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Singlet—triplet excitation spectrum of the CO—He complex.
|. Potential surfaces and bound—bound CO (a3Il—X!3%) transitions
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The Netherlands
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The interaction of He with metastable C&{II) gives rise to two adiabatic potential surfaces of
reflection symmetnA’ andA” which were calculated with the partially spin-restricted open-shell
single and double excitation coupled cluster method with perturbative triples, ROECSDvo
diabatic potentials were constructed and fitted analytically; the appropriate form of the angular
expansion functions was derived from general invariance properties. From variational calculations
on these diabatic potential surfaces we obtained the quasibound vibration-rotation-spin levels of the
CO—-He complex in its lowest triplet state. Only the lower spin—orbit levels of this complex with
approximate quantum numbét=0 of the CO@ 3I1) monomer were found to be stable with
respect to dissociation into He and triplet CO. The potential and the bound van der Waals levels of
the ground state CO(*X *)—He complex were recalculated and used in combination with the
triplet excited state wave functions to compute the line strengths and the bound—bound part of the
singlet—triplet excitation spectrum of the CO—-He complex. The spin-forbidden singlet—triplet
transitions access mainly the higher spin—orbit levels yith= 1, but these were found to undergo
rapid predissociation. The companion Paper Il explicitly studies this process, predicts the excited
state lifetimes, and generates the bound-continuum part of the CO-He singlet—triplet
spectrum. ©2003 American Institute of Physic§DOI: 10.1063/1.1577334

I. INTRODUCTION will describe how triplet excited CO—He can be detected
anyway.
The CO molecule is of considerable interest. It plays an According to the Born—Oppenheimer approximation this
important role in interstellar molecular clouds in which col- theoretical study consists of two steps. The first step involves
lisions occur mostly with abundant species such as He anghe calculation of the potential surfaces of tKé3 " and

H,. The lowest triplet state of CO, tre’Il state, is meta- 4 3[] states of CO interacting with He. The°IT electronic
stable with life times from a few ms to hundreds of ms for giaie of CO lies 48473.2 ¢ above theX I3+ ground

the different sublevels .of this sta’té.This implies that triplet  giate 11 CO—He thi€ll state splits into a\’ and anA”
CO molecules are sufficiently long-lived to perfotsurface

scattering experimenfs® Since an already cold molecular
beam of CO&°®IT) molecules could be decelerated to sub-

stantially lower velocity’ triplet CO is also a good candidate constantA,=41.45 e ! is of the same order of magnitude

for the study of ultracold molecules. In view of these pros- s the CO—He interaction enerav and the spin—orbit counlin
pects it is of interest to study what happens to the metastabfé 9y P pling

CO(a®Il) species when it interacts with other molecules. urns out to play a crucial role in t_he dynamics .Of triplet
The simplest possible complex containing @3(T) is the excited CO—He..The second step is the calculatlop of the
triplet excited van der Waals molecule CO-He, but the firstb_ounOI and quasibound levels of the ground and t”,pIEt ex-
experimental attempts to detect this species were ndited CO—He complex. We found that rapid photodissocia-
successfuf. tion occurs in most of the excited states, hence the quasi-
The relatively small number of electrons in CO and HePound levels of the triplet species had to be computed by a
allows an accurate theoretical investigation, which is the supScattering technique. Dynamical calculations of the triplet
ject of the present pair of papers. The spin-forbiddetil ~ States must take the asymptotically degenersteand A"
—X13* transition in the CO monomer gives rise to the Potential surfaces into account simultaneously, and must in-
so-called Cameron band which was analyzed in detail bylude the spin—orbit and other coupling terms. Such calcula-
spectroscopy® Here we study the same transition in the tions were performed, after transformation of the adiabatic
CO-He complex, after characterization of this complex bothA’ andA” states to a convenient pair of diabatic states.
in its ground and lowest triplet states. The results will show  The present papePaper ) deals with the calculation
that almost all of the excited triplet CO—He complexes areand the analytic fit of the potential surfaces. Also the calcu-
rapidly destroyed by dissociation. This dissociation does nolation of the ground state and triplet excited bound levels in
produce CO in the ground '3 * state, however, but in the these potentials is described. An effective transition dipole
lower sublevels of the triplet state. In the second paper wéor the spin-forbidden singlet—triplet transition is constructed

component due to reflection symmetryhe spin—orbit cou-
pling in thea 11 electronic state of CO makes this state a
typical Hund's case@) system® The spin—orbit coupling
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TABLE |. Basis set test: interaction energiesii,,. Calculations with the For the ground state we used a coordinate grid of 143
aug—cp—pVTZ and aug-cc-pVQZ bases also used the 3321 bond functlorﬁoints WithR ranging from 5 to A, in steps of 0.3, and
described in the text. .
from 9 to 12a, in steps of 1a,. The angled ranges from 0°
aug-cc-pVTZ  aug-cc-pvVQZ  Basis of this work  to 180° in steps of 15°. The intramolecular CO distance was
kept fixed at its equilibrium valug,=2.132a,. For the trip-

R=6.770a,, §=74.150°

X 13 ~90.91 —91.36 —91.21 let excited state potential surface the CO bond length was

A’ I —-114.56 -115.33 —-115.73 fixed at itsa I equilibrium valuer ,=2.279a, and we cal-

AT —100.06 —101.03 —101.02 culated 224 points on a coordinate grid wiRhranging from
R=12.250a,, 6=113.380° 3.25 _to 20a,. The step size was 0.2% in the well region

X 13 -3.777 —3.768 -3.815 and increases for smaller and larger The angular grid

AT —4.340 —4.337 —-4.416 ranges from 6° to 174° in steps of 12°.

A" —3.855 -3.901 —3.966

B. Expansion of the potentials

and the bound—bound part of the spectrum is generated. The For the CO-He ground state potential we use the well
companion papét (Paper I) treats the calculation of the known Legendre expansion, but the expansion ofthand
triplet states that dissociate upon excitation. A" potential surfaces that represent the interaction between
CO(a 3I1) and He is more complicated. The form of such an
expansion for dl state diatom interacting with a8 state
1I. POTENTIAL SURFACES atom was first given by Alexandernd applied in later
work.2>%® Alexander’s derivation of this form is based on the
The COX 'X")—He ground state potential energy sur- myltipole expansion of the interaction energy, which is ap-
face was calculated previously by Heijmenal,?who used pjicable only for large intermolecular distances and in the
symmetry-adapted perturbation the¢8APT). Here we ap-  case of a neutrab state atom yields an interaction energy
plied the CCSIT) (coupled cluster singles and doubles with that js zero. Here we present a more general derivation,
perturbative triples supermolecule method,as we did for  which yields the same result, which is based on the invari-
the excited triplet statésee below Since our results for ance properties of a general intermolecular potential energy
CO(X % ")—He agree very well with those of Refs. 12 and gperator. We start by defining a partly space-fixed coordinate
14, we describe in more detail the techniques and calculgrame with itsz-axis aligned with the CO diatom axis and its
tions involved to obtain the C@(IT)—He potential energy xz plane fixed in space, independent of the position of the He
surface. The potentials are expressed in Jacobi coordinat@som. The He atom has position vec®e= (R, 6, ¢) in this
(R, 6) defined such thaR is the length of the vectd® which  frame and the electronic orbital angular momentum offthe
points from the center of mass of CO to the He nucleus andiate of CO isA=+1. The corresponding components of
¢is the angle betweelR and the CO axis. The angleequals  thjs IT state, which we call diabatic because they do not
zero for the linear geometry CO—He. depend on the position of the He atom, are denotediAby

A. Ab initio calculations The intermolecular potential energy opera‘&)of this open-

For both the COX!S*)—He ground state and the shell complex is a linear operator in the vector space spanned

CO(a’ll)-He excited state potential surfaces supermol-by the set of diabatic states and may be expanded as

ecule calculations were performed with theLPRO-2000 N

packagé® using the CCSDT) method for the ground state V:A%Z [ADVaya,(R 0, 6)(Ag]. @)
and the partially spin-restricted RCCSD method®?’ for N

the excited triplet state. In both cases we applied the counthe matrix elements/, ,,=(A4[V|A) are the diabatic
terpoise procedure of Boys and Bernadfdo correct for the potentials of CO& °I1)—He. Each of these diabatic poten-
basis set superposition erf@SSE. We used the same basis tials depends o, 6, and ¢ and can be expanded in Racah
set, which consists of (&p3d2 f ) contracted functions de- normalized spherical harmoni€,,( 6, ¢),

fined by Partridg® for the C and O atoms and $3p2d)

contracted functions defined by Van Duijneveddtal ° for Vi a(RO,3)=> vi™, (R)Cim(6, ). ®)
the He atom. Added to this was ag®p2d1f) set of mid- v fm 12

bond functions defined by Tao and Pancentered at the From the invariance of the electronic Hamiltonian of CO—He
midpoint of R, with the exponents 0.9, 0.3, 0.1 for te@nd  ynder rotations of the whole systef@lectrons and nuclgit

p, 0.6 and 0.2 for thel and 0.3 for thef orbitals. Table |  ¢5)16\s that the operato¥ must be invariant in particular to

shows that. the basis chosen in this work. gives rgsults of th(raotationsﬁzZ about the CO axis. Then, from the transforma-
same quality as an augmented correlation consistent polar-

ized quadruple zetéaug-cc-pVQZ basis??2* The aug-cc- tion propertiesR,(a)|A)=|A)exp(—iAa) Pf the diabatic
pVQZ basis has 235 contracted functions, whereas the basiates and of the spherical harmoni€(a)Cin(6, )

used in this work has only 170an augmented triple zeta =Cim(6:¢—a)=Cin(6,p)exp(-ima) it can be easily de-
aug-cc-pVTZ basis has 144t is thus a very good basis for Tived that the expansion coefficient§” , (R) must vanish
this problem. except whenm=A,— A ;. Hence, for the’ll state of CO
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with A==*1 the expansion is restricted to diagonal terms Pmax | max

(A;=A,) with m=0 and off-diagonal terms witm= =+ 2. Ve(R,0)= > > s,RPexp(—aR)Ciy(6,0) (6)
Next we define a completely body-fixed frame with the p=01=m

samez-axis and the He atom in thez plane and consider gnd

reflection symmetry with respect to this plane. This frame is .

related to the partly space-fixed frame by a rotalIARm(z)). V(R §)= SRS f (BR)C.R™"C, (6.0 7
The rotated diabatic states af&)’ =|A)exp(—iA¢). The «(R.6) ng6 |:2m (BRI in(6,0). @
reflection o,, simply acts on these rotated states a -

oA =(~ 1) —A)’ and thell states of CO which are S‘The long range coefficients,, are nonzero only wheh<n

. . S . —4, whilel must be even for evem and odd for oddh. The
symmetric and antisymmetric with respect to reflection areTunctions fare Tand—Toennies dampina functids
|AY=]+)=(I-1)'=]1))V2 and |A")=|-)=i(|-1)’ " 9 Ping '
+11)")/v2, respectively. ThesA’ andA” states correspond nooyk
to the adiabatic states of CO—He obtained in electronic struc-  f(X)=1—exp(—x) >, R (8)
ture calculations. Moreover, it follows from the reflection k=0
symmetry that the expansion coefficients of the diabatic poThe coefficientss), andc;, and the nonlinear parametess
tentials in Eg. (2) obey the relation UIA'T’AZ(R) and 8 were fit in a two-step procedufIn the first step we
=UEXT,—A2(R) and, hence, thava’%(R)=vlol,_1(R) and fitted the long range data points, i.e., the interaction energies
v/ 2(R)=0"2 (R). Combining these results one finds that ' R>10ao, using only then=6, 7, 8, 9 terms of the
the adiabatic botential‘s(A, andV, are related to thero- expansion functiorv, W|t.h.the damping functlon. set to one.
tated diabatic potentials as In .thIS step the coefflc[entsc}n were dgtermlneq by a
weighted least squares fit using the weight functiofR)
Var=(+|V|+)=Vy -V _1, =R5. In the second step we included also the short range
(3) data points, we fixed the coefficients, with n=6, and de-
Var=(= V=)=V 1+ V4. termined all other linear coefficients W, andV, by a least

Hence, the diabatic potentials can be directly obtained fronfduares procedure. Since, for the rang&dhat we consid-
the computed adiabatic potentialg,, and V. and they ered, the interaction energies vary over several orders of

should be expanded in spherical harmonics with fixed value§1agnitude we had to construct a weight functia(R, )
of m=A,—A; (=0 or +2), such thatw(R,0)V(R, ) is on the order of unity every-

where. Both in the short and long range=|V|~! would

_ VartVar _S 10 actually work well, but in the intermediate range the interac-
Vii(R,0)= 2 T4 v (R)C1,(6,0), tion potential goes through zero. Following Ref. 28 we used
the weight functionw = wgqw wit
(4) h ight functi ith
VA!I_VA! -1
Vi_1(R, )= —F—= AR . V
1-1(R0)=——5——=2 v"(R)C, 20,0 wo=!in ex"(v‘)*‘“” |
0
The ¢ dependence in E@2) is automatically removed by the R\6 9
rotation R,(¢#) of the diabatic states and the conditiom wp=|1+ R }Vol,
=A,—A;. So, finally, the diabatic potentials depend only 0

on the coordinate® and 6 defined by the nuclear frame- and Vo=ce/R8- This parametelV, determines where the
work. The spherical harmonicS, (6,0) are simply associ- short range factor of the weight function effectively
ated Legendre functionB"(#), multiplied by a normaliza- “switches on.” We set it equal tov,=5|E,|, where E,
tion constant. The same expansion, witk-0, holds for the =-21.29 cmi! for the ground state potential anH,
potential of ground state C&(*=")—He. =—27.52 cm* for the triplet state potentials are the most
attractive points on the grid. The value@f=11.8 Ehag was
taken from the long range fit result; it giv€=5.164a,.
C. Analytic fits of the potentials . _The nonlinear p_arametersand ﬂ as well as the upper
limits pmax @nd N,y in the summationgi.e., the degrees of
The preceding section shows that the angular depente polynomials were determined by extensive experimen-
dence of the potential of ground state COE “)—He and  tation. The quality of the fit was judged by considering the
of the two diabatic potentials for C@(IT)—He can be rep- relative error for points wherg>V,, the absolute error for
resented by a specific series of spherical harmonicgoints with V<0, and the relative error for points witR
Ci,m(6,0) with fixedm=0 or =2 and|m|<I<w. Here we 74, This test was done not only for the geometries men-
describe the analytic fit of each of these potential surfaces ifigned before, but also for 15 additional random geometries
terms of these function§, ,(6,0) and an appropriate set of iy the range 4,<R<14 a, that were not used in the fit.
radial functions that represent both the long and short rang¢ne nonlinear parameters and 8 were determined in fits

interactions, with only low degree polynomials. Once a reasonably good
V(R,0)=V(R,0)+Vi(R,0), (5 fitwas obtained, the nonlinear parameters were fixed and the
order of the polynomials was increased step by step as long

where as this produced a substantial improvement of the fit.
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FIG. 1. Potential energy surface of COtS ™) —He. FIG. 2. Adiabatic potential energy surface of GC{I)—He of A’ symme-

try.

Our final fit for the COK '3 *)—He potential(with m
=0) haspma—l, Ima=10, andny,,=14. The root mean der Waals dimers. In particular, one may choose a space-
square relative error in the short-range region with0 is  fixed coordinate frame or various body-fixed frames with the
about 0.13%, the root mean square error for the intermediataxes fixed by the orientation of the intermolecular ve®or
region with V<0 andR<7a, is 0.04 cm?, and the root and/or by the orientation of one of the monom&r&’ In the
mean square relative error in the long range region With case of ground state CO—He it turned out that a space-fixed
>7 ag is 0.8%. For the CQf 3I1)—He potentials the param- frame (SP is the most convenient, because the quantum
eters arePmax—=4 I max=9, andnp,,=13 for theV, ; surface  numbers], describing the CO rotation, ard the end-over-
with m=0, andpma=8, I max=9, andny,,,=11 for theV, _ end rotation of the complex, i.e., of the vectRr are very
surface withm=2. For theA’ and A” surfaces that are the nearly conservet? Also for triplet excited CO—He we will
sum and difference o¥,; andV; _; the root mean square use a SF frame with the same quantum numiessd L,
relative error in the short-range region is 0.26%, the roosince the well depth and anisotropy of thé andA” poten-
mean square error in the intermediate region is 0.03%sm tials of CO(@ °I1)—He are comparable to those of the ground
and the root mean square relative error in the long rangstate COK '3 *)—He potential. Before we discuss the cal-

region is 0.24%. culation of the vibration-rotation-spin levels of the triplet
excited CO—-He complex, we briefly summarize the fine
D. Characteristics of the potentials structure of CO in itsa °II state.

The fine structure of CO in ita 311 state and in some
other excited electronic states has been determined in detail
by spectroscopy® The dominant term that splits the levels

Figure 1 shows theR,#) contour plot of the ground
state COK '3 ")—He potential. This potential has a single
minimum with D,=21.35cm?! at R,=6.48a, and 6
=69°. This result agrees quite well with the SAPT potential
in Ref. 12 which has a minimum witb,=22.734 cm* at 180
R.=6.53a, and #=48.9°. The large difference (20°) in the
angle @ is explained by the fact that the potential surface in 1601~
the well region is very flat along thé coordinate. Figure 1
shows that at—21 cmi'?, i.e., only 0.35cm? above the
minimum, the width of the well in thé direction is=~40°. 1201-

Figures 2 and 3 show th&" andA” potential surfaces of
CO(a’ll)—He, respectively. Minima are found witB, Z
=30.76 cm ! atR,=6.22a, and §="78° for theA’ surface 80~
andD.=31.9 cm ! atR,=6.75a, and §=135° for theA”
surface. The two surfaces exhibit a common local minimum
with D,=27.44 cm! at the linear CO—He geometry with 40—
R=6.82a, and 6=0°.

140~

| |
10 11 12

Ill. CALCULATION OF THE VIBRATION-ROTATION- 0
SPIN LEVELS

Different_ coo_rdinates_and baSiS_ sets can be used to cahig. 3. Adiabatic potential energy surface of GG(1)—He of A” symme-
culate the vibration-rotation-tunneling/RT) levels of van  try.
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of CO(aIl) is the spin—orbit couplingcoupling constant
Ay,=41.45cm1). The best approximate quantum numbers
to characterize these energy levels &re =1 and Q=A
+3.. The quantum numbex is the eigenvalue of the elec-

tronic orbital angular momentum operatdr, and 3

=-1,0,1, the eigenvalue 08,, is the component of the
triplet spin (S=1) along the CO bond axis. The total angular

momentum is represented by the operafbei+S+R,
wherel, S, andR are the electronic orbital, spin, and nuclear

(rotation angular momenta, respectively. The quantum num-

berJ that corresponds with the operatbis an exact quan-
tum number. Since the nuclear angular momenfihas a
vanishingz componentQ is the eigenvalue of, as well as
of the electronic angular momentum operaitot S,. Rela-
tive to the origin of the triplet levels at 48 473.201 chihe
levels with Q=0 are at about-40 cm !, the levels with
Q==*1 at zero, and the levels Wltlﬂ +2 at about
+40 cm ! as a result of the spin—orbit coupling and
CO(a®Il) behaves as a typical Hund’s coupling case (
system. Smaller coupling terms are present as tvle ef-
fective Hamiltonian that describes the complete level struc
ture of CO@ %) is

Floo=Bo[ 2+ 8-~ 8-3.8 13,8, 1+ A3,

+ 20\ (352 -3)+CHP(Q=0), (10)

where B,=1.6816 cm?! is the rotational constant of
CO@?%M) in its vibrational ground state, A,
=41.4500 cm? is the spin—orbit coupling constank

=0.0258 cm! the spin—spin coupling constant, a@ﬁ
=0.8752 cm ! the A-doubling constant. All these coupling
constants have been taken from experimental WoF&rms
smaller than 10% cm™ ! are omitted. The total angular mo-

mentum operator] is given with respect to the molecule-

Singlet—triplet excitation of CO-He. | 135
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FIG. 4. Diabatic potential energy surfavg ; of CO(a °II)—He
Ao L e B
= + +
2uR 9R?" " 2uR? T €O
+A% [ADVa, 4, (R O(Az], (12)
1,432

where 1 is the reduced mass of the dimer ands the an-
gular momentum operator corresponding to the end-over-end
rotation. The diabatic potentialé, . (R,6) are defined in
Sec. IIC and shown in Figs. 4 and 5. The anglbetween

the CO bond axis and the vect®& is not one of the SF
coordinates, but after the expansion of the potential
VAl,AZ(R,a) in spherical harmonics given in Sec. lIC it is
not hard to rewrite this expansion in terms of Wigner
D-functions? depending on the polar angles of the CO axis
and the vectoR with respect to the SF frame. In writing Eq.
(12) we assumed implicitly that the weak interaction with He
does not change the spin—orbit and spin—spin coupling terms

fixed frame and its components have the anomalous commyn the Hamiltonian of the CO monomer. A similar Hamil-

tation relations! The corresponding shift operators are
therefore defined a%. =J,¥iJ,, whereas the spin shift op-
erators have the normal definitid®. =S,*iS,. The last
term in Eqg.(10) is the A-doubling term which gives rise to a
splitting ¥ C{; of the Q=0 substate into two components
with positive and negative parity, see Table IV of Ref. 8. The
origin of this splitting is the spin—orbit coupling of treI1
state with other electronic states. Thedoubling is repre-
sented here by an operator that couples fhe=—13
=+1) and|A=+13=—1) components of th€) =0 sub-
state,

IS(Q=O):A211

|-A,3,0=0)(A,~3,0=0]. (11)

For J>0  is not an exact quantum number and the sub-

states with)==*=1 and =2 are slightly split by the
A-doubling term, due to some admixture of the=0 states.

The Hamiltonian of the triplet excited C@EII)—He
complex is easily written nowin atomic unitg,

tonian for all-state diatom interacting with a rare gas atom
has been proposed by Dubermetal 2°

180

160

140

120

100 st

|
10

|
11

8 9
R(ao)

FIG. 5. Diabatic potential energy surfavg _; of CO(a *I1)-He.
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From the discussion on the fine structure of CO in its|n,|A[,S,Q,J,L;F,Mg,p)
a’ll state it will be clear that the basis functions for this

Hund’s coupling cas¢a) system can be denoted as :|n>M2M IIA],5,Q,3,M, 1€>YL,ML(IB10‘)
JVIL
2 X(3,My:L,M,|F,Mg). (15)
|A,S,Q,I,Mj)= |A,3:Q>[W} D(rd)J (#6007, The angles,«) are the polar angles & with respect to the

(13)  SF frame. The triplet CO monomer functions with quantum
numberJ and the spherical harmoniCﬁL,ML(,B,a) have

been coupled to eigenfunctions & by means of the
where the anglesf,¢) are the polar angles of the CO axis clebsch—Gordan coefficients),M;;L, M, |F,Mg).3? The
With rels(ptlect to t.he SF 1|‘rame. The functi%@,;@) isf t?]e total angular momentur, with F=J+L, and its SF com-
internal (electronic angular momentum and sppart of the .
X . ponentM¢ are exact quantum numbers. Also the papty
CO(@’I) wave functlon(ywth(J)Szl andE*ZQ—/_X) and hich is related to the parity of the monomer functions by
the symmetric rotor functiolj; o(#,0,0)" describes the p=e(—1)", is an exact quantum number. The radial basis
CO rotation. From the basis in E¢L3) we derive a parity  functions|n)= y,(R) are Morse oscillator type functions of
adapted basis the form defined in Ref. 33.
The wave functions of ground state CO—He are also
given by Eq.(15), but sinceA=S=%=0=0 in this case
IA],.S,Q,3,M;,6)=2""7|A,5,0,I,M;) they are much simpler than the wave functions of the triplet
+e(—1)79—A,8,-Q,0,M,)] (14 s_tate. 'I;rl?y are parity—adapted_autpmatically With papty
=(—1)""". Also the dimer Hamiltonian of Eq12) is much
simpler: the CO monomer term iblco=ByJ? with B,

consisting of eigenfunctions of the inversion operator with=1.9225 cm' and the potential energy operator \é

eigenvalues=*1. =V(R,0).
For the CO&°®IT)—He complex we choose the parity- The matrix elements of the Hamiltonian in E¢$0) and
adapted basis (12) over the CO& °IT)—He basis are

(n",A",S",Q",J',L'|H

n,A,SQ,J,L)

52 L(L+1) [
+———=7-|n)+ 8y 0 Bo[J(I+1)+S(S+1)

= 651,005,500 00y 3611 | (N'] 24R WR 2uR?

L0774 AGAS + ono[357-S(S+1)]
3

} — 64/ n0s,5037 3011 L[ Oar ABo(d0r 0-1C™

+380:0+1C") = 8ar.080,00x - ACR1+(N", A", S, Q"3 L'V, A(R,6)IN,A,S,Q,J,L), (16)
[
where3'=0'—A’" and3=0-A, while C*=[J(J+1) L 1 L\ J | JV\(J L F
—QQ=1)YIS(S+1)-3(2=1)]*2  The  primitive (o 0 0)(—9' A=A Q)[L J 'J' "

(nonparity-adapted basis |n,A,S,Q,J,L;F,Mg) in these
matrix elements is not explicitly defined, but is related to then€ expressions in large round _braCkEtsé“jess'mbO'S’ the
nonparity-adapted CO momomer basis in E@) in the  €XPression in curly braces is ajésymbol.

same way as the parity-adapted basis in(&§) is related to

Eq. (14). The exact quantum numbeFs and Mg, which V. EFFECTIVE DIPOLE FUNCTION

must be equal in bra and ket, are omitted from the notationT OR SINGLET-TRIPLET EXCITATION

The matrix elements of the potential are The spin-forbidden transitiom 3[1— X '3 * has been
studied in detail for the free CO mononter®34This transi-
tion becomes weakly allowed due to mixing of #éll state

PAT e O 1 with the nearbyA I state induced by the spin—orbit inter-
(n"A%S,Q737 L VA AR O)In A, S0, 3.L) action. The transition from the ground!S " state to the
=0 03 x[(2J+1)(23 +1)(2L+1)(2L" +1)]*2 A1, state is a dipole-allowed perpendicular transition.
SinceS=0 for thell, state, it has onlyQ|=|A|=1 com-
X (—1)Y FIFF-2Y <n/|UI,A’7A(R)|n> ponents and it mixes only with th&)|=1 components of
[

the CO@°Il) state. Effective wave functions for th|$)|
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=1 component of the®[l state may be written as operator acts upon them, but in addition the triplSt(1)
|a®ll.,)*"=\1-cZJa’M. )+ csd ATl ,). Hence, only and singlet §=0) functions obtain a different sign because
the |Q|=1 levels of the triplet are directly excited by the of the phase factor<{1)?~S. Therefore, parity requires &
a’ll—X1'3" transition. In reality() is not an exact quan- sign in front of the coefﬁmend:so, which corresponds to the

tum number, however, and the substates with diffef€jt  sign of ). With the parity-adapted basis of E¢L4) this
are mixed for nonzerd, so that the’Il, and °II, levels ensures that mixing of the singlet and triplEt functions
obtain some intensity as well. For low values bfthis Q  occurs only when they have the same parity. The parity of
mixing is small and the transition occurs predominantly tothe ground state CO-He basis functions is given by
the 311, levels. (—1)’*t. The dipole moment functiop;;r has odd parity

With this knowledge it is possible to write an effective and, hence, the parity of the excited singlet and triplet
transition dipole moment for tha3[I—X'3" transition levels must be opposite to the parity of the singlet ground
in CO, state level.

LIS (3 3T | X 13 Y From the transition dipole moments we calculate the line

strengths
=80 +1({V1—C50A M+ 1+ CgoA ML q| sy | X 12 )
BT Tem e e Stei= 3 (HF MHSTEMAR @D
=+Cs000, + 1{A L 4|y X T=7), (18 ME,mMg

which has only components with= =1 perpendicular to the where

CO axis. The two matrix element& 1., u.,|X 2 *) are

equal and the effective transition dipole moment is here con- li;F,Mg)= 2 |n,0,0,0,L;F, MF>Cn L
sidered to be a known constaat?'= + """,

We assume that the weak interaction with the He atom

does not affect this transition dipole moment. It is the spin  |f;F’,M[)= > In",A,S,Q,J',L";F' ,M[)

selection rule, after all, that makes this transition forbidden, n’,AQ" L'
not the spatial symmetry. The closed shell He atom is not ol F! (22)
expected to affect the spin of the excited CO molecule. The n’,A,Q,9% L
effective singlet—triplet transition dipole function for the are the eigenstates of the ground state and triplet excited
CO-He complex is then CO-He complex, respectively, expanded in the basis of Eq.
(15). Substitution of Eq(20) into this line strength expres-
ILL?]FZEK L DB, 6,0)* . (19)  sion yields

S(fi)=(2F'+1)(2F+1)

z E 2 2 n AQJ’L’CnJL5r‘I n5L’

nnLLJJ

We remind the reader that the angles®) are the polar
angles of the CO axis with respect to the SF frame. The
componentsn=—1,0,1 of the dipole function are also de-
fined with respect to this frame.

With the same assumption about the effective CO triplet
states we derive for the transition dipole matrix elements X[(23/+1)(2‘]+1)]1/2k Z 1(_1)L_k
(a3 | uSAX 1S *)e™ over the nonparity-adapted CO—-He '

basis tram( "1 J){l J’ J] 2 23
X '
(n",A,S,Q,3',L";F' M| 3An,0,0,00,L;F, M) kK 1-0 k o/|lL F F
=8 nOLr L[(23'+1)(2J+1)(2F +1)(2F' +1)]¥? The 6—| coefficient gives the selection rulaF=0,
' ' , +1. Approximate selection rules that hold for the approxi-
% 2 (_1)L+M,':fk tran J 1 mate quantum numberk and L of the ground and excited
k==11 < 1_a k o levels areAJ=0, =1 andAL=0. The approximate selection

’ , rule that causes mainly the triplet levels with|=1 to be
1JJ F 1 F (20) excited was already discussed above. Also the exact parity
L F F'JI-Mf m Mg/’ selection rule was mentioned above.

A note of caution regarding the parity is needed. It is
obvious from Eq.(14) that the transformation of the basis
functions under the parity operator involves a phase factor A Fortran program was written to calculate the vibration-
(—1)S. The effective singlet—triplet transition dipole mo- rotation-spin levels of ground state OOS)—He and ex-
ment function is determined by the admixture of an exciteccited CO@ 3I1)—He by diagonalization of the Hamilton ma-
singlet1l state into the triplefl state considered. This ad- trix derived in Sec. Ill with the use of the potential surfaces
mixture is caused by spin—orbit coupling and was reprefrom Sec. Il. Examination of the convergence of both the
sented in the effective triplet wave functions asground and excited state levels showed that the rotation-spin
\/1—cs2 a®ll.,)*csdAMl.,). In the basis functions of basis could be truncated &t,,=12, whileL is running over
Eqg. (14) the sign ofA, ), andX is changed when the parity all values allowed by the triangular rule for a given quantum

V. COMPUTATIONAL PROCEDURE

Downloaded 30 Nov 2012 to 131.174.17.23. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



138 J. Chem. Phys., Vol. 119, No. 1, 1 July 2003 Zeimen, Groenenboom, and van der Avoird

numberF. The radial basign) consisted of 15 functions. TABLE Il. Bound energy levels of CO-He in it '~ ground state.
The  nonlinear  parameters R.=11.618a,, D¢
=14.376 cm?, and w,=9.876 cm'! in this basis that de-

Quantum numbers Energy (e Main character

termine the Morse potential to which it corresponds, were F p This work  Ref. 12 J L
variationally _optimized in calcqlations with' smaller basis g 1 -5.9742 —6.7879 0 0 91.2%
sets. To avoid a nonorthogonality problem in the computa- 0 1 -0.7161 —1.4352 1 1 76.2%
tion of the transition dipole moments we used the same basis 1 1 —16978 —2.4800 1 1 97.1%
for ground state CO( '3)—He and excited CQ(®IT)—He. L -1 —54115  —62062 0 1 90.9%
The vibration-rotation-spin levels were calculated For 0 ! -1 CLoT8L - m2.770d 0 B86.0%
-spin e , 2 1 —42987 —50546 O 2 90.4%
1, 2, 3, and 4. This prov@ed all the bound states of » 1 —1.2728 —2.0385 1 1 86.1%
CO(X13)—He that are occupied =5 K and all the ex- 2 -1 —0.5498 —1.2904 1 2 97.3%
cited triplet states in the desired energy range that are acces- 3 -1 —26645 —3359% O 3 90.0%
. .y . — — — 0,
sible by transitions from the occupied ground state levels. 3 1 01154 —08338 1 2 856%
4 1 -05635 —11719 0 4 90.3%

The temperaturefdd K was chosen after consultation with
the experimentalists. The singlet—triplet transition line
strengths were computed from the corresponding eigenfunc-

tions with the expressions given in Sec. IV. A Boltzmann

distribution was taken over the levels of ground state CO—Heheir energies kept going down upon increase of the radial
and combined with the energies of the ground and excitegasis|n). After explicit photodissociation studies, which are
levels and with the line strengths to generate the spectrurpresented in Paper Il, we concluded that they rapidly predis-

that corresponds to the bound—bound transitions. sociate by a spin—orbit coupling mechanism. The dissocia-
tion product is not ground state CR{S ™) but metastable
VI. RESULTS CO(aIl) in its Q=0 state. Table Il of the present paper

Table Il lists the bound levels of CE(S *)—He. Their ~ contains only the CQ3(31'_[)—H_e levels with(=0 that are
energies as well as the contributions of the dominant angulai{@ble with respect to dissociation into He and triplet CO.
components in the wave functions are in good agreemerf®n€ cle?rly observes thé-doubling splitting of about
with the results of Refs. 12 and 35. The energy levels fromk- 7> ¢M * between the pairs of levels with opposite parity.
Refs. 12 and 35 are lower by 0.7—0.8 cthbecause the well Sqme of the doublets are incomplete, see fqr example the
in the SAPT potential is deeper by about 1.4¢nhan the th|rd rc')w'of Table Ill, because the upper level lies above the
well in the ground state CO('3*)—He potential of this dlssoc!atlon threshold at 41.45 cm. One can also ob-
paper, but the relative energies agree to within 0.1tm Se€rve in 'I_'ables II'and Il that the van der Waals_ levels of
The bound states of C@EII)—He are listed in Table IIl. triplet exc_lted C(_)—He are somewhat more mixed iandL
For each bound state we present its energy, Rhand p by the anisotropic potential than those of ground state CO—
guantum numbers, and the dominaf,{,L) angular func-
tion involved in the total wave function. None of the excited
(.:O(a 3H)_He Jevels Is truly bound, of course, but the life TABLE IlI. Bound energy levels of CO—He in it °I1 state. The energy of
times of theaII levels of free CO are on the order of ¢ o parity levels withi=Q=0 of free CO are—40.621 cmi* and
milliseconds. So we expected in first instance that the levels 38.871 cmi®. Al energies are relative to the CO triplet band origin at
of the ®IT excited CO—He complex are similarly long lived 48473.201 cm?.
and can be calculated with a bound state program. It turned
out that this holds only for th€ =0 levels, however. As we
mentioned already in the discussion of the free &€€1() F p Energy(cm™')  Q J L
levels the|Q|=1 levels are about 40 cht above the()

Quantum numbers Main character

0 1 —48.2872 0 0 0  832%
=0 levels and thelQQ|=2 levels are higher by another 0 -1 —46.5447 0 0 0  83.0%
40 cm 1, mainly due to spin—orbit coupling. The same pic- 0 1 —43.0992 0 1 1 76.2%
ture holds more or less for the C&TIT)—He complex, al- 1 1 —45.9702 o o0 1 8l6%
though there are many more levels due to the van der Waals 1 _11 :ﬂ'zgig 8 2 i gi;?ﬁ;
vibrations and overall rotations of the complex. The wells in 1 426912 0 1 1 915%
the A’ and A” potentials of CO&°I1)-He are about 1 1 —42.9302 0 1 0  75.8%
30 cmi ! deep, not much deeper than the well in the ground 1 -1 —44.6680 0 1 0 75.9%
state COK '3 *)—He potential. In the ground state complex 1 -1 —42.3730 o 1 2 7l4%
there is a large amount of zero-point energy which leads to a ; _11 :ii'gggg 8 8 ; ;2;?;2
dissociation energ, of only about 7 cm?. Similarly, the 5 1 _43.8515 0 1 1 72.4%
D, value for the triplet excited complex is about 8¢t 2 -1 —42.1165 0 1 1 722%
relative to the corresponding levels of free CO. This is 2 -1 —43.2249 0 1 2 91.6%
schematically shown in Fig. 6. Hence, the quasibound levels 3 1 —43.1565 0 0 3 7aT%
of the triplet CO—He complex with)|=1 and|Q|=2 lie in g j :jg'gggi 8 (1) g 2320;2
the continuum of the CO—He state with= 0. We found that 4 1 427955 0 0 4 67.4%

they could not be converged with a bound state program:
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TABLE V. Frequencies in cm! relative to the singlet—triplet band origin
of free CO (48473.201cnt) and line strengthsS(f«i) in units of
0.01(1""92 of the a II—X 3" transition for even paritX 'S " states
and odd paritya °I1 states.

The potential surfaces of the CO—He complex that cor-
respond to the ground 13 * state and the exciteal®I1 state

Singlet—triplet excitation of CO-He. | 139
Q=2
r 3
a’Il Q=1
A
] Q=0 p=-
— p=+1
i%% p
X's Q=0

VIl. CONCLUSIONS

13

15

FIG. 6. Schematic energy level structure of ground state>XCQ(*)—He
and UV excited COg °I1)—He at 48 473.201 cnt.

two diabatic components and a rather anisotropic potential
V;_1=Var—V, coupling these components. Figure 7
shows a stick spectrum of this bound—bound part of the
spectrum.

TABLE V. Frequencies in cm' relative to the singlet—triplet band origin of
free CO (48473.201cht) and line strengthsS(f«i) in units of
0.01(u™"92 of thea 3T« X 3 * transition for odd parityX ! * states and
even paritya °TI states.

Number in Fig. 7

£l = (F.JL)

@i

Line strength

Number in Fig. 7 E',J',L")«(F,J,L) [ore Line strength
(1,0,1)—(0,0,0) —41.7388 0.0325
(1,1,0)%—(0,0,0) —38.6938 0.3615
(1,1,1)(0,0,0) —36.7171 0.0125
(1,1,2)(0,0,0) —36.3988 0.0190
(1,0,1)%(0,1,1) —46.9968 0.0001
(1,1,0%(0,1,1) —43.9518 0.0016 o

2 (1,1,1)%(0,1,1) —41.9751 0.1739 5
(1,1,2(0,1,1) —41.6569 0.0033 w
(0,0,0—(1,1,1) —44.8469 0.0297
(1,0,1)(1,1,1) —46.0151 0.0004
(1,1,0%—(1,1,1) —42.9702 0.0106
(1,1,1)%(1,1,1) —40.9934 0.1493
(1,1,2)%(1,1,1) —40.6752 0.0006
(2,0,2)%—(1,1,1) —43.1349 0.0393
(2,1,2)%(1,1,1) —41.5271 0.0156
(2,1,1)%(1,1,1) —40.4187 0.2105
(1,0,1)%—(2,0,2) —43.4142 0.0192
(1,1,0%(2,0,2) —40.3692 0.0400
(1,1,1)%(2,0,2) —38.3925 0.0199
(1,1,2%—(2,0,2) —38.0743 0.2847
(1,0,1)%(2,1,1) —46.4401 0.0020
(1,1,0—(2,1,1) —43.3951 0.0004
(1,1,1)%(2,1,1) —41.4184 0.2246
(1,1,2)%—(2,1,1) —41.1002 0.0280
(2,0,2)—(2,0,2) —40.5339 0.0063

5 (2,1,2)-(2,0,2) —38.9262 0.6908
(2,1,1%(2,0,2) —37.8177 0.0438
(2,0,2)%—(2,1,1) —43.5599 0.1248
(2,1,2)—(2,11) —41.9521 0.0030

3 (2,1,1%(2,1,2) —40.8436 0.6189
(3,0,3)%—(2,0,2) —40.6014 0.1956

7 (3,1,2)-(2,0,2) —38.2496 0.8061
(3,0,3%—(2,1,1) —43.6273 0.0000
(3,1,2%—(2,1,1) —41.2756 0.0213
(3,0,3)%—(4,0,4) —44.3366 0.0131
(3,1,2)—(4,0,4) —41.9849 0.0257

He. However, this mixing is still sufficiently weak that one
can use these approximate quantum numbers as useful labels
of the energy levels.

Although the singlet—triplet transition in CO is only al-
lowed by the spin—orbit mixing of the exciteal®II state
with the A 111, state and most of the excitation intensity goes
into the triplet levels with Q| =1, there is also a part of the
spectrum that originates from excitations of the levels with
Q1 =0. These transitions become allowed by admixture of
|Q|=1 basis functions into the levels with predominantly
(=0. Tables IV and V list the line strengths of the allowed
bound—bound transitions of both parities. The frequencies of
these transitions are defined as;=E;— E; relative to the
band origin at 48 473.201 cm of thea ’I1—X 3" transi-
tion in free CO. The intensities are in units of the effective
singlet—triplet transition dipole moment'®" squared. We
notice that some of the lines do not respect the approximate
selection ruleAL=0. The most intense lines obey this rule,
however. This confirms that the CO—He complex behaves as
a slightly hindered rotor also in its triplet excited state, in
spite of the more complex nature of this state which contains

(0,0,0%—(1,0,1)
(0,1,1%(1,0,1)
(0,0,0%—(1,1,0)
(0,1,1%—(1,1,0)
(1,01%(1,0,1)
(1,1,1%(1,0,1)
(1,1,0%—(1,0,1)
(1,0,1%—(1,1,0)
(1,1,1%(1,1,0)
(1,1,0%—(1,1,0)
(2,0,2%—(1,0,1)
(2,1,1%(1,0,1)
(2,0,2)%—(1,1,0)
(2,1,1%(1,1,0)
(1,01)%(2,1,2)
(1,1,1%(2,1,2)
(1,1,0%—(2,1,2)
(2,0,2%—(2,1,2)
(2,1.1%(2,1,2)
(3,0,3%—(2,1,2)
(2,0,2%(3,0,3)
(2,1,1%(3,0,3)
(2,0,2%(3,1,2)
(2,1,1%(3,1,2)
(3,0,3%—(3,0,3)
(3,0,3%(3,1,2)
(4,0,4)%(3,0,3)
(4,04%(3,1,2)

—42.8757
—37.6877
—46.3091
—41.1211
—40.5587
—39.0202
—37.5187
—43.9921
—42.4536
—40.9521
—41.1644
—38.4400
—44.5978
—41.8735
—45.4204
—43.8818
—42.3804
—46.0261
—43.3017
—42.6067
—43.9114
—41.1871
—46.4604
—43.7361
—40.4920
—43.0411
—40.0610
—42.6100

0.0149
0.1039
0.0008
0.0086
0.0013
0.4137
0.0265
0.0653
0.0062
0.4557
0.0929
0.6003
0.0000
0.0136
0.0312
0.0030
0.0356
0.0010
0.0080
0.1066
0.0175
0.0377
0.0030
0.0000
0.0170
0.2135
0.3567
0.0000
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0.9 ' ' I I times of the quasibound triplet states wji|=1 and|Q|
05 7 =2, i.e., the spectral linewidths, and the principal part of the
‘ B singlet—triplet excitation spectrum of the CO—He complex
0.7 . 5 - will be presented in that paper.
0.6 6 -
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FIG. 7. Theoretical bound—bound spectrum of ¢hf1—X 37 transition

in CO-He. The frequencies are relative to the band origin
(48473.201 cm') of the singlet—triplet transition in free CO. Line
strength’s in units of 0.03"™"92. For the assignment of the numbered

peaks, see Tables IV and V.
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