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Near-infrared absorption spectrum of the Ar—HD complex:
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Converged close-coupling calculations of the bound rovibrational levels, positions and widths of
metastable states that predissociate rotationally, vibrationally, and via tunneling, transition
intensities, and spectrum shape have been performed starting from a@uratgo and empirical
potential energy surfaces for Ar—HD. The computed transitions frequencies agree very well with the
observed positions of lines in the recorded near-infrared spéAtR.W. McKellar, Faraday
Discuss. Chem. SocZ3, 89 (1982; J. Chem. Phys105, 2628 (1996]. The agreement of the
measured and calculated linewidths in tBg0) band is also good. Surprisingly, ttedd initio
potential reproduces the observed linewidths somewhat better than the empirical potential fitted to
high-resolution infrared data of Ar—Hand Ar—D, [C. Bissonetteet al, J. Chem. Physl05 2639
(1996]. As a result of the inclusion of some important transitions between the continuum states of
the complex, a very good agreement with experiment is achieved for the shape{ ®heband

of the spectrum. Reliable theoretical predictions of the transition energies@ {i§ band are also
reported. ©1998 American Institute of PhysidsS0021-96068)01548-1

I. INTRODUCTION represented both in the region of the potential well and in the

Theoretical and experimental studies of van der Waalgepulsive region. Additional calculations of the quantities not
complexes provide important information about weak inter-'mIUde‘j in the fit(hyperfine spectra, and state-to-state and

molecular forces between atoms and molecules. Weaklgjtal scattering cross sectignsere carried out. The level of

bound complexes of rare gas atoms with the hydrogen mo__greement between the computed and measured values was

ecule are especially interesting, since they represent protér_npressive, and suggested that the empirical potential energy

types of systems governed by anisotropic interactions. In facgurface_ of Ar-H (Ref. 14 |s_probably the_ most accurately
the Ar—H, molecule is probably the most thoroughly inves- etermined of any atom—dlatom potentlals. Conseguently,
tigated van der Waals complex. Its first spectroscopic obse.c_omplexes of the argon "?‘tF’.m with |so_topes Qf(td)nsntutg
vation was reported by Kudiaat al® in 1965. Since then benchmark systegr;s fab initio cqlculatlons of the potential
more and more refined measurements of the Aririffared energy syrface - and for testing the accuracy of these
spectra have been reported in the literafaféincluding ex-  Surfaces in dynamical calculatioffs.

perimental data for complexes of argon atoms with other The ab initio poj[ent|al energy surface of Ref. 37 ha§
isotopes of H. been computed using the symmetry-adapted perturbation

Measurements of high-resolution infrared spectra forthe?hw((jSAP(;l‘)._tSee Rle_zf. f‘.o for z_a”r]ecent review Off tt?f‘ S,{'?]‘PT
Ar—H,, Ar-D,, and Ar—-HD stimulated theoretical method and s applications. The accuracy of this three-
0-14 . . . . dimensional potentialincluding the dependence on the vi-
efforts to determine ananisotropi¢. potential energy brational coordinate of §J was checked by comparison of
surface for Ar—H by directly fitting the observed infrared y P

. ) the computed and measured line positions in the far and
data and other quantities like hyperfine spetiratate-to- near-infrared spectra of Ar—Hand Ar—D,,% second virial
state and total differential cross sectidfs’ vibrational P ;

. . 41 _ _ . . .
pressure shifing coefficient!® and second virial coefficients’! state-to-state differential cross sectidfhsnd

coeflicient222 The potential energy surfaces obtained fromV|brat|onal pressure shifting coefficierits.The results of

direct fitting have been used to interpret various experimeni[-hese calculations suggested that the well depth ofathe

tal data, in particular the mechanisms of the rotatidiaf? initio. SAPT potential, its anisotropy around the van der
and vib;ationa'13‘36 predissociation Waals minimum, and its dependence on the vibrational co-

ordinate of H are essentially correct.

The most recent empirical potential energy surface for .
14 . - Various aspects of the Ar—HD spectroscopy were the
Ar—H,,*" hearafter called the X@t) potential, was obtained . . .
subject of several experimentdl and theoretical

\?v}él?tgr;g tLOe thrT:nfrared spectra of ArHand Ar-D;,” as .ﬁtudiesz.e'z&“zAmong them, of particular interest is the rota-

perature dependence of the second ViNglonal predissociation for the following reasons:
coefficients?®?! and collisional shift of the Raman lines of P 9 '
Ar—H, .19 The fitting procedure adopted in Ref. 14 ensured(i) ~ The predissociation widths have been measured for as
that both the isotropic and anisotropic components were well many as 11 lines in th& andN branches of th&;(0)
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band’® which is the largest set of data of this kind nuclear dynamicgsee Refs. 45,46 for recent revievis deal
available for any of the hydrogen molecule—rare gaswith phototransitions between multichannel continuum states
atom complexes. can be severely tested.

(i)  The predissociation widths are known to be sensitive  Surprisingly, neither the empirical X@t) nor the ab
probes of the anisotropy of the intermolecular poten-initio SAPT potentials were tested in calculations of the po-
tial in the repulsive wall regioh>?***The most im-  sitions, widths, and intensities of lines in the near-infrared
portant first-order anisotropy arises from the asym-spectrum of Ar—HD. In this paper we fill this gap, and report
metric isotopic substitution, mostly from the isotropic a detailed theoretical study of the near-infrared absorption
and the leading anisotropic terms of the potential forspectrum of the Ar—HD complex and of the aforementioned
Ar—H,. Although no systematic analysis of the rela- aspects of the dynamics of this complex starting from the
tive importance of these terms in the predissociatiorempirical XQfit) and ab initio SAPT potentials. Whenever
dynamics of Ar—HD has been given thus faf. Ref.  possible, the results of the study will be confronted with the
26), there are good reasons to believe that the isotroexperimental dat4® Since the close-coupling approach ap-
pic term, strictly its derivativé? is the decisive one. plied in the calculations is believed to be nearly exact, any
Therefore, the predissociation widths should be rediscrepancy between theory and experiment with respect to
garded as particularly sensitive probes of the shape athe positions and widths of the spectral lines will be attrib-
the isotropic part in the region of the repulsive wall. uted to some deficiencies of the intermolecular potentials.
The correctness of this part, strictly speaking of itsThus, our results confronted with the experimental data will
dependence on the diatomic vibrational coordinategive an additional insight into the accuracy of the empirical
has been the most questioned feature of the previougndab initio potentials. An outcome of our study will be also
(TT3) empirical model of the potential for the first theoretical predictions of the line positiofend
Ar—H, . ** widths) in the Q;(1) band which may be of some use in

(i) In spite of the impressive progress which has beefytyre experimental work’ Finally, the shape of the Ar—HD
made in developments of efficient iterative proceduresspectrurn in theS,(0) band, including the most important
for the inversion of spectroscopic data into appropri-yransitions between the continuum states of the complex, will
ate intermolecular potentials for van der Waals com-pe simulated. A comparison with both the previously simu-
plexes(cf. Ref. 49, there are still difficulties in ex- |ated and observed shapes will be made and an assignment of
ploiting the experimental predissociation widths in \he peaks discernible in the middle part of the observed band
these procedures. Because of that the newest empirjgi| pe attempted.
cal potential for Ar—H could not be explicitly fitted The plan of this paper is as follows. Section Il starts with
to the measured widths of Ar—HD. Therefore, eveny genera characterization of the interaction-induced absorp-
this potential may not be sufficiently reliable to de- jon in the Ar—HD gas mixtures which is based on the find-
scribe the rotational predissociation; at least, its ady,gq of the well-known experimental and theoretical research
equacy in this respect has to be checked. quoted above, and includes some new results of this work.

Another aspect of the Ar—HD dynamics of special inter-Next, a brief description of the line shape theory in the
est for this work concerns quasi-bound stai@®iting reso-  interaction-induced absorption is given with the intent of
nancesand the effects of transitions from these states on théummarizing and unifying the two important developments
shape of the absorption spectrum. Such effects are certainhich provide the framework for the exact calculations of
observed in theS;(0) band of the spectrum. However, no this work; the photodissociation theory of triatomic mol-
transition from initially quasi-bound state was accounted forecules of Balint-Kurti and Shapity*®and the rigorous treat-
in the theoretical simulation of the Ar—HD spectrum shapement of the collision-induced spectra sketched in Refs.
carried out by Kidd and Balint-Kurf the only one pub- 50,51. The formula for the absorption line shape, derived
lished thus far. Some consequences of this omission are eaipm the (detailed bound-to-free and free-to-free pho-
to indicate: fewer lines appeared in the simulated spectruniotransition amplitudes for atom-diatom complexes, is pre-
Less obvious is, however, how the relative intensity of thesented in a concise form, appropriate for numerical evalua-
lines is altered, especially when transitions from broadetion with the help of the established invariant embedding
states, more free- than bound-free in character, are includethethods of molecular scatteririgf. Ref. 46. Some useful
Thus, a new simulation of the spectrum shape, which wouldormulas are also enclosed for determination of the positions
account for all elements of the dynamics relevant for theand widths of the bound and metastable states with these
absorption process, is desirable. Confrontation of the resultsiethods. In Sec. Il a short characterization is made of the
of such a simulation with experiment seems to be a goodlynamics of atom-diatom van der Waals complexes and spe-
opportunity for a comprehensive assessment of the presenitfic aspects of the Ar—HD dynamics are discussed. In Sec.
state of the theory. Not only the accuracy of the basic eleclV some technical details concerning the numerical calcula-
tronic structure ingredients, especially of the newest intermotions are given. Finally, in Sec. V the results of our calcula-
lecular potentials, can be verified in this way, but also thetions are presented, analyzed, and confronted with the avail-
abilities of the close-coupling computational techniques ofable experimental datz
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II. INTERACTION-INDUCED ABSORPTION OF THE decay times of thdpurely) tunneling states which are sig-
Ar—HD GAS MIXTURE: AN OUTLINE OF THE nificant as initial states of the free-free transitions vary from
LINE SHAPE THEORY 10" * down to 10 *? s (as it will also be shown in the present

work). The decay times determine essentially the duration of
the spectroscopic interactions causing absorption by van der
Waals complexes. The observed widths of lines in the van
der Waals part of the Ar—HD absorption spectftdo re-
flect, however, only the shortest of these times, related to the
rotational predissociation, and mostly in circumstances when
accounting for the stimulated emission, and the volivpe a single transn,on can be assigned to a line. Such circum-
. . ) stances occur in th8,(0) band of the spectrum. Actually,
involves the photoabsorption cross sectiofw,T) for all : ) . L .
slightly faster rotational predissociation could be observed in

the transitions undergoing in the Ar—HD complex from its o .
thermally populated rovibro-translational states. These trant-he Q4(1) band if it were not so heavily overlapped by the

sitions are mediated by the collision-induc@dmponent of more |n.tenseQ1(O) .band (cf .F|g. 7 .Of Ref. 3. Slightly
T - slower, in turn, rotational predissociation can be expected for
the) electric dipole moment of the compled, in the way

; ! the S;(1) band. However, no sufficiently accurate picture of
prescribed by the following golden rule based formulador this band(cf. Ref. § has been published thus far to check
o o this expectation. The widths due to the slow vibrational pre-
2 Pi(T)|(f|e-d|i}|?6(Es— Ei—fiw). dissociation, which is the primary decay mechanism in the
¢ F Q1(0) band, cannot be measured because they are masked
@ by other line broadening effects.

It should become obvious from the above description
that the shape of thg,(0) band is indeed the most informa-
tive part of the absorption spectrum of the Ar—HD van der
Waals complex recorded and published thus far and a theo-
retical simulation of this shape is a task worth being under-
Otaken. The line shape of tt# (0) band will be simulated in
this work by evaluation of the functioo’™(w),

The (exces} absorption of light of frequencw caused
by the interaction of the HD molecules with the Ar atoms in
a low density gas mixture at a temperatlris characterized
by the binary absorption coefficietft,a(w,T)=nypna (1
—e "keT\Vo(w,T), which, apart from the respective
number densitiesn,p and n,,, the factor (e "«/keT)

o(w,T)=

Here e denotes the direction of the electric vector of the
incident light wave)i) and|f) stand for the initial and final
rovibro-translational states of the compl&,andE; are the
energies of these states, dads the population of the initial
state, i.e., the normalized Boltzmann factor.

The sum over the initial states includes all bound an
continuum (free) states of the complex and the final state
sum runs over all the states allowed by the energy conserva- ¢'™W( )= g(w)+ o (w), 2
tion. For w in the near-infrared range, transitions of two
kinds, free-free and bound-free, contributedtfw), hereaf- ~ Which includes all the bound-free terms of the cross section
ter called the absorption spectrurit {s omitted as being ©f EQ. (1) and part of the free-free terms associated with the
fixed). The predominant free-free transitions determine thgelevant shape resonances.
overall intensity of the spectrum, the most pronounced fea- In the next part of this section, the line shap¥"/(w)
tures of which are, as shown in Fig. 1 of Ref. 6, the broadVill be expressed in terms of the reduced phototransition
lines centered around the frequencies of @), Q(1), amplitudes which are quantities directly amenable to numeri-
S(0), andS(1) transitions of the fundamental band of HD. cal treatment. For this purpose, it is necessary to introduce
The mean “time of spectroscopic interactiolf"within the ~ some elements of the quantum description of the dynamics
Ar+HD collision complex, reflected by the widths of these for nonreactive atom-diatom syster(ef. Refs. 54-56 Al-
lines (=100cm * at T=87 K), is of the order of several though there will be nothing really specific to Ar—HD, ex-
10 ¥ s and varies liker ~ (Y2 Continuum states character- plicit reference to this system will be done in order to pre-
ized by the collision lifetime® excessively larger than those pare simultaneously the discussion of the next section.
quoted above are responsible, as participants of the bound- Let configuration of the nuclei in the Ar—HD complex
free and, to a lesser extent, of the free-free transitions, for thee described by the Jacobi coordinates in the space-fixed
fine structures atop the broad lines of the spectrum, shown ireference framet:=(r,r), Ri=(R,R), i.e., by the lengths
the same figure and, with a better resolution in Figs. 7 and &nd spherical angles of the vectors pointing from the H to D
of Ref. 7 and Fig. 11 of Ref. 9. These continuum states ar@ucleus and from the nuclear center-of-mass of the diatom to
associated with metastable states of the Ar—HD van dethe argon atom, respectively. Lietbe the Hamiltonian gov-
Waals molecules present in son@mal) concentration in  erning the relative nuclear motion in the complex,
the gas. The metastable states involved can be divided into
three groups differing in the leading mechanism of their de-
cay; (i) the states predissociating via internal rotation-to- H_=K_+V, for a=H-D,Ar—HD,
translation and(ii) internal vibration-to-translation energy ) o )
transfer—the so-called Feshbach resonances, (#indthe ~ With K andV denoting the kinetic and potential energy op-
quasi-bound states decaying by tunneling through centrifugaﬁrators _for the |nd|cated_|ntra- {ind mtermol_ecu_lar modes of
barrier—shapgorbiting) resonances. The characteristic de-the motion. In the Jacobi coordinates, the kinetic energy op-
cay times for the rotational and vibrational predissociation in€"ator for the intermolecular motion assumes (ienples}
Ar—HD are ~5.10 !2 and ~5-10 5 s, respectivelythe  form, Ka_yp(R) = (1/24) p?(R) + (1/2uR?)1?(R), wherep
latter being the theoretical estimate of this worknd the and denote, respectively, the radial and angular momenta

H=Hy p+Harp,

()
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operators, andgu is the appropriate reduced mass. Similarscattering states dfl in the nearby range dE. Sufficiently

expression foK,,_p(r) involves the operatons(r) andj(r), (if not extremely accurate information can be extracted from
and the diatomic reduced mags_p. the energy dependence of the parSahatriceS’~>2or other
To specify the continuum states of the Ar—HD complex, Suitable quantities directly related to théM®In the present
or the scattering states f, one uses the splitting study the collision lifetime  matrices, Q’P(E)
B =14(d/dE) S’P(E))'S’P(E), are analyzed and the reso-
H=Hy+V, Hy=Hy_p+Ka—np, (4)  nance energies and widths are determined as parameters of

] o ] ] the Breit—Wigner formula fitted to traces of these matrices,
whereH, is the Hamiltonian of the comﬂex with noninter- |, Q'P(E)~ 4T, /[ (E—E™2+(T',/2)2],for E in the vicin-
acting (infinitely separated subunits andV:=Va,_pyp. Let  ty of E*S. (Actually, a more refined parametrization will be
|ERi(vjmj)i>, i=1,... .V, denote states dfl, of energyE; used, cf. Sec. IV.
n'=(v,j,m;) is the collection of quantum numbers charac- Bound states of the Ar—HD complex can also be associ-
terizing the eigenstates ¢f,_p, Hy_p|7)=¢,j|7), and of  ated with the poles of the Green’s opera®(), but occur-
i2:|Ek;) is the energy-normalized plane-wave eigenstate ofing on éhe real negative axis of théplane, i.e.,—|&
Kanp With K, denoting the direction of the wave-vector =&n=En - They will be denoted by(E*Jp),M.).
ki(E) and K2(E)= (2u/#2) (E—e(,))- N=M(E) denotes Returnmg to the photoabsorp_’uon line shape fprn(q)a
the number of state$y) associated with open scattering one should identify thef)-ket W|thlone of the ingoing-
channels identified by thev{)-quantum numbers, for which Wave states at the enerdg=E;, I'e"A|f>::|Ef_ Ke7e),
kiZ(E)>0. The scattering states of ener§y denoted by f=1,... MEy). ThereforeZs=[d Effdka,,f. In the free-

|Et,I2i(vjmj)i> with the symbols “+” and “~" referringto  free cases|i):=|E; ,k;%), i=1, ... ME;), and the mean-

outgoing and ingoing waves, respectively, ardl, ... NV,  ing of I, is analogous to the above. The Boltzmann factor
are (formally) defined as the states evolved from gssumes the form, Pi=(1/Z)e FaP,

|Eki(vjm;);) under the action of the Meer wave _ (1/2) e PE/S MED g Beq,:= P(E)
operators® Obviously, the symbols behind the comma in _ : k=1 " .

NP T &(vj), IS the translational energy3=kgT, andZ denotes
[E* ki(vim;);) only |nd|9ate the state of the complex before yo s m of the states of relative motion of the complex. By
the interaction. Neithek nor any of the n-numbers are eypanding the initial and final states into partial waves ac-
(strictly) preserved by. The probability amplitude to find cording to Eq(5) and exploiting the orthogonality properties
the complex in a stathkf(vjmj)f>after the interaction is of the Clebsch—Gordan coefficients and spherical harmonics,
given by the respective element of ti&matrix, S;;(E)  one derives
:5j,i_277'<E|2f77f|V|E+,Ri77i>- .

Due to rotational and reflection invariance of the Hamil- >, >, J deJ’ dk;|(f|e-d]i)|?
tonian H, the scattering statg€*,kvjm;) can be disinte- ™ ™
grated into partial stateE*IMp,vjl) with definite quan-

where e;=E;

tum numbers ofi?>= (j+1)? andJ,, and spectroscopic parity =2 (—1)%9% e g
p, pi=(—1)y"1", 99
L . _ X > > > > (dg .
|E*,kvjmj>= |[EZIMp,vjl) Mt M pep; |(Df)|(pi)< | EI )
™M p=E1i(p)

5 A X (Eq IM Dy, 7i|dg| € IiMip; . i),
X 2, 1'C(jl3,mmM) Y}, (k), 5 —
m U ymM) 'm'( ) ©® wheree, andd,, g=—1,0,1, denote the spherical compo-
nents of the respective vectors. By applying the Wigner—

where [ (p) = |‘] _J | +2N— )\min(p) for A= )\min v)\min Eckart theorerﬁ,z

+1, .. Apaxee With Npin=(1—p/2) and \pa=mind,j),
C(.......) denotes the Clebsch-Gordan coefficient, ad (E[J,Mpy, y¢|dg|E; IM;p; . 7:)
the normalized spherical harmonics. Correspondingly, the

S-matrix can be disintegrated into partial matric&%", =C(J13;,M,gM)(E; Jeps, vl dIE; 3ipi . 7i),

which describe they;— vy; transitions in the complex for ) ] )
i,f=1,... N° wherey:=(vjl) andN°=N°(E,J,p) is the one obtains the following formula for the free-free contribu-
number of the open-states for a gived and p. tion to the absorption spectrum,

Energies, E;’°, and widths,T',,, or decay-times,r, 4720

=#h/2I',,, of the metastable states of Ar—HD can most pre- or_gw)= 3c dEiP(Ei)E E 6(J¢13;)

cisely be defined by their relation to the pol&s of the I Jip

Green’s operatoB(€):=(£—H) 1 in the fourth quadrant of XTrT! Te H(@;3:dipiE), (6)
the complex energy planéassuming that the continuum FF

spectrum ofH begins at 0), namely§,'=E;—1T",/2. Of  where §(J;1J;) stands for the triangular conditiod; — J;|
interest here are, of course, not so much the precise positions1, and the matriX - (w;J:J;p;E;) is built of the reduced

of these resonance poles as it is the way they influence thieee-free phototransitions amplitudes,
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Tec )y =23+ L(E; 3:ps, v4lldlIE; Jipi , i 1N
(T F)7f17| + 1( t JiPs 'Yf” ” i JiPi i) <I’,R|EiJMp,‘y>=§2 F(y;)‘]p(E'y;R)
with E=E+ho, k=1
X Xy (YR R) ©)
pr=(—1)7i*tp,, r Xwi) Gh )
for i=1,...N° and f=1,...N°, where N inthe basis®’MP(r,R):={ (1r) x(j), (N YGHR(T,R)} built

=N°(E;,J;,p;) and N{:=N°(E;,J;,p;). The superscript of eigenfunctions oH_p,J2,3,, and P (the parity opera-
“res” added to or_r in Eq. (2) means that the summation tor), x,;(r) denotes the radial ro-vibrational function of the
over J; in the above formula is restricted to those terms forgiatom, and yJ_JIM P(r,R), the Clebsch-Gordan coupled
which the related lifetime matriceQ”Pi(E;) and Q*"(E;  product of spherical harmonicéhe bipolar harmoniés)
+hw), reveal sufficiently large collision times in some re- of parity p. Since all openj)-channels should be present
gions of E;e[0] and in some regions ob within the  jn the basisN>N°. F(®) denotes the representation of the
investigated range of light frequency. Ar—HD bound states in the same basis. The matrix
For the bound-free cases we halig=|(E®Jp)iMi),  D(J;p;Jip;:R) represents the induced-dipole operator,
3i=32y, and P;=(1/Z) e #%'=P;. Repeating all the dqy(r,R); the coefficients( . . .||yﬁ—A|| ...) are the reduced
steps of the above derivation, except for the partial-wavenatrix elements arising from the integrals

expansion of the initial state, one obtains fd;fdﬁ(yfflmfpf)*y%yimipi_ Explicit formulas for these
) elements in terms of the -3 and 6—| coefficients are
Trgl® listed, e.g., in Ref. 11.
4720 . . The radial functionsF®JiPi(ER;R) and F(")IP(E;R)
=3¢ EI P JE 8(Jt1INT.  Tr (@I dipiEY) ={F("IP(E,y,;R)}, i=1, ... N° satisfy the equation
f
[EI-HP(R)]JF*P(E;R)=0, «a=+,B, (10)
— . B
_Ei (23i+ 1Py (w;(EPIp)y), (7 where HP=HJP+V denotes the representation of the

Hamiltonian H in the basis®’VP, HJP is a diagonal
matrix, HYP(R) = (1/2u) (p&+ (21’P/R?)) + & with (pg); ;

=—146;;(d/dR) and with I’P and & involving the respec-
tive numbersl(l+1) and the energies,;, VIP(R) is the

. - — B potential coupling matrix. The radial functions vanishRat
(Teeg)y = V2J1+ 1(Ef 1Py, ¥4 d[EFIipi) =0. ForR—, the functionsF(®iPi(ER ;R)decay exponen-

with  E= EiB+ ho. tially and

where Tg_g denotes theN?-dimensional vector of the re-
duced photodissociation amplitudes,

I
Herep; is related tgp; as in the free-free amplitudes antf* FOOIPE;R) — \/:h[O_Jp(R)—O“p( RIS, (11)
is the total cross section for photodissociation of the Ar—HD RoeNeT

molecule from its EBJp);-energy level averaged over the where O*?P and 0~ P=(0"IP)* denoteNxN° blocks of
magnetic sublevels. Finally, the reduced phototransition amg,e  Nx N diagonal matrices O=p [6in(R)]fi

plitudes have to be specified, =6 i(ulhike)H i (kR), andH . are the spherical Ricatti-
_ — . Hankel functions of thé;th order withl;=1:(J,p,js).
(E¢ Py, ¥4l dlIE; Jipi wi) Having introduced in the above description of workable
) formulas for the phototransition amplitudes the representa-
=f dREk F, pr'(Em;R)Dy " tion of the atom-diatom dynamics in terms of the radial
s, s s’

Hamiltonian matrix and vectors of radial functions, one can
add some information on the determination of other relevant
guantities in this representatiofT.he indices] andp will be
omitted throughout the rest of this sectipfo determine the
energies and widths of metastable states, it is convenient to
use the following formula for the lifetime matri®,

Q=27 (F")|Por F')

RNITY
X (Jtp1dipi ;R)ka (Ei7i:R)

= (FC P (Epyy) ID(Iepedip)) FIPI(E 7)), (8)

(E¢ 31p¢, vl dIEPI;py)

= (FCIP(Epyy) | D(35prdip) FBPPI(ED)),

—1%(0g —Og SIC(R,)(0O~~079)), (12
whereD, ., (JrpsJdipi;R) ::fer(vj)S(r)[(47T/\/§)EJdJ where the subscrigfE denotes the derivative with respect to
X(r,R)(jsl stIOfHJ’%AHJ'kl WJiP)1X@p,(r). In these formu- the energyPpor,) is the projector on the intervgD,R..] of
las, the (vectors of functions F""JP(Ey;R) and F(™)  the R-coordinate outside which the interactidhis practi-

= (F(")y*are the standard representation of the atom-diatoneally negligible, andC(R.,) is the operator of the probability
scattering waves, flux through the surfaceR=R,, C(R.)=(1/2u)[ (R
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—R..)pr+PrS(R—R.)]. The first term of this formula has !ll. DYNAMICS OF THE Ar—HD COMPLEX

the meaning of the time the atom-diatom system spends

within the region of the configuration space bounded by the ~As mentioned in the Introduction, the dynamics of atom-
surfaceR=R., while the second term gives roughly the time diatom van der Waals complexes, and especially of the com-
the system would spend in the same region if there were nplexes formed by the hydrogen molecule and its isotopes
interactions between the subunitd. Ref. 53. Since from  with rare gas atoms, has been the subject of intensive theo-
the standpoint of the scattering theory, a predissociatingetical investigations inspired by the experimental discovery
state, or a Feshbach resonance, is viewed as a temporal cQf}- k,,dian et al. in 1965 and by later measurements of

version mtq internal excitement Of. th? entire tra.n3|at'0nalMcKeIIar and Welsh. The knowledge accumulated over the

energy(available to the system at infinite separation of the . . .

subunity or as a quasi-bound state embedded into a subYearS' in particular on the correlation between the observed

manifold of closed scattering channels, Ly, the above patterns of spectral lines and the anisotropy of intermolecular
1 S - B B . .

formula suggests that the following term @fshould contain mtgractlons, has been systematized in a number of review

the information on the energy and width of such a state, ofticles (two of the latest are Refs. 69 and)7T’he com-

on the position of the resonance pole, plexes have been categorized according to the relative
strength of the coupling between the intramolecular and in-
res= 27 (F|PePror 1 F ), (13)  termolecular modes of the rotational motion and for each of

the three categorie&ases distinguished an appropriate an-
whereP,.; denotes the projector on the components6f  gular momentum coupling schenfer angular basis sehas
connected with the channels 8. Fitting the Breit— peen indicated which allows us to introduce some nearly
Wigner formula to this term only, strictly, to T{E) at  conserved quantum numbers to assign the energy levels. The
E~E”, is believed to give a better chance for extracting thea;_Hp complex belongs to the weak-anisotropy category

true p_osmon of the resonance pole. It should be noted t_ha(tcase(a) of the Bratoz and Martin classificatih for which
the diagonal elements of this resonance part of the life:

time matrix, strictly the quantities (1f2h) (Qedii.i Jband ITare ?]early_ ﬁo?]d angljlular momzn;gm qgant_tkj)m _numl-
=1,... N° coincide with the “amplitudes” considered by P®'™: ogether with the well preserved diatomic vibrationa

Dalgarno and co-workers in their method for multichanne/du@ntum number, this gives a set of five quantum numbers—
resonance&*6° (v,J,n,1,J3) with the bar marking hereafter the approximate

The bound state energies of the atom-diatom complexnes—to assign the individual bound or metastable states of
can be determined as poles of the following funcfidn: the complex(The exact parity quantum numbag, is deter-

mined, of course, by, |, andJ.) The numbers are written in
a sequence that shows the ordering of the states according to

where G denotes the matrix radial Green’s function, their energy. The very nature of a van der Waals complex is

[El —H(R)]G(R'§)= 6(R—§) which vanishes at both reflected in that the energy levels separate into groups which
ends of the inte;vd]o R.] and,':ar is a vector of radial func- an be labeled with the quantum numbers related to the in-

tions that have a non-negligible overlap with the true eigentramolecular vibrational and rotational motiomsand;. The
function of the state sought for, otherwise arbitrary. This wayquantum numben is connected with intermolecular vibra-
of determination of bound state energies from the coupledions, i.e., with the radial motion of the “reduced atom”—
radial equations resembles the well-known artificial channethe particle of the reduced mags—which is bound within
method”® and, actually, is a simplification of this method. the van der Waals well of theeffective radial intermolecu-

(A detailed discussion will be given in a future publication. 5¢ notential or temporarily bound behind the centrifugal bar-

In the above outline, all the elements of the atom—d|aton}ier arising from the rotations of the “reduced atom” around

dynamics involved in the photoabsorption process have been )
e o the center-of-mass of HD. Most closely spaced in energy are
specified within the most accurate approach—the close-

coupling approximation in the basis that accounts for thé€ States which differ only in the value of the total angular
vibrational and rotational inelasticity, i.e., for the mixing of MomentumJ; this is just the primary sign of weakness of
the diatomic states with different andj by the interaction ~anisotropy of the Ar—HD potential.

with the atom. However, investigations of the dynamics of ~ The intermolecular potential for Ar—HD is related to the
the atom-diatom van der Waals complexes rarely requirgotential for Ar—H, denoted hereafter by, through the
such an accuracy. Because of the weakness of the binding obordinate transformation which accounts for the shift of the

these complexes, the vibrational inelasticity is very small. Agiztom center-of-mas? V(r R):=V(r,R+fr), where f

manifestation of this fact is the disparity between the rates of

= 1.1 i
the vibrational and rotational predissociation in the Ar—HD Mp/(My+Mp) =z~ 3. In the standard representativh

complex, already mentioned in the first part of this section!S 9iven by an expansion in terms of Legendre polynomials
Calculations aimed at the estimation of the size of this dis&nd the coefficients of this expansion, the functivipér,R),
parity were the only part of this work where the generalare given by expansions in powers of the relative displace-
expansions, Eq.(9), were necessary. Bases with fixed ment of ther-distance from its mean valug in the ground
v-number were applied in all other calculations. rovibrational state of b,

T2(E)=(FYG(E)F), (14
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Lmax o added for umqueness For instance, the synfbofl) will
V(r,R)— 2 Vi(r,R)P (cogr-R)), denote the (,J=1)—(I+1, 1) transition in theS,(0)
(150  band andR_ (1,J) with J=1—the same transition in the
. Q1(1) band. When the excitation of the van der Waals
VL(r’R):kZo ViR, stretch is involved, the initial(") and final ') values of
the n-number will also be shown in the parentheses after
where{=(r/ry) — 1. The anisotropy of the potential is char- semicolon, e.g.R_(I;n",n’). In the Q;(1) band, the most
acterized by the ordetsof the terms occurring in expansion complex of the bands studied in this work, there is tﬁne
(15 and by their strengths determined by the coefficientsybbranch consisting of transitio®, (I,J=1—1) for |
functionsV, . While only even order anisotropy terms con- =1,..., and oneR_ subbranch of transition®_ (| =1
tribute to the potential/, both even and odd orders anisotro- —
+1) for =0 , but twoPq and R, subbranches corre-
pies arise in the transformed potentiél For accurate deter-
spondlng to transmons froml ( (J) with J= 1—1,1 and with
mination of the respectlve strength functions, denoted by
J=1,1+1, respectively, and thre@_ andR, subbranches
V,_(r R), the expansion oV(r R) in Legendre polynomials : . ; o
72 correspondlng to all three possiblevalues in the initial
has to be done numericalfy- states
Obviously, not only the properties of the intermolecular '
potential but also the anisotropy of the induced dipole mo-
ments of the complexes are reflected in the observed SPECRY SOME DETAILS ON CLOSE-COUPLING
Modeling of the induced dipoles is an important part of theca| cULATIONS
theoretical research on the absorption of rare gas atom-
hydrogen molecule systems, although it has been done pri- In the expansion of the wave functions for the bound and
marily for the simulation of the shape of the collision- metastable states of the complex, £9), associated with a
induced parts of the specttaThe only models which have given Ar+HD(v,J) dissociation threshold, the following
arisen from investigations of van der Waals spectra of thesgovibrational ¢ ,]j)-states of HD were included:
systems are those published by Dunker and Gordon, Ref. 1%,)
and the refined version proposed by Hut$dihe induced

kmax

(v=0,]=0-jma) and @=v,j=1-jma) with

dipole moment function for Ar—HD is related to the function Jma=J+2 for thep=+1 andp=—1 parity states,
d(r,R) for Ar—H, the same way as the intermolecular po- respectively—when energies and widths due to the
tential,d_(r,R):= d(r,R+fr). Obviously, differently coupled rotational predissociation and/or tunneling were cal-

spherical harmonics have to be used to represent the angular ~ culated. In the simulation of the shape of t8¢(0)
dependence of these functions. The appropriate representa- ~ Pand the state=1,j=4) was omitted from the ba-

i = ) o sis.
trlggdzqu(r,R) (which has already been exploited in Seg. Il (i) (v=0j=0-8:v=1j=0—2)—when rates of the

vibrational predissociation in th&,(0) band were
evaluated.

— 1q1,~
dq(r.R)= 2 dea(r. RV, R). (16 The radial rovibrational functions of HDy,;(r), were

calculated from the recent potential of Ref. #ith adia-
The coefficients of this expansion, i.e., the functionsbatic, radiative, and relativistic corrections inclugie@he

d x(r,R), L=0,1,..., can begenerated from the coeffi- energies of they=0,1j=0-3) states were set equal to the
cientsd; ,(r,R), L=0,2, ..., of theexpansion fod,(r,R). most accurate theoretical values of Ref. 75, i.e., the nonadia-
See the Appendix for a brief sketch of the derivation of thebatic corrections have been added to the values obtained
expression foaﬁ(r,R)_ from the calculations of the functiong,;(r). Accurate val-

The observed transitions between the states of thH€S ofs;are actually necessary to obtain transition energies
Ar—HD complex and the notation used for their assignmengomparable with experiment. In the calculations for the HD
are as foIIost;(j) andSv—(/) denote the (Qbﬁ(vd) and subunit, the nuclear masses of H andr),=1836.152,

- " andmy=3670.4831, respectively, were used. In the calcu—
(04)—(v.y+2) bands of tansitions, respectwely The lations on the entire complex, atomic masses were taken:

branches of these bands related to the transitions + Al ma=39.9621, my=1.00782%, my=2.0141009 (lu
with Al=+1,-1,+3,—3 (the two latter not occurring in  =1822.8886,).
the Q;(0) band are conventionally denoted I, P, T, and The potential coupling matrice¥’P were constructed

N, respectively. Further splitting of the branches may arisestarting from the two potentials for Ar—iHthe SAPT poten-
from the allowed)—J+1J—1J transitions. The subscripts tial of Ref. 37 and Xfit) of Ref. 14. The maximal order of
“+,7 %" and “0,” respectively, will be added to theR  the Legendre polynomial included in the expansions of the
andP symbols to denote these subbranches inj(®) and a5 iting Ar—HD potentialy/ wasL =8. The matrice® for

in the Q(1) bands. To denote individual transitions within {he yeduced phototransition amplitudes were constructed
branches or subbranches thewumber of the initial states from the Dunker—Gordon modélof the induced dipole of
will be shown in parentheses. For transitions originatingar—H,. The highest component of the bispherical harmonics
from the states witty>0, the J-value of the state will be included in expansior{16) of the transformed dipole mo-
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TABLE |. Convergenciof the energies and widths for selected<(1,j=2n=0,1,J=1=2) states of Ar—HD.
Results are generated from the XC poterftial.

™Q T Qres
| J Eo T Eres r Eo To E"e r
2 4 —24041 0675 -—24040 0648 —24.040 0651 —24.041  0.649
~24.042 0651 -24.043  0.650
5 3 -15039 0607 -15039 0586 —15040 0587 —15039  0.586
-15.041 0586 -15.041  0.586
7 5 -5367 0437 5367 0426 -5368 0427 -5368 0.426
-5370 0426 5370  0.426
8 6 0374  0.337 0.366  0.347
0373  0.337 0.366  0.347
10 8 12.956  0.687  12.958  0.659

12.957 0.685 12.958 0.658

gParameters obtained from the analysis of traceQE) and Q,.{E) are compared for the Feshbach-type
resonances, andI"y were obtained from fitting to the Breit—Wigner formul&’**andI’, to Eq.(17). Both
the energies and widths are given in ththe energies are relative to tig,threshold, see Table II.

bThe upper entries were computed in the basis witk {,j =0— 3); the lower, in the basis with the=4 state
included.

ment functionaq was L=5A=4. The largest sets of the nance energies and widths have been extracted from the

coupled radial Eqg(10) constructed in basd$) and(ii) con-  quantities Ca|CU|§1t6d3 T’P(E) and TIQXE). As already

sisted of 15 and 51 equations, respectively. The followingstated, the matriceQ;{; were designed for the detection of

quantities involving solutions of the radial equations wereFeshbach-type resonances only; they were evaluated with the

directly evaluated: projectorP.s=P,;i, whereP,jdenotes al matrix with only

one nonzero elementP(;), =1, wherek is the index of

the function in the basi®@™P with (vjl),=(vJ!), cf. Eq.

(2) The bound state functions®(R) used as input to (9). The procedure started with the determination of the
evaluate the photodissociation amplitudes; maximum,E,, of the (nth) resonance structure in the func-

ot : ' tion TrQX(E) (or TrQ’P(E)). This gave a first estimate of
(3) The lifetime matricesQ and Q,es, Egs.(12) and (13), red . 9

used to determine the energies and widths of metastabfée energy of theyynlJ) metastable state. The correspond-

(1) The function T*(E), Eq. (14), used to determine the
bound state energies;

states; ing estimate of the width was calculated fro,
(4) The photodissociation amplitudeBe. g(w;J;JipER), = (4A/TrQR(Eo)). Then TIQ;R(E) was evaluated at two

Eq. (7), necessary to simulate the shape of §¢0)  additional points,Ey=Eo+kI'o/2 for k=—1,1, and these
band. Each of 29 of these amplitudes was evaluated dfree points were used to fit the function Gi(E) (or

ca. 1000 photon energies covering the range 38653908 Q’°(E)) to the following formula:
1

cm = Cre
(5 The free-free phototransition amplitudes TrQXE)=t —F T2r(E-E™ +C. (17)
Te r(w;3:JipiE), EQq. (6), from thep;=1 states with (E—E™92+T?%/4

Ji=8-12. These 15 amplitudes were found to contrib-tpe Harameter&™s and ' obtained from the fit were con-
ute significantly to the simulated shape. They weregjyereq to be the “true” energy and width of the stag;n;
evaluated typically at 120—150 photon energies from th

- &nd I';7n1s, respectively. The performance of the procedure
range given ab9\1/e and at 180-200 valuesspin the  j, some representative cases of the Feshbach and shape reso-
range 0—360 cm-. (Interpolation was used in order to

i nances investigated in this work is demonstrated in Table I.

calculate the integrals ové; .) The shiftsE™—E, due to the asymmetry of the profiles

All these quantities were evaluated numerically with thewere usually negligible. The changes of ig-estimates of
help of an appropriate version of th&matrix propagation the widths due to the backgroun@ of the profiles in
(generalized log-derivatiyemethod*®%6.76 This method is Tr Q’P(E) were sometimes of the order of 5%. The consis-
particularly advantageous for the evaluation of the free-fredency of theE™*andI” parameters obtained from the analysis
phototransition amplitudes and of all the other integrals in-Of both functions in the case of Feshbach resonances is be-
volving multichannel scattering functiorie.g.,Q,.9. Direct  lieved to prove the reliability of this procedure.
evaluation of these functions was avoid&dthout introduc-
ing any artificial channel, cf. Refs. 65,67and their accu- v, NUMERICAL RESULTS AND DISCUSSION

racy, even in the presence of closed channels, was assured. ) o
The values oR, were close to 40 A and 20 A in the calcu- All bound states and 149 metastatil®0 predissociating

lations of the continuum and bound states, respectively, an(f_49 tunneling states _Of th.e Ar—HD complex associated
all integrations were carried out with a step size of 0.01A. With 5 Ar+HD(v,j) dissociation thresholdsy=0,/=0,1
Finally, more details should be given on how the reso-andv=1,)=0-2, were determined in this work from both
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TABLE Il. Bound and predissociating states of Ar—HD determined in this js omitted with the conjecture that there are more transitions

work. contributing to the experimental value of this width; see
Assignment Figs. 3—4 and Table VIII. o
Character — No. of Threshold As far as the XC potential is concerned, Table VII ex-
of state Pv | N states  &° tends Table V of Ref. 14 providing further information on
Bound (+) 0 0 0-7 0 8 0 the ability of this potential to repro@ce the experimental
0-2 1 3 data not used in the fit. The deviatioAsAE<1 shown for
(=) 0 1 11:; (1’ ; 89228 the setg(@) and (B) of the transition energies mean that the

Predissociating: corresponding(average absolute deviationss:=us, are

Vibrationally (+) 1 0 o0-7 O 8 3632161  smaller than the average experimental uncertaingf these
-) 1 1 2:3 (l) ‘71 3717533 energies, i.e.9<0.006 cm *. Thereby, the high quality of
1-3° 1 3 the XC(fit) potential in the van der Waals well region is
Rotationally (+) 0 1 0-7 O 15 89.228  confirmed. The larger deviation for the b} may be a sign
1 1 07 O 15 3717533  of a slight worsening of the fit in the upper parts of the
= 1 2 8:; c1> ij 3887.680 potential well. The deviation,I'>2.5 andsI">0.15 cn 't
for the setg(C) and(c) of the linewidths indicate, however,
“Theoretical valuegin cm™*) from Ref. 75. that the XC potential deteriorates significantly in the wall

PThe state witH =3 lies above the ;;-threshold when determined from the region, especially in the part just above the dissociation as-
SAPT potential. ymptote (as this is the part to which the widths are most
sensitive, cf. Ref. 18
Concerning the SAPT potential, the general conclusions

the ab initio SAPT and the empirical X@it) potentials. A ~ drawn from Tables IV-VIl are as follows. The potential re-
summary of the computed bound and predissociating statéyoduces the experimental transition energies in both the
is given in Table II. It should be noted that in addition to the Q1(0) andS;(0) bands and the lineswidths in the latter band
11 bound states qi=1 parity (e levels’), found also in the  roughly with the same absolute deviatiofisof the order of
previous studies, there are 9 statepef— 1 parity (f levels 0.1 cmi 1. These deviations are comparable with the experi-
associated with thev(=07=1) threshold. The calculated Mental uncertainties of the data for t8g(0) band(as the
energies and widths of all states, except for those associateil’'s for AE andI” are 1.2 and 1.31, respectivelnd exceed
with the (v=1y=2) threshold, are listed in Table lll. The ~10 times the average uncertainty=0.009 cmi! of the
energies of a number of states not listed in Table Ill can beneasured energies in th@;(0) band. Thus, thab initio
extracted from Tables V, VIII, and llla, and the widths are SAPT potential, though evidently needing improvement, ap-
given in Tables VI and VIII. The widths listed in the fourth pears to be more uniform in accuracy along both the wall and
column of Table Illb seem worth noting since they providewell regions, and is more accurate than the empirical poten-
the first theoretical estimation of the vibrational predissociadtial in the wall region. The latter fact is the most encouraging
tion in the Ar—HD complex. It turns out that this decay as there seem to be major difficulties in modelling the repul-
mechanism is as much as seven orders of magnitude slowsive walls of the empirical potentials.
than the rotational predissociation in the same complex but On the basis of the information presented in Tables Il
more than two order of magnitude faster than the vibrationahnd 1l reliable theoretical predictions can be made for the
predissociation in the Ar—fcomplex, when estimated from transition energies in th®,(1) band. The energies predicted
the samgSAPT) potentia). from the XC potential for 130 transitions in this band are

In Tables IV-VI a comparison with experiment is made presented in Fig. 1 together with all the energies measured in
of individual results calculated fdA) the transition energies the Q,(0) band and 8 additionally calculated for the=0
AE in theQ,(0) band,(a) then’=0«n"=0 transitons and 1 andn=1«0 transitions. Transitions belonging to dif-
(b) the transitions that involve an excited van der Waalsferent subbranches of tHe and R branches of theQ;(1)
stretch;(B) the AE energies of th&l andT transitions in the  band are represented in Fig. 1 by lines of different lengths.
S,(0) band;(C) the widthsT" of the lines corresponding to The lengths are chosen to show schematically relations be-
these transitions. In Table VIl a summary of this comparisonween the subbranches with respect to the expected average
is presented in terms of relativéo the experimental uncer- widths of the peakslines) in the spectrum. Obviously, the
taintieg root mean square deviations defined as sharpest peaks are expected forﬁhf(m and theP,(TI)
transitions(the longest lines in the upper panel of the figure
— ol wexp2,. 2 as they involve bound and vibrationally predissociating
oY= N, 21 (YPP=YPDuf| (18  states only. On the same ground one can expect that the

second sharpest should be the peaks ofRth,| —1) and
whereY® andY®*® stand for the calculated and experimental Ro(l, 1) transitions. They involve rotationally predissociating
values of AE or I, respectively,u; is the uncertainty of states on one end, the statas<0y=1n=0,1,J=1-1)
Y*P, andNy is the number of data in a given séf), (@), and @=1y=1n=0,+1,), respectively, but the widths of
(b), (B), (C) or (c). In the latter set, the width of tHE(7) line  these states are the smallest among the rotationally predisso-

Ng 112
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TABLE lIl. (a) Energied and widths(both in cm'%) of the Ar—HD states calculated from the SAPT and XC
potentials. All bound and some tunneling stétéb) Energied and width§ of the @=1; =0, 1;1; n; JI)
states of Ar—HD(c) Energies and widths of they&0,1=1;n=0;1;J=1=*1) states of Ar—HD calculated

from the XC potential.

@ =0 J=0 v=0 y=1
n =] SAPT XC SAPT XC
0 0 —25.605 —25.603
1 —24.804 —24.807 —23.995 —24.141
2 —23.208 —23.222 —22.397 —22.553
3 —20.828 —20.857 —20.015 —20.185
4 —17.680 —17.730 —16.866 —17.055
5 —13.790 —13.867 —12.976 —13.188
6 —9.194 -9.302 —8.382 -8.621
7 —3.942 —4.087 —3.140 -3.410
8 1.882 1.697 2.659 2.361
0.85-5) 0.39-5) 0.14-3) 0.51-4)
9 8.095 7.870 8.806 8.481
0.74-1) 0.65-1) 0.13 0.11
10 14.549 14.272 15.219 14.849
0.88 0.83 1.15 1.06
11 21.473 21.132 22.157 21.717
291 2.83 3.41 3.26
12 29.062 28.630
6.16 6.05
1 0 —2.149 —2.258
1 -1.732 —1.838 -1.523 —1.662
2 —0.931 —1.030 —0.746 -0.872
3 0.149 0.072
0.35-2) 0.34-3)
(b) v=1 j=0 =1 =1
SAPT XC E
n | E r E SAPT XC
0 0 —26.416 0.41-7) —26.515
1 —25.623 0.41-7) —-25.724 —24.676 —25.022
2 —24.042 0.39-7) —24.147 —23.095 —23.441
3 —21.685 0.37-7) -21.795 —20.735 —21.084
4 —18.566 0.34-7) —18.685 —17.615 —17.966
5 —14.709 0.30-7) —14.839 —13.758 —-14.113
6 —10.148 0.26-7) —10.292 -9.199 —9.562
7 —4.929 0.22-7) —5.090 —3.989 —4.355
8 0.875 0.34-7) 0.692 1.784 1.420
0.16-7) 0.25-8) 0.58-5) 0.95-6)
9 7.113 6.908 7.957 7.595
0.29-1) 0.25-1) 0.69-1) 0.51(—1)
1 0 —2.401 —-2.571
1 -1.977 —2.141 -1.716 —-1.933
2 —1.158 —1.308 -0.924 -1.119
3 -0.027 —0.151 —0.001
(© =0 y=1 v=1 j=1
J=I-1 J=1+1 J=1-1 J=1+1
| E r E r E r E r
0 —25.70 1.20 —26.59 1.49
1 —25.75 1.73 —24.93 1.05 —26.66 2.09 —25.82 1.29
2 —23.42 0.52 -23.37 0.98 —24.35 0.60 —24.28 1.20
3 —21.04 0.60 —21.04 0.92 —21.97 0.72 —21.96 1.12
4 -17.91 0.60 -17.94 0.85 —18.85 0.72 —18.89 1.05
5 —14.05 0.57 -14.10 0.78 —15.01 0.69 —15.08 0.96
6 -9.49 0.52 —9.56 0.70 —10.48 0.63 —10.56 0.86
7 —4.29 0.46 —-4.37 0.60 —5.29 0.55 -5.39 0.75
8 1.49 0.38 1.40 0.50 0.48 0.47 0.37 0.63
9 7.67 0.34 7.58 0.42 6.70 0.38 6.58 0.50
10 14.05 0.96 13.97 0.99 13.11 0.75 13.01 0.82

®Energies are relative to the respectivg-energies of HD listed in Table II.
bWidths of the tunneling states are listed below the energies.

‘The widths of the tunneling state are shown as(@y the widths due to the vibrational predissociation,
calculated from the SAPT potential only, are shown in a separate column.
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TABLE IV. Transition frequenciedE (in cm 1) in the Q,(0) band of the  TABLE VI. Widths T’ (incmY) of the p=1y=2,,n=0,J=1+2) states
Ar—HD near-infrared spectrum. Comparison of the results calculated fronpf Ar—HD. Comparison of the theoretical results calculated from the SAPT

the SAPT and XC potentials with the experimdfef. 9. The absolute  gnd xC potentials with the experimental line widths in B¢0) band.
error between theory and experiment is defined by AE(cals.)

—AE(expt.). Calculated
SAPT XC | J SAPT XC Expt?
Transiton n”"—n’ AE ) AE B 7 9 0.555 0.477
6 8 0.625 0.536 0.59)°
R(2) 10 3611.407 —-0.007 3611.396 —0.018 5 7 0.682 0.583 0.713)
R(3) 3613.446 -—0.002 3613.405 —0.061 4 6 0.726 0.619 0.72)
P(9) 0 0 3624941 -0.056 3624.983 —0.014 3 5 0.757 0.641 0.78)
P(8) 3625.351 —0.024  3625.374 —0.001 2 4 0.774 0.650 0.870)
P(7) 3625.955 -—0.003 3625956 —0.002 1 3 0.773 0.642
P(6) 3626.646 0.024  3626.624 0.002 0 5 0.769 0.617
P(5) 3627.386 0.048  3627.343 0.005 3 1 0.910 0.805
P(4) 3628.156 0.066  3628.096 0.006 4 2 0.764 0.676
P(3) 3628.946 0.079 3628.871 0.004 5 3 0.668 0.586 0.840)
P(2) 3629.747 0.096  3629.659 0.008 6 4 0.581 0.505 0.68)
P(1) 3630.550 0.092  3630.454 —0.004 7 5 0.494 0.426 0.58)
R(0) 3632.143 0.102  3632.040 —0.001 8 6 0.413 0.347 0.42)
R(1) 3632.923 0.106  3632.821 0.004 9 7 0.323 0.274 0.38)
R(2) 3633.685 0.096  3633.587 0.002 10 8 0.700 0.658 1.339
R(3) 3634.423 0.089 3634.333 —0.001
R(4) 3635.132 0.082 3635.052 0.002  %Reference 9.
R(5) 3635.804 0.064  3635.736 —0.004 bThe experimental uncertainties are given in parentheses.
R(6) 3636.426 0.051 3636.372 —0.003
R(7) 3636.978 0.031 3636.940 —0.007
R(8) 3637.393 0.013 3637.372 —0.008 . .
P(4) 0 1 3649.814 0.102  3649.741 0.029 band, cf. Table VIII. The overall increase of the widths of the
P(3) 3651.831 0.137  3651.710 0016 (y=1y=1,,J=1=1) states over the widths of thev (
;g; gggggig 8:1;8 gggg:;g; 8:8?8 =17=2,l,J=1%2) states can be rationalized by the posi-

tions of these states on the energy scale relative to the thresh-
olds of the nearby continuum states. Whereas the former
_ states lie from about 63.5 cm to 103.3 cm ! above thes;
ciating states wittly=1, cf. Table llic. Other transitions in threshold the latter are in the range from 143 dnto 184

the Q4(1) band originate and/or terminate on the rotationallycm~! above their respective threshoid ;. Consequently,
predissociating states which are characterized by widths evafere should be a larger overlap of the functions of the dis-
larger than those measured in t80) band, and evidently crete and continuum states contributing to the widths in the
larger than those calculated for tReandP transitions in this  former cases.

The predictions made here for tigg, (1) band, and es-

TABLE V. Transition frequenciedE (in cm™?) in theN andT branches of pecially the picture of the positions O,f I|ne§ reflatlve to the
the S,(0) band of the Ar—HD near-infrared spectrum. Comparison of the Q1(0) band, are hoped to be helpful in assigning more fea-
results calculated from the SAPT and XC potentials with the experimentures in the observed contour of these overlapping bands. For

(Ref. 7). The absolute error between theory and experiment is defined bléxample the small peak appearing between Fﬂ@é) and
5'=AE(calc.)- AE(expt.). '

N SAPT XC
Transition TABLE VII. Relative root mean square deviations from the experiment of
n’=n"=0 AE s AE g the transitions frequencies and line widths in the near-infrared spectrum of
N(10) 3867.93 3868.15 Ar—HD calculated from the SAPT and XC potentials.
N(9) 3869.23 —0.05 3869.41 0.13 —
N(8) 3870.94 -0.19 3871.09 -0.04 &Y
N(7) 3872.96 -0.13 3873.08 —0.01 v Ny U SAPT XC
N(6) 3875.15 -0.11 3875.24 —-0.02
N(5) 3877.45 —0.06 3877.50 —-0.01 Q4(0) band:
N(4) 3879.82 3879.85 (A) energies of all transitions measured 24 0.009 1124 1.12
N(3) 3882.28 3882.27 (a) energies oh=0+0 transitions 18 0.006 12.33 0.86
T(0) 3891.21 3891.29 (b) energies of transitions with’ =1 6 0.018 7.01 1.68
T(1) 3893.58 3893.62 orn"=1
T(2) 3895.84 —0.05 3895.86 —-0.03 S;(0) band:
T(3) 3898.00 —0.04 3898.01 —-0.03 (B) energies oN and T transition§ 11 0.076 120 0.72
T(4) 3900.04 —-0.04 3900.04 —0.04 (C) widths of N andT lines 11 0.076 1.61 276
T(5) 3901.91 0.02 3901.91 0.02 (c) the set(C) with the T(7) line excluded 10 0.065 1.32 2.67
T(6) 3903.54 0.01 3903.54 0.01
T(7) 3904.74 0.01 3904.72 —0.01 aAverage experimental uncertaintyy cm™1).
bThe experimental uncertainties of these energies were set equal to the un-
The energy of thé;(0) transition in HD ise;,=3887.680 crn*. certainties of the corresponding widths quoted in Table VI.
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TABLE VIII. FrequenciesAE, widths of the upper statéboth in cnt), and intensitiesin arbitrary unit$ of
the transition$in the S;(0) band of the Ar—HD near-infrared spectrum calculated from the XC potential.

Transitior? AE Intensity T’ Transitior? AE Intensity T’
N(11) 3867.100 0915 0.40 R, (1) 3888.888 0.10-4) 0.27
N(10) 3868.147 0.2t4) 0.48 R_(2) 3888.913 0.905)  0.80
N(9) 3869.406 0.5t4) 0.54 Ro(2) 3880.293 0.283-4) 0.31
N(8) 3871.089 0.50-4) 0.58 R_(3) 3889.668 0.975) 0.68
N(7) 3873.083 050-4) 0.62 R.(2) 3889.705 0.20-4) 0.26
N(6) 3875.240 0.56-4) 0.64 T(0;1,1) 3889.774 0.47#5) 0.19
N(5) 3877.504 0504) 0.65 Ro(3) 3890.100 0.33-4) 0.26
N(4) 3879.846 0.43-4) 0.64 R_(4) 3890.369 0.14-4) 0.59
P.(9) 3880.274 0.66-5) 0.40 R.(3) 3890.454 0.33-4) 0.25
P_(11) 3880.357 0.39-5 0.78 T.(1;1,1) 3890592 0.275 0.38
Po(10) 3880.686 0.66-5 0.15 Ro(4) 3890.841 0.4G-4) 0.22
P.(8) 3880.720 0.72-5) 0.48 R (5) 3891.019 0.10-4) 0.50
P_(10) 3880.833 0.95-5) 0.15 R.(4) 3891.178 0.44-4) 0.23
Po(9) 3880.925 0.33-4) 0.15 T(0) 3891.294 0.20-4) 0.80
P (9) 3881.069 0.46-4) 0.14 Ro(5) 3891531 05@-4) 0.18
Po(8) 3881.351 0.474) 0.17 R_(6) 3891.612 0.1G-4) 0.43
P.(7) 3881.363 0.7¢-5) 0.54 R.(5) 3891.856 0.54-4) 0.20
P_(8) 3881.481 0.64-4) 0.17 R_(7) 3892.133 0.14-4) 0.35
Po(7) 3881.964 0.46-4) 0.19 Ro(6) 3892.164 0.64-4) 0.15
P_(7) 3882.076 0.60-4) 0.20 R, (6) 3892.480 0.64-4) 0.17
P.(6) 3882.088 0.66-5 0.58 R_(8) 3892542 0.14-4) 027
N(3) 3882.273 0.34-4) 0.62 Ro(7) 3892718 0.76-4) 0.12
Po(6) 3882.661 0.42-4) 0.20 R (9) 3892.768 055 0.66
P_(6) 3882.750 0.57-4) 0.23 R.(7) 3893.026 0.78-4) 0.14
P.(5) 3882.863 0.60-5) 0.62 Ro(8) 3893.124 0.66-4) 0.12
Po(5) 3883411 0.38-4) 0.21 Ro(9) 3893.356 0.94-5) 0.69
P_(5) 3883464 052-4) 0.25 R.(8) 3893.408 0.60-4) 0.15
P.(4) 3883.668 0.50-5 0.64 T(1) 3893.618 0.38-4) 0.68
Po(4) 3884.198 0.33-4) 0.20 R, (9) 3893.619 0.10-4) 0.78
P_(4) 3884.213 0.46-4) 0.26 Ro(10) 3893776 0.29-5) 2.46
P.(3) 3884.494 0.40-5) 0.65 R, (10) 3894.039 0.36-5) 2.64
P_(3) 3884.938 0.36-4) 0.27 T(2) 3895861 0.57-4) 059
Po(3) 3885.020 0.27-4) 0.19 N(6;0,1)  3896.866 0.7t5) 0.14
P (2) 3885.001 0.23-4) 0.79 T(3) 3898.009 0.774) 0.50
Po(2) 3885.888 0.20-4) 0.15 T(4) 3900.049 0.98-4) 043
P_(3;1,1) 3886.451 0.66-5 0.01 N(5;0,1) 3900.305 0.66-5 0.19
Po(3;1,1) 3886.484 0.345 0.05 T(5) 3901.913 0.1¢-3) 0.35
P_(2;1,1) 3886.602 0.455 0.26 P,(5;0,1) 3902.666 0.538-5) 0.39
Po(2;1,1) 3886.794 0.485 0.04 N(4;0,1) 3903.366 0.68-5 0.20
R_(1) 3888.103 0.14-4) 1.13 T(6) 3903.541 0.14-3) 0.27
Ro(1:1,1) 3888242 0.365 0.14 T(7) 3904725 0.40-4) 0.66
Ro(1) 3888.310 0.14-4) 0.48 P_(4;0,1) 3905.386 0.825 0.07
Ro(2;1,1)  3888.611 0.625 0.08 Po(4;0,1) 3905393 0.395 0.04
R.(2:;1,1) 3888.686 0.355 0.7 T.(8) 3905.720 0.16-4) 2.20

3 isted are all the transitions with frequencies in the range 3865-3906 wrhose intensities are not smaller
than 0.02 of the largegin this rangé intensity of theT(6) transition.
bSee Sec. Il for an explanation of the notation used.

R(7) lines in the contour 0f4(0) shown in Fig. 7 of Ref. 7 1 Na
seems to be a trace of tHg2,3) transition of energy\E rel. dev.I'=1- > [1-TFCr$A%1100%, (19
=3636.67 cm®t in Q,(1). d i

In Fig. 2 further information is given on how the widths S
of states predicted from the XC potential, listed in Tablesthe two sets of results for the three,{) cases shown in Fig.
llic and VIII, compare with the widths resulting from the 2, (0,1, (1,1, and(1,2), differ by 7%, 12%, and 18%, re-
SAPT potential. They are shown to be generally smaller thagpectively. The relative deviation of the widths listed in
the SAPT widths which points to smaller strength(R,r)| ~ Table VI is 14%. The deviations in the=1 cases being so
of the first-order anisotropy of the XC potential fBrin the  much larger than in the =0 case indicate that important
part of the repulsive wall region extending from about 2.9differences occur between the XC and SAPT potentials for
A to 3.2 A. The largest absolute deviations between the XCar—HD with respect to ther-dependence of thgl(R,r)
and SAPT results occur for the largest widths, revealed bgtrength function folR corresponding to the repulsive wall
the @=1y=1,1,J=1+1) states. In terms of average rela- region. This indication is indeed consistent with what is
tive deviations defined as shown in Fig. 3 of Ref. 14 concerning the radial strength
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FIG. 1. Near-infrared transitions in th@,(1) and Q,(0) bands of the AE fom!

Ar—HD spectrum. The six subbranches of theand R transitions in the ) N )

Q,(1) band are described by lines with length decreasing in the fO”OWiI’\gFIG' 3. Near-infrared transitions in ti8(0) band of the Ar—HD spectrum.

order: P_(I,1),R.(I,1);  Po(1,1=1),Ro(I,1);  Po(l,1),Re(l,1+1);

P_(I,1-1),R.(I,1-1); P.(I,I-1),R_(I,1+1); P_(I,I+1),R.(I,1

1) zero of the energy scale was shifted in this factor from the

lowest dissociation threshold of the complex to the lowest
bound state level.

: ; Figure 3 gives a summary of the information generated
funct|onsVO,0.(R) andVo (R) of these potentials for Ar—H ) /750 o1 al transitions in th&,(0) band; the transi-
[cf. Eq. (19]; note also that for Ar—HD the derivatives of tion energiesAE and the intensities™® are presented, and
these fungtions contri_bute most essentially to the respectivg comparison is made between the results calculated ’from the
functionsV; (R) andV, 4(R) [Eq. (15) of Ref. 42. _ XC and SAPT potentials. The largest intensities are seen in

In Figs. 3-5 and in Table VIII results of the intensity the T pranch.T(6)—the most intense transition in the entire
calculations for the transitions in tr&(0) band are shown. panq_ is approximately twice as intense as the transitions in
Obwously, .aII the. |.ntensmes presented should be undgrstooﬁle N branch. Of the groups of transitions involving excited
as relative intensities only. To mark that, the term “arbitrary 4, der Waals stretching states the largest intensities, reach-
units” is put in the labels of the ordinate axes in the flguresing the level of a few percent of tHE(6) intensity, are seen
and in the caption to the table. Actually, the numbers listed, then=1.-0 group. Two of the most intense transitions of
as intensities in Table VIII are given in%Aand represent this group,P_(4) andP,(4), occur in the vicinity of the
maxima in th(_a.thermally aver_aged partial photodissociationl—(7) line, at a distance close to its calculated widdh.
or phototransition cross sections,"*{Jip;), i.e., they are  tapje viil). It seems likely that all these transitions might
values of the individual terms in the sur® or (6) at pho- 56 heen observed in the experiment as one broad line. This
ton energies equal to energy differenck& between the ,q1q explain the failure of all calculations done so faee
final and initial states of the transitions indicated. The Bolt-14p1e X of Ref. 9 and Table VI of this woykn reproducing
zmann factor in the unnormalized fqr(mth Z=1,cf. Sec. ihe experimental width of th&(7) line. Concerning the
II) was used for the thermal averagit@ T=77K) and the ;o mparison of the SAPT and XC results, Fig. 3 and also Fig.
5(a) and Jb) reveal that such a good agreement of the tran-
sition energies, as shown in Table V for tile and N

25 T

SAPT v=0 j'=1JJ=|I-}| — branches, does not hold for tReandP branches. Like in the
= —— .
Vet ot Joid —w— Q4(0) band, cf. Table IV, the SAPT and XC results differ
= —_— . T -
Ve j=2JJ=',f] —. mostly for the transitions labeled by loWs, in the central
2t G v=0j=1‘{1==lff} T part of the band. In th&,(0) band, however, the differences
J=l+1
v=1 j=1JJ=I|-1
=l+1
) v=1j=2J=l-1 - o008 X'Cbofund-;re'e -------
k — +iree-free
'.-E 1.5 -E\__.... J=l . 0.00016 |
(&
\_’. 0.00014 |
s
ﬁ o 000012
o 1r H
E 0.0001
£
------ :; 8e-05 |
05 F £ 6e-05
4e-05
_____ 2e-05
0 ba L L 1 I 1 ol ! L . d . \ \ s S
0 2 4 6 8 10 3905 3900 3895 3890 3885 3880 3875 3870 3865
| photon energy /om™!
FIG. 2. Widths of the rotationally predissociating states of Ar—HD. FIG. 4. Near-infrared absorption spectrum of Ar—HD in ®€0) band.
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ever, the XC contour is slightly inferior to that generated
from the SAPT potential.

For a confrontation with experiment of the shape of the
S,(0) band simulated from the XC and SAPT potentials, the
contours drawn in Fig. 4 with the full and dotted lines, re-
spectively, should be compared with the contour shown in
the lower panel of Fig. 11 of Ref. 9. The overall agreement
of the theoretical and experimental contours is very good.
The only major discrepancy is the excessive peak in the
SAPT contour appearing at the edge of Reransition re-
gion. In the expanded view of this region, given in Figa)5
the peak is shown to arise from too strong an overlapping of
two intense linesRy(8) and R, (7), andtherefore it cer-
tainly should be attributed to an inaccuracy of the SAPT
potential in the well region. The simulated contours, espe-
cially the XC contour, are of such a quality that an assign-
ment of the individual peaks in the middle part of the ob-
served band can be attempted on their basis. This is done for
the P transition region in Fig. &) and partly for theR tran-
sition region, in Fig. 88). Complete information necessary to
assign all peaks discernible in this band can be found in
Table VIII.

FIG. 5. Near-infrared absorption spectrum of Ar—HRB) R transition and

(b) P transition regions of th&;(0) band. ACKNOWLEDGMENTS
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SAPT and XC results for the maximal intensities of transi-
ions. Since the same model of the in ipole w

i bath cases, the ciferences should bo connacted wih 13" PENDIX. RADIAL COMPONENTS OF THE
. ] . . . DUCED-DIPOLE MOMENT FUNCTION FOR Ar—HD

different widths of lines resulting from the two potentials.

Indeed, when the integrated intensities of lines, proportional  The derivation of the radial components of the Ar—HD

to ™1, are compared, the XC and SAPT results agreénduced-dipole starts from the relation

much better, within a few percent for tfelines.

The results of simulations of the shape of $1¢0) band 4_7"
carried out in this work are presented in Figs. 4 and 5. Three J3
contours are shown in Fig. 4. The one drawn with a broken — . )
line has been obtained by evaluating only the g term in ~ Where R'=R+fr, and proceeds in two steps. In the first
Eq. (2) and therefore it represents essentially the same dyStep it is shown that
namical approach as employed in the previous line shape A . L
study of this band” Compared to the result of this study, cf.  dy(r,R)=—= >, a,(r,RRV(,R),
Fig. 1 of Ref. 28, the contour does not show much differ- \/§ I\
ence. In particular, the relative intensities of lines in the \yhere
branch remain the same. Comparison of the “bound-free
contour” with the two other contours shown in Fig. 4 exhib-
its, however, quite pronounced changes due to the free-free
type transitions included in therF‘?_SF term of Eq.(2). The
improvement of the picture of relative intensities in tNe
andP branches achieved over the previous simulation is re-
markable, the more so as the same model of the induced
dipole was adopted.

The contour drawn with the full line is considered as the X
best result of the present simulations. Since it is obtained
from the XC potential it is certainly reliable with respect to
the position of the lines. With respect to the widths and
heights of the lines in th&l and T transition regions, how-

aq(rvR):qu(rvﬁ)z g dLA(r,ﬁ)yi(}\(F,E),

(A1)

an(r.RR)=Z A(Fr/R)AMRIR)AdA(r.R) BLan »
—_——

[LI[A]]?
Bm;zﬁ[m—[ﬁ} C(LA~=X\1,000)

A+qg—m 12

A—N+u

A—g+m
A-N—pu

mu
XC(LAlmg—mq)C(LA—XN mpum+ )
XC(INIm+ pg—m—uq),
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and[L]'=L(L+1). In the second step, the underbraced parf°r. J. Le Roy, inResonances in Electron-Molecule Scattering, van der

of a;, is expanded in terms of Legendre polynomials,
(RIR)M A (r,R) = 2 dk,(r,R)Pk(cogr-R)),

leading to the final expansidii6), and the following expres-
sion for the expansion coefficients:

EJ(r,R>=§ % (Fr/RAMBLan ; o) TR (TR,
(A2)

where
K [1]IA] — —
w, ——=|——=| C(KIL,000C(KAA,00
nin= || CIE000C( 0
X >, (=1)*C(In1mg—ma)
mu
X C(KIL, umm+ 1) C(KAA, — wg—mg—m— u)
X C(Hl,,qu mg—m-—uq).
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