighbor-
the Ar—H, complex can certainly be attributed to the weakering lines. However, as was revealed in Ref. 26 and is exhib-
repulsive part of the.=2 anisotropy term of the SAPT po- ited in Table VI, the strengths of majority of tHe- and P
tential, seen in Fig. 4 of Ref. 17. An analysis of the devia-lines in theQ;(1) band come from confluent intensities of at
tions in energiegespecially these in Ar—HDwould be more  least two transitions. The two largest inconsistencies between
involved, but it is outside the scope of this paper. the observed and calculated line strengths occur in the cases

also the deviationsE =
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when the contributing transitions, labeled with differés,
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Felicja Mrugata

FIG. 6. Expanded views of the calcu-
lated contour of the absorption spec-
trum of Ar—H, in the N-, P-, and T
branches of th&,(1) band. The con-
tributing transitions are marked with
lines in the bottom of the contour. The
lengths of these lines indicate relative
total intensities of the transitions.

sistencies between the calculated and measured relative in-

differ the least in their intensities. It is evident that the degredensities of theR- andP lines in theQ,(1) band should be
of coincidence of energies of the transitions becomes a vergttributed to some small inaccuracies of the intermolecular
influential factor in these cases. Therefore, the noted incorpotential rather than to any serious inadequacy of the
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TABLE VII. S;(1) band of Ar—H. Assignment of some intense lines.

Line position(in cm™%)

Line position
Cald® Calc-Expt Transitiond Cald® Transitiond
4693.373 0.008 N_(7,8),N_(7,7) 4713525 R_(2,2)
4695.628 —0.007 N_(6,6) 4714.050 Ry(1,2)
4695.764 0.000 N_(6,7) 4715.886 R_(4,4),
R.(2,3)
4698.535 0.006 N_(5,5) 4716.326  Ry(4,4),
R (3.4)
4698.667 0.001 N_(5,6) 4717.918 T4(0,1),
Ry(6,6)
4701.834 0.005 N_(4.5) 4721372 To(1,2)
4705.216 0.004 N_(3,4) 4721.844 T,(1,2)
4706.049 --- P_(5,5) 4722.054 T,(1,0)
4706.373 P_(6,7) 4725031 T,(2,3)
4707.245 P_(56), P,(45) 4727.939 T,(34)
4708.245 - P_(4,5)
4709203 -0.02F P_(2,3)
4713.399 —0.016 R_(1,2)

aSee Figs. 6 and 7.

bSee footnote a in Table VI.
‘Experimental positions from Ref. 3.
YExperimental positions from Ref. 2.

Spectrum of the Ar—=HD complex 3167
the modified Dunker—Gordon model of the induced-dipole
moment on relative intensities of individual transitions.
Information obtained in the transition intensity calcula-
tions is sufficiently reliable to allow for a correct and com-
plete assignment of lines in the parts of the spectrum where it
is difficult (if not impossiblg to make such an assignment
based solely on the knowledge of transition energies. Thus,
as an extra benefit of the calculations performed for testing
the induced-dipole mod@), a complete assignment can be
provided of a number of strong lines observed in the absorp-
tion spectrum of the Ar—klcomplex. Table VI lists the most
intense transitions which give rise to the 12 distiRetandR
lines seen in th&,(1) band, cf. Fig. 5 of Ref. 3. The posi-
tions of these lines calculated from the XC potential should
be close, within a few thousands of ch to positions which
were presumably measured but not enclosed in the report
from the recent experimeftThe results of the previous
experimertt are used in Table VI for a comparison with the
calculated positions. Note that the almost uniform shift of the
calculatedP- and R lines towards smaller energies, of the
order of 0.02cm?, is indeed close to the differences be-
tween the recent and the previous measurements of the po-

induced-dipole model used. Not disregarding the less sugsitions of the inneMN- and T lines in theQ4(1) band, cf.
portive details discussed above, it seems reasonable to cofiable Il in Ref. 3 and Table 2 in Ref. 2. Obviously, the
clude that the comparison of the simulated and observedssignment of the lines in th@,(1) band given in Table VI
spectra of the Ar—K complex does not raise any major is fully consistent with the information already provided in
doubts regarding the reliability of the information yielded by Table XIII of Ref. 26.

FIG. 7. Relative intensities of different components of
i P(5) transitions in theQ,(1) and S;(1) bands of
Ar—H, (the lines with stars in the bottom parts of the

panel3. The intensities and the band contour drawn in

T the top panel are obtained from the modified Dunker—
Gordon model of the induced dipole momé¢and from
the model of HutsoriRef. 28; the differences between

4 the two models would be hardly visible in the present
plot].
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"g . FIG. 8. Calculated shape of the ab-
8 6e-05 sorption spectrum of Ar—HD in the
£ V photon energy region of th&;(0)
46-05 L“Jb and Q_l(l) bands. The small peaks at
energies 3607.47, 3607.94, 3608.69,
and 3609.85cm!, are due to the
2605 | P(2)+P(1), P(3), R(0), andR(1)
transitions, respectively, in tha=0
ol L ! L 1 L L L L . —1 subband of th&,(0) band. The
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transitions, respectively. The lower
76.05 i pane]: The shape of th@,(1) band.
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H Y SN averaged partial cross sections ac-
6e-05 |- - 1 counted for in the shape simulation, cf.
2 765 4 3 2 =5 6 7 89 Table Il. Dotted line—total contribu-
5 5605 tion from the 25 partial cross sections
g of free—free type. Dashed lines—
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g 46-05 e Fr(@;31Jip)
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Some new information emerges concerning $€1) the p=—1 states are much less susceptible to the predisso-
band. Figure 6 presents three expanded views of the calcgiation enhancement in Ar—HD, and therefore can contribute
lated contour of this band in thi-, P-, and T-branch re-  to the “line appearance” effect, provided that the transitions

gions, respectively. Total intensities of all the contributingjn which they participate are not too weak. The most and the
transitions are shown and all but the weakest transitions arle

labeled. On this basis. one can com ; gast intense components of tR¢l )- andP (1) transitions in

. , plete the assignment O — _

the lines whose positions have been measured in Ref. §1€ Q1(1) and theS,(1) bands and of th&(l)- and N(I)
and/or in Ref. 2.J numbers can be ascribed to thelines  transitions in theS;(1) band are indicated in the diagrams
and the origin of the two strong lines in the central part of thedrawn in Fig. 2. This crude distinction summarizes the most
band can be identified. This information is gathered in Tablestriking trends revealed by the intensity calculations. A de-
VII. Moreover, it becomes possible to assign some sharpailed comparison of components of tR€5) transitions in
peaks clearly seen in the recorded spectratpositions not  the two bands is given in Fig. 7. Note that the only transi-
reported yet. The calculated positions of such peaks are alsgns in theQ,(1) band which involve thep=—1 parity

Ilsted_m Table Vi, . I states on both ends, i.e., tR&1,1)- and theR(l,l) transi-
Finally, let us return to the main objective of the present,. .

. o S .. tions, are extremely weak. The reason for that can be easily
subsection, which is an examination of how the relative in-

tensities of the transitions in the,(1) and S,(1) bands indicated when one resorts to the formu{dsand compares

affect the shapes of these bands in the spectrum of th@agnitudes of the angular factafsl + 135 1|V 4[| 113) of
Ar—HD complex. Of primary importance from this stand- the three [,A) terms,(0,1), (2,1), and(2,3), which are in-
point are the relations between transitions which do and deluded in the Dunker—Gordon model of the induced dipole;
not involve states b= — 1 parity. As pointed out in Sec. I, it is a cancellation of thd€0,1)- and (2,3 terms. Thus, no
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FIG. 9. Calculated shape of tt®(1)
band of the absorption spectrum of
Ar—HD (the top paneland its decom-
position into contributions of transi-
tions from the initial bound and con-
tinuum p=-1 parity states (the
middle panel and from the initial con-
tinuum states op=1 parity (the bot-
tom panel. In the bottom part of the
bottom panel are drawn the 31 indi-
vidual averaged partial cross sections,
Or_r(w;J:Jip;) with p;=1, specified
in Table II.

sharp line is predicted to appear in tQg(1) band of Ar— level. Among them, the strongest are tHE, (I—I)

HD. o N P_(I,1)-, and N_(I,l) transitions, since their strength
In the S,(1) band, there are six different transitions pos-comes mostly from the largest (A)=(2,3) component of

sible from a given [,J=1) level which end also on af  the induced dipole. In the case of the medium strength
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R-(I,1) transitions two components of the induced dipole,background of broad peaks, due to the(l,I—1)- and

(2,1 and(2,3), contribute comparable amounts. The weakes\_(1,1 +1) transitions, which are counterparts of the high-
P.(l,1) transitions are determined mostly by thk,{) est lines in the spectrum of Ar-—Hcompare Figs. 9 and)5

=(2,1) component. All these transitions, except for the last It should also be pointed out that no inconsistency is
one, are the strongest within their respective branches, arnshcountered in the calculated contours of the Ar—HD spec-
therefore are good candidates for causing the line appearangeim with the predictions which were made in the previous

effect in the spectrum of Ar—HD. subsection by the examination of intensities in the spectrum
of Ar—H,. This gives some evidence that the isotopic substi-
C. Line shape tution transformation of the induced-dipole moment function

does not introduce any qualitative changes into the spectrum

The calculated contours of the absorption spectrum Ofpane(cf. Sec. I). Fig. 10 gives a more detailed insight into
the Ar—HD complex in the photon energy regions of they,q \alative intensities of transitions which result from the

overlappingQ,(1) andQ4(0) bands and of th&,(1) band Dunker—Gordon model of the induced-dipole moment when

;Lesstr]ownt!n FlgtS)' t8 and 9t’) reszectl\éely. Ats T%Ty a? %28 anlis reexpressed in the Jacobi coordinates of Ar—HD. Exhib-
ransitions between bound and metastable states W" d in this figure are the relations between the total intensi-

ni=ni=0 andl;,|=0-10 are accounted for in the contour ;. ¢ yo, — +,—,0 components of the ,(I,J=1) transi-

of the Q,(1) and theS;(1) bands, respectively. In addition, ions in theS,(1) band. They look pretty much the same as
each contour carries information about several dozen weat o relationslin the spéctrum of Ar-kshown in the lower
2

transitions of the subbands wiff=1 and/om;=1. The cal- panel of Fig. 7. Indeed, more precise estimations reveal that

culated lines of th&);(0) band are drawn in Fig. 8 atop the . 0 .
Q.(1) contour to illustrate the emerging proportions be_fthe differences do not exceed 10%. For example, the relative

tween features of the two bands. Comparing these propomtensities of the transition_(5,5):Po(5,5):P.,(5,5) in the
tions with the measured spectrum may be a source of addﬁl(l) bands of AerD and Ar—biare 1:0.20:0.04 and
tional information on the adequacy of the models used for--0-18:0.04, respectively. o o

the induced-dipole moment and the intermolecular potential, ~ 1abPle VIIl presents a quantitative characterization of the
Here, the point to be emphasized is that the simulated corlines which are well d|st|ngU|sh_ed in the calculated contour
tours of theQ;(1) andS;(1) bands, compared with their of_theSl(l) band of the absorption spectrum of Ar—HD. The
counterparts for the Ar—complex(in Fig. 5) provide the ~ Widths of the sharpP-, T-, and N lines are of order of
ultimate confirmation of the diverse influence of the asym-0-1-0.2cm* and ca. 610 cm wider are the bro@d and
metric isotopic substitution on the absorption spectrumN-lines. The shar@- andN-lines are redshifted relative to
shape. In th&;(1) band, hardly any structure of the contour the maxima of their closest broad linegbeled with the

is visible in theR- and P-transition regions; certainly, no samel-number$ by about 0.5 cm?,

sharp peak appears to be attributed to any offthe transi- Obviously, the characterization of ti& (1) band pro-
tions in these regions. Only 11 broad lines due to thevided in Table VIIl and in Fig. 9 is too detailed to be verifi-
T.(I,1+1)-andN_(I,I —1) transitions remain distinguish- able by comparison with the experimental spectrum pub-

able. Almost complete intensity in the band comes, as demlished in Ref. 1. One can merely state that the calculated
onstrated in the lower panel of Fig. 8, from transitions ofpositions of the pairs of the broad and sharpandN lines
free—free character betweep=1 parity states. In all roughly agree with the maxima of the wavy contour seen in
branches of theS;(1) band in turn, sharp lines due to the Fig. 3 of Ref. 1. The widths of th&- andN lines in the
f—f transitions are seen as dominant features of the contou®;(1) band are presented in Fig. 11 together with the widths
In the T- andN branches, these lines are superimposed on af lines in the corresponding regions of tg(1) and of the
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Spectrum of the Ar—HD complex

TABLE VIIl. S;(1) band of Ar—HD. Transition energiesE and the widths of the finall{;) and initial (I';)
states(all in cm™Y). Deviations between the widths listed and the ones resulting from the SAPT potentials are
shown in parentheses as>(""—x) X 100 forx=1T%,T;.

3171

Transitiort AE I rP Transition AE I rP
N_(10,10) 4032.54 0.104) 1.06(9) P_(6,6) 4046.473 0.102)

N (10,11)  4032.89 0285 0.99(4) P (55)  4047.171 0.112)

N_(9,9) 4033.76 0.114) 0.11(2) P_(4,4) 4047.859 0.123)

N_(9,10) 4034.14 0.2%8) 0.42(3) P_(3,3) 4048.356 0.187)

N_(8,8) 4035377  0.124) 0.00(0)  T.(1,1)  4057.547  0.226)

N_(8,9) 403584  0276) 050(4) T,(22)  4059.838  0.175)

N (7,7) 4037.348  0.124) T.(21) 406045  0.296) 0.52 (-9)
N (7.8) 4037.82  0287) 060(5)  T.(33)  4062.025  0.144)

N _(6,6) 4039.505  0.124) T.(3,2) 406257 0255  0.60 (—3)
N_(6,7) 4039.96 0.298) 0.70(0) T.(4,4) 4064.090 0.114)

N_(5,5) 4041793 0.114) T.(43) 406459 0214 0.60 (—1)
N_(5,6) 404221 0298 0.78(7)  T.(55) 406599  0.093)

N_(4,4) 4044207 0.094) T.(54) 406647  0.174) 0.57 (1)
N_(4,5) 404453 0298 0.85(9  T.(66)  4067.629  0.093)

P (9,9) 404489 0082 0.11(2 T.(65) 406810 0143 052 (1)
P (88) 4045241  0.072) 000(0) T.(7.7)  4068.84  0.594)

P_(7,7) 4045.813 0.092) T.(7,6) 4069.31 0.533) 0.46 (0)
4Cf. Table I.

PAn empty entry means a bound state.

S,(0) bands. The widths calculated from the XC potential SAPT widths as accuracy indicators, one can offer an esti-
are compared with the results from the SAPT potential. Sumation of reliability of the calculated shape of ti$g(1)
perior accuracy of the SAPT results is exhibited by enclosindband. It says that all the lines may be actually wider: the
the experimental data available for t8g0) band. Using the sharp ones by ca. 30% and the brdadandN lines by ca.

1.5

L4/ cm’’

0.5

FIG. 11. Widths of T(crosses and N (circles lines in theQ4(1), S;(0),
andS;(1) bands of the absorption spectrum of Ar—HD. Full lines—results
from XC potential, dotted lines—results from SAPT potential. ForSh@®)
band, experimental data of Ref. 3 are shown with error bars.

]
0

Yo S4(1); p1

5% and 13%, respectively. In consequence, the disparity of
heights of the lines in the pairs seen in theandN regions
may be about 20% smaller. Thus, the predicted pattern of
lines in theS;(1) band should be essentially correct.

V. CONCLUDING REMARKS

The studies of the photoabsorption dynamics presented
in this paper and in Ref. 9 provide a complete theoretical
description of the near-infrared absorption spectrum of the
Ar—HD complex whose accuracy is the best possible at the
present stage of knowledge of the intermolecular interactions
(potentialg. All characteristics of the spectruitiine posi-
tions, widths, relative intensities, and shapa® determined
and combined to produce the final theoretical contours of the
particular bands. For the first time, included into the descrip-
tion are all four bands which were recorded in the first ob-
servation of Ar—HD' in 1974. The bands due to the absorp-
tion by the Ar—-HD@p=0,j=1) complex were not later
investigated because the experimental accuracy attainable on
these bands was insufficient to extract information which
could be used to generate better and better empirical poten-
tials for Ar—H, (—D,,—HD). The present work indicates
that theQ(1) and S;(1) bands of Ar—HD can serve as
convenient objects for studying the interplay between bound
and free components of the dynamics of photoabsorption by
atom-—diatom gas mixtures. These bands seem to be the first
cases analyzed in which resonances in free—free phototransi-
tions (transitions between predissociating statesanifest
themselves in such a significant way. Resonances of this kind
are dominant in the contour of th@;(1) band. In the5;(1)
band, they are no less important than the resonances in
bound—free phototransitions. The contour of 8;¢1) band
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is also interesting as a carrier of the effects of the asymmetri€r. J. Le Roy, G. C. Corey, and J. M. Hutson, Faraday Discuss. Chem. Soc.
isotopic substitution. In particular, a significant line appear- 73 339(1982.
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