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RESEARCH ARTICLEAb initio predi
tion of the rovibrational levels of the He-CO+ioni
 
omplexMirjana Mladenovi¢a∗ and Marius Lewerenza

aUniversité Paris-Est, Laboratoire Modélisation et Simulation Multi E
helle, MSMEUMR 8208 CNRS, 5 bd Des
artes, 77454 Marne la Vallée, Fran
e(January 2013)The intermole
ular potential for the van der Waals 
omplex of the 
arbon monoxide 
ationwith helium is studied by means of the partially spin adapted 
oupled 
luster RCCSD(T)method and the aug-

-pVXZ family of basis sets. In the ground ele
troni
 state, 
or-related with the lowest ele
troni
 asymptote X2Σ+ of the monomer CO+, the 
omplexHe(1S)-CO+(2Σ+) has a nonlinear equilibrium stru
ture with a Ja
obi angle of about 46◦and a binding energy of about 275 
m−1. For the 
omplex He(1S)-CO+(A2Π) we �nd equi-librium Ja
obi angles of 78◦ and 90◦ and ele
troni
 binding energies of about 160 
m−1 and303 
m−1 for the A′′ and A′ 
omponents, respe
tively, 
oales
ing into the Π state at linearity.Two-dimensional intermole
ular potential energy surfa
es are 
onstru
ted for the ground ele
-troni
 state and used to 
ompute rotation-vibration states up to J = 10 with the numeri
allyexa
t dis
rete variable representation (DVR) te
hnique. The He-CO+ 
omplex is found tohave 19 bound even-parity J = 0 states and 16 bound odd-parity J = 1 states and to exhibitstrong angular-radial 
oupling and quasilinear behaviour.Keywords: mole
ular ions; van der Waals 
omplex; 
arbon monoxide 
ation; helium;rovibrational stru
ture; ab initio 
al
ulation; ele
tri
 properties; quadrupole moment1. Introdu
tionCarbon monoxide is a relatively abundant mole
ule in interstellar spa
e, where itspositive ion CO+ has also been identi�ed [1, 2℄. Even before its laboratory ob-servation the A2Π − X2Σ+ system in CO+ was observed in the tail of a 
omet[3, 4℄ and is still known as '
omet-tail bands'. CO+ was the �rst mole
ular ionfor whi
h a mi
rowave spe
trum was re
orded [5℄. Low energy 
ollisions of CO+with its se
ond most abundant 
ollision partner in spa
e, helium atoms, are gov-erned by the weak intermole
ular intera
tion leading to the van der Waals 
omplexHe-CO+. Eviden
e for the formation of this 
omplex has been observed in severalion drift tube experiments: 
onventional measurements at room temperature [6℄,laser-indu
ed �uores
en
e measurements from various initial rotational states at305K [7℄, and ion drift tube measurements at very low temperatures [8℄. No highresolution spe
tral data have ever been reported for this 
omplex.The relatively strong binding between CO+ and helium atoms should allow the
reation of mixed 
lusters of the 
omposition Hen-CO+ in drift tubes or mixed gasexpansions 
oupled to ele
tri
 dis
harges. The latter te
hnique has been su

essfullyapplied in a series of elegant spe
tros
opi
 experiments on the energeti
ally very
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2 
omplexes [9�12℄, where size sele
ted high resolution spe
tra 
ouldbe re
orded. High resolution infrared spe
tros
opy of Ar-N+

2 
reated in a plasmaslit jet experiment has been re
ently reported [13℄ indi
ating the possibility of aninfrared experiment on He-CO+.Hen-CO+ 
lusters appear to be an ideal target for 
luster size spe
i�
 high res-olution depletion spe
tros
opy. Both mi
rowave and infrared experiments wouldpro�t from the large permanenent dipole moment and large vibrational transitionmoments of this system. Experiments on this type of 
luster would help us to bet-ter understand mi
ros
opi
 super�uidity [14℄ by expli
it 
ontrol of the system sizeand measurement of the 
luster size dependent evolution of the e�e
tive rotational
onstant of the CO+ dopant. Neutral CO mole
ules embedded into large helium
lusters have been studied theoreti
ally [15�18℄ and experimentally by high reso-lution spe
tros
opy [17, 19�23℄. Re
ent ionization experiments on CO doped largehelium 
lusters did not yield any indi
ation for the formation of Hen-CO+ fragmentswhereas spe
ies of the type Hen-(CO)+m were readily observed [24℄. The CO/CO+pair inside helium is of parti
ular interest for high resolution experiments be
ausethe rotational 
onstants of both spe
ies are very similar while their intera
tion withhelium atoms is of very di�erent strength. Theoreti
al and experimental studies ofHen-CO+ 
an make a major 
ontribution to this �eld.The He-CO+ 
omplex has been only partially 
hara
terized in earlier theoreti
alstudies [24�28℄. Hamilton et al. [25℄ employed unrestri
ted Hartree-Fo
k and Møller-Plesset perturbation theory to fourth order (MP4) to study linear and T-shapedarrangements for the ground and �rst ex
ited ele
troni
 states. For linear and T-shaped He-CO+ in the ground ele
troni
 state, Lotri
h and van der Avoird [27℄tested a new method for the determination of intera
tion energies of 
ationi
 
om-plexes from intera
tion energies and verti
al ionization potentials of neutral spe
ies.Salazar et al. [28℄ used spin unrestri
ted open-shell 
oupled 
luster theories in 
om-bination with the 

-pVTZ basis set plus bond fun
tions and identi�ed bent equilib-rium geometries with a Ja
obi angle of θe = 45◦, a Ja
obi distan
e of Re = 2.85 �Aand a binding energy of De = 275 
m−1 for the ground ele
troni
 state, whereasthey found θe = 90
◦ , Re = 2.70 �A and De = 218 
m−1 for the �rst ex
ited ele
troni
state. A MP4 potential energy surfa
e developed by Ma
lagan et al. [26℄ was usedin 
lassi
al traje
tory 
al
ulations for the transport 
ross se
tions of CO+ ions inhelium gas.The main purpose of the present study of He-CO+ is the 
onstru
tion of ana

urate potential energy surfa
e and the predi
tion and interpretation of a

u-rate vibration-rotation levels whi
h 
ould be 
he
ked against future detailed spe
-tros
opi
 experiments. This potential surfa
e will serve as a building blo
k inmany-body models for CO+ ions inside larger helium 
lusters [29℄.Ab initio 
al
ulations have been 
arried out with supermole
ule 
oupled 
lusterte
hniques in 
ombination with the aug-

-pVXZ family of basis fun
tions for theground and �rst ex
ited ele
troni
 states. The 
ounterpoise pro
edure of Boys andBernardi and extrapolations to in�nite basis size have been used to 
orre
t for�nite basis size e�e
ts on the shape of the surfa
e and in parti
ular on the disso
ia-tion energy and the equilibrium geometry (Se
tion 2). In addition to the stru
turalparameters, we have also studied the spe
tros
opi
 and ele
tri
 properties of themonomers (Se
tion 3) and the 
omplex (Se
tion 4) in the ground and �rst ex
itedele
troni
 states. The 
omplex He-CO+ is bound by indu
tion and dispersion for
es,responsible for long-range attra
tion between the two monomers. Two-dimensional(2D) intermole
ular potential energy surfa
es have been 
onstru
ted for He-CO+ inthe ground ele
troni
 state (Se
tion 5) and are used to 
al
ulate the rovibrationalenergy spe
tra by a numeri
ally exa
t method based on a dis
rete variable repre-
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Figure 1. Ja
obi 
oordinates r, R, θ and the axis system used for the van der Waals 
omplex He-CO+.The dipole moment ve
tor µ 
orresponding to the equilibrium stru
ture of the 
omplex is also shown.sentation (Se
tion 6). The 
omplex is found to belong to the 
lass of quasi-linearmole
ules. Indi
ations for low energy resonan
es are also observed.2. Ele
troni
 stru
ture 
al
ulationsThe ab initio 
omputations have been 
arried out by means of the partially spinadapted 
oupled-
luster RCCSD(T) method with full iterative treatment of singleand double ex
itations and perturbative 
orre
tion for triple substitutions [30?, 31℄, as implemented in the MOLPRO quantum 
hemistry program pa
kage [32℄.The singly augmented 
orrelation 
onsistent polarized valen
e basis sets, 
ommonlylabelled aug-

-pVXZ, have been used [33, 34℄. Fully relaxed geometry optimizationsand harmoni
 frequen
y determinations were performed by means of numeri
alderivatives.The three Ja
obi 
oordinates r, R, and θ, shown in Figure 1, are employed todes
ribe the internal geometry of the 
omplex. Here, r is the bond length of thediatomi
 fragment CO+, R is a ve
tor of length R running from the 
enter-of-massof the diatom to the He atom, and θ is the angle en
losed by R and the CO+axis. The Ja
obi angle θ is measured from the C side of CO+, su
h that θ = 0◦
orresponds to a linear 
omplex with He 
loser to 
arbon.The intera
tion energies of the 
omplex were 
al
ulated in the supermole
ularapproa
h as
Eint = Eab(AB) − Ea(A) − Eb(B), (1)where AB, A, and B stand respe
tively for He-CO+, He, and CO+. The lowerindex p in Ep(Q) refers to the basis set of the spe
ies P used to 
ompute the energy

E(Q) for the spe
ies Q. The intera
tion energies Eint were 
orre
ted for the basis setsuperposition error (BSSE) by means of the 
ounterpoise 
orre
tion (CP) methodof Boys and Bernardi [35℄, giving the CP 
orre
ted intera
tion energy ECP
int as

ECP
int = Eab(AB) − Eab(A) − Eab(B), (2)where the monomer and 
omplex wavefun
tions are all 
omputed in the basis set ofthe 
omplex. The geometry optimizations were 
arried out at the CP un
orre
tedlevel.The intera
tion energies at the 
omplete basis set (CBS) limit were estimated bymeans of the two-step pro
edure of Helgaker et al. [36℄ whi
h employs an exponential
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k Self-Consistent Field (SCF) 
ontribution
ESCF(X) = ESCF

∞ + ae−bX (3)and a 1/X3 extrapolation for the 
orrelation part
Ecorr(X) = Ecorr

∞ + c/X3, (4)where X denotes the basis set 
ardinal number. In this fashion, the estimated totalCBS energy for spe
ies Q be
omes
E∞(Q) = ESCF

∞ (Q) + Ecorr
∞ (Q) (5)and the intera
tion energy is 
omputed from the best total energy estimates as

Eint = E∞(He − CO+) − E∞(He) − E∞(CO+). (6)The ele
tri
 dipole moments µq and ele
tri
 quadrupole moments Θij with i, j =
x, y, z were obtained numeri
ally at the RCCSD(T) level of theory by means of�nite-�eld 
al
ulations, using �eld strengths of 0.001-0.00005 a.u. It is noted that
Θxx +Θyy = −Θzz holds for the quadrupole moment Θ, whi
h is a tra
eless se
ondmoment tensor. The ele
tri
 properties reported in the present work were evaluatedwith respe
t to the axis system x, y, z shown in Figure 1, where the z-axis is alongthe diatom bond ve
tor r, the z ∧ x plane 
oin
ides with the mole
ular plane, andthe origin of the frame is at the 
enter of mass of the 12C16O+ unit.The quality of our RCCSD(T) 
al
ulations was investigated by means of sev-eral other ele
troni
-stru
ture approa
hes, in
luding the 
omplete a
tive spa
e self-
onsistent �eld method (CASSCF), multi-referen
e Rayleigh-S
hrödinger se
ond-order perturbation theory (RS2) in 
onne
tion with the multi-state multi-referen
e
omplete a
tive spa
e perturbation theory (CASPT2), and the multi-referen
e in-ternally 
ontra
ted 
on�guration intera
tion (MRCI) method [37�39℄. The latterapproa
hes were parti
ularly useful for the 
al
ulation of geometri
 and ele
tri
properties of the ele
troni
 state 22A′ of the 
omplex He-CO+.3. Monomer properties3.1. Carbon monoxide 
ationThe ground state ele
troni
 
on�guration of CO is (1σ)2(2σ)2(3σ)2(4σ)2(1π)4(5σ)2.Removal of an ele
tron from the highest energy σ orbital leads to the groundele
troni
 state (1σ)2(2σ)2(3σ)2(4σ)2(1π)4(5σ)1 of CO+ whi
h is X2Σ+. Removalof an ele
tron from the 1π orbital leads to A2Πi as the �rst ex
ited state,
(1σ)2(2σ)2(3σ)2(4σ)2(1π)3(5σ)2, whi
h is split by a spin-orbit intera
tion 
on-stant ASO of -117.5 
m−1 (Ref. [40℄). The singly o

upied 5σ mole
ular orbitalof CO+(X2Σ+) is primarily 
omposed of the 2s, 2pz atomi
 orbitals of C, whereasthe singly o

upied 1π mole
ular orbital of CO+(A2Π) is primarily 
omposed ofthe out-of-bond-line 2px,y atomi
 orbital of oxygen.Atomi
 oxygen has a 3Pg ground state whi
h is split by spin-orbit intera
tioninto 3P2 at E = 0, 3P1 at E = 158.265 
m−1, 3P0 at E = 226.977 
m−1, and hasan ionization limit of 150305.6 
m−1 leading to O+(4Su). The 
arbon atom groundstate 3Pg asymptote is split into 3P0 at E = 0, 3P1 at E = 16.40 
m−1, 3P2 at
E = 43.40 
m−1. The 
arbon atom ionization limit is 90820.42 
m−1 leading to
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urves for the X2Σ+ and A2Π states of CO+ from the RCCSD(T), three-stateCASPT2, and MRCI 
al
ulations with the aug-

-pVQZ basis set.C+(2P1/2) and to C+(2P3/2) at 90883.84 
m−1. The lowest disso
iation asymptotefor CO+ is therefore C+(2Pu) + O(3Pg) whi
h 
orrelates with the mole
ular states
(2,4)(Σ+,Σ−,Σ−,Π,Π,∆).The 2Σ+ and 2Π 
urves of CO+ 
ross at about r = 1.5 �A at an energy approx-imately 30000 
m−1 above the potential energy minimum of the ground ele
troni
state, as found in our CASPT2 and MRCI 
al
ulations with the basis set aug-

-pVQZ (see Figure 2). This �nding is in agreement with Rydberg-Klein-Rees
urves derived by Coxon and Foster [41℄ in their deperturbation analysis of the
A2Π ↔ X2Σ+ spe
tros
opi
 data. The Ω = 1/2 
omponents of these two states aremixed by spin-orbit 
oupling whi
h a�e
ts a

identally near-degenerate zero-ordervibration-rotation levels in the two ele
troni
 states at energies far below the ele
-troni
 interse
tion energy. This is the origin of the perturbations observed [41�43℄in the A2Π(v = 0) state by rotational levels of the X2Σ+(v = 10) state, both lyingabout 22000 
m−1 above the minimum (Figure 1 of Ref. [41℄).In the present work, we 
onsider the ele
troni
 states X2Σ+ and A2Π of CO+within the Born-Oppenheimer approximation, aiming only at a good zero-order(adiabati
) des
ription. Spin-orbit intera
tion and its e�e
t on rovibrational spe
traof CO+ will be an important part of a future study.3.1.1. Results for CO+Stru
tural, spe
tros
opi
, and ele
tri
 properties of the 
arbon monoxide 
ation
al
ulated by means of the RCCSD(T) method are reported in Table 1 along withavailable experimental data provided by Ref. [40℄. All stru
tural and ele
tri
 prop-erties 
learly exhibit smooth and very satisfa
tory 
onvergen
e upon in
reasing thesize of the basis set.The theoreti
al values for re obtained using the aug-

-pV5Z and aug-

-pV6Zbasis sets agree within 0.0003 �A for both CO+(X2Σ+) and CO+(A2Π). The ex-ponential extrapolation for re from the X = 3 − 6 data gives r∞e of 1.1166 �A and1.2459 �A for X2Σ+ and A2Π, respe
tively. These results are overestimated by about
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Table 1. Geometri
, spe
tros
opi
, and ele
tri
 properties of CO+(X2Σ
+

) and CO+(A2Π) obtained by the RCCSD(T) method. The experimental data in the 
olumn denoted by Exp are takenfrom Refs. [40℄ and [42℄. The theoreti
al Bv values are 
omputed as expe
tation values 〈B〉v of the rotational 
onstant B in the vibrational state v. The abbreviation aVXZ stands for the basissets aug-

-pVXZ. For additional information, see the main text.CO+(X2Σ
+) CO+(A2Π)Property aVTZ aVQZ aV5Z aV6Z Exp aVTZ aVQZ aV5Z aV6Z Expre/ �A 1.1225 1.1181 1.1170 1.1167 1.11514 1.2523 1.2473 1.2462 1.2459 1.24377

Te/
m−1 19801 20254 20374 20417 20733.3
ν̃1←0/
m−1 2164.7 2183.0 2186.2 2187.7 1531.0 1539.3 1540.6 1541.4
ν̃2←0/
m−1 4300.2 4336.5 4342.8 4345.8 3036.7 3053.1 3055.9 3057.5
B0/
m−1 1.941 1.958 1.962 1.963 1.967465 1.560 1.572 1.574 1.575 1.5786
B1/
m−1 1.923 1.939 1.943 1.944 1.541 1.554 1.555 1.556
〈r〉0/ �A 1.127 1.122 1.121 1.121 1.257 1.252 1.252 1.251
〈r〉1/ �A 1.135 1.130 1.130 1.129 1.269 1.264 1.263 1.263
ωe/
m−1 2192.9 2211.5 2214.7 2216.2 2214.2 1556.7 1565.0 1566.2 1566.9 1562.1
ωexe/
m−1 13.800 13.887 13.935 13.938 15.164 12.874 12.922 12.862 12.835 13.532
ωeye/
m−1 -0.177 -0.202 -0.196 -0.197 0.039 0.043 0.045 0.043
Be/
m−1 1.951 1.968 1.971 1.972 1.9772 1.569 1.582 1.583 1.584 1.5894
αe × 102 /
m−1 1.875 1.890 1.891 1.891 1.896 1.847 1.865 1.862 1.861 1.942
µe/ea0 1.030 1.033 1.034 1.035 0.315 0.310 0.309 0.309
Θzz/ea2

0 1.904 1.894 1.890 1.890 0.076 0.063 0.056 0.055
Θxx/ea2

0 -0.952 -0.947 -0.945 -0.945 -0.631 -0.619 -0.614 -0.613
Θyy/ea2

0 -0.952 -0.947 -0.945 -0.945 0.555 0.556 0.558 0.558
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s 70.002 �A with respe
t to the experimental �ndings [40℄, as seen in Table 1. The e�e
tof the double augmentation is found to be negligible for the geometri
 parametersof CO+: the d-aug-

-pVXZ results for re are 
hanged by less than 0.0001 �A, for
µz by less than 0.0001 ea0, and for Θzz by less than 0.0004 ea2

0 with respe
t to theaug-

-pVXZ values for X=4-6.The rovibrational energies of CO+(X2Σ+) and CO+(A2Π) were 
al
ulated by avariational te
hnique using a Laguerre fun
tion basis [44℄ by solving a set of radialproblems with 
entrifugal potentials of the form ~
2[J(J + 1) − Ω2]/2µr2 for totalele
troni
 angular momentum Ω=1/2 or 3/2 and redu
ed mass µ. Atomi
 masseswithout a 
orre
tion for the missing ele
tron were used and the lowest six rotationallevels were 
omputed. This leads to a theoreti
al set of EvJ eigenvalues and expe
-tation values 〈B〉v and 〈r〉v (see Table 1) for rovibrational states. The two ele
troni
states were treated separately without a

ounting for the above mentioned higherorder 
ouplings and our results should be 
ompared to the deperturbed param-eters obtained from experiments (see below). The di�eren
es between transitionfrequen
ies and expe
tation values obtained for the physi
ally appropriate valuesof Ω = 1/2 or 3/2 or using Ω = 0 are a
tually below the last de
imal pla
e given inTable 1. Conventional spe
tros
opi
 
onstants were obtained by �tting subsets ofthe energies EvJ 
onverged to at least 0.01 
m−1 with 0 ≤ v ≤ 3 (24 levels) for the

2Σ+ state and 0 ≤ v ≤ 4 (30 levels) for the 2Π state, respe
tively, to the standardterm formula [45℄
Ev/hc = ωe(v +

1

2
) − ωexe(v +

1

2
)2

+ωeye(v +
1

2
)3

+BeJ(J + 1) − αe(v +
1

2
)J(J + 1), (7)where ωexe and ωeye are the �rst and se
ond anharmoni
ity 
onstants, respe
tively.The rms error of these �ts is less than 0.001
m−1 for the 2Π state and less than

0.0003
m−1 for the 2Σ+ state.Note that more re
ently reported experimental spe
tros
opi
 
onstants are givenas ωe = 2214.127, ωexe = 15.094, ωeye = −0.0117, Be = 1.976941, αe = 0.018943
m−1 for CO+(X2Σ+) [46℄ and as ωe = 1561.806, ωexe = 13.4785, ωeye = 0.00865,
Be = 1.589392, αe = 0.019494 
m−1 for CO+(A2Π) [47, 48℄. From velo
ity mod-ulation measurements [49℄, the fundamental band 
enter ν1←0 of CO+(X2Σ+) isknown to be at 2183.9193(10) 
m−1.In Table 1, the theoreti
al values of Be for both ele
troni
 states and B0 forthe ground ele
troni
 state agree within 0.005 
m−1 (0.3%) with the experimental�ndings. For the vibrational ground state in the ele
troni
 A2Π state, the deper-turbation analysis of Katayama and Welsh [42℄ gave a deperturbed B0 value of1.5786(2) 
m−1, whereas Coxon and Foster [41℄ found B0 = 1.57976(12) 
m−1. OurRCCSD(T)/aug-

-pV6Z result from Table 1 agrees with both of these values alsowithin 0.005 
m−1 (0.3%). This observation and the good agreement between theRCCSD(T) and MRCI 
urves, displayed in Figure 2, show that the RCCSD(T)method provides a reliable zero-order pi
ture for both ele
troni
 states of CO+.In the CASPT2 and MRCI 
al
ulations with the aug-

-pVQZ basis set, the equi-librium C-O distan
e re is 
al
ulated to be respe
tively 1.1211 and 1.1197 �A forCO+(X2Σ+), whereas re values of 1.2496 and 1.2482 �A are obtained for CO+(A2Π).The energy separation Te between the ele
troni
 states is found to be 21439 
m−1for CASPT2 and 20509 
m−1 for MRCI; to be 
ompared with the RCCSD(T)/aug-
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-PVQZ result Te = 20254 
m−1.An exponential extrapolation from the X = 3−6 data gives for [µz,Θzz] the values
[1.0356 ea0 , 1.8885 ea2

0 ] for CO+(X2Σ+) and [0.3087 ea0 , 0.0546 ea2
0 ] for CO+(A2Π).For the latter state, the CBS values of Θxx and Θyy are estimated to be respe
tively -0.6130 and 0.5584 ea2

0 for one of the two A2Π 
omponents and 0.5584 and -0.6130 ea2
0for the other. The quadrupole produ
ts Θxy, Θyz, and Θzx are all equal to zero dueto symmetry. Linear mole
ules with nonzero ele
troni
 angular momentum possess
ylindri
ally asymmetri
 
harge density distributions [50℄. In spatially degenerate

Π states, one dipole moment µz and two independent quadrupole moment termsexist: the parallel 
omponent Θ‖ = Θzz and the anisotropy δΘ =|Θxx − Θyy|. Theperpendi
ular moments Θxx = −(Θzz +δΘ)/2 and Θyy = −(Θzz −δΘ)/2 are, thus,equidistant from the referen
e value −Θzz/2. In Σ states whi
h have 
ylindri
allysymmetri
 
harge density distributions, Θxx = Θyy = −Θzz/2 holds.Thompson et al. [51℄ used 
y
lotron frequen
y shifts arising from polarizationfor
es to measure the quantum state of CO+ and to estimate the 
orrespondingdipole moment. Our theoreti
al predi
tion for µe of 1.035 ea0 for CO+(X2Σ+) isin ex
ellent agreement with their result µ = 1.025(15) ea0, where the number inparentheses shows the standard un
ertainty on the last two digits.The equilibrium dipole moment of 1.035 ea0 (2.6 D) for CO+ in the ground ele
-troni
 state is large and more than three times larger than µe of the A2Π state,as seen in Table 1. At the CCSD(T)/aug-

-pVQZ level of theory, the equilibriumdipole moments of isoele
troni
 CN and of neutral CO are 
omputed to be respe
-tively 0.556 ea0 and -0.042 ea0. In all our 
al
ulations, the 
arbon atom was pla
edon the positive z axis, su
h that µe(CO) 
arries a negative sign due to the polarityC−O+ of neutral 
arbon monoxide (
ompare with Ref. [52℄). The experimentallyderived values of |µe| are 0.043 ea0 for CO (Ref. [53℄) and 1.45(8) D (0.57 ea0) for CN(Ref. [54℄). For Θzz we obtain −1.53 ea2
0 for CO and 0.43 ea2

0 for CN. It is noted thatour RCCSD(T)/aug-

-pVQZ values for re(CO) of 1.132 �A and re(CN) of 1.175 �Aare in good agreement with the experimental results of respe
tively 1.128 �A and1.172 �A given in Ref. [40℄.Martin and Fehér [55℄ 
al
ulated CASSCF dipole and quadrupole moments as afun
tion of the internu
lear distan
e for the X2Σ+ and A2Π states of CO+. Theground vibrational state values for [µz,Θzz] reported there are [1.015 ea0, 1.913 ea2
0 ]for the ground ele
troni
 state and [0.297 ea0, 0.168 ea2

0] for the ex
ited ele
-troni
 state. In addition these authors also showed that the quadrupole moment
Θzz = 1.03±0.07 ea2

0 for CO+(X2Σ+) obtained from earlier multiphoton ex
itationexperiments [56℄ is too small. Our result for Θzz of CO+(X2Σ+) agrees within 0.02
ea2

0 with the theoreti
al value of Martin and Fehér.For CO+(A2Π), our RCCSD(T) result Θzz = 0.055 ea2
0 appears about threetimes smaller than the vibrationally averaged value of 0.168 ea2

0 reported previ-ously [55℄. To 
larify this di�eren
e, we investigated the results of Ref. [55℄ in moredetail. We �tted the potential energy V , the dipole moment µz, and the quadrupolemoment Θzz values from Table 1 of Ref. [55℄ to three-term polynomials in the re-gion around the potential energy minimum for both ele
troni
 states. From thepolynomial representations of V , equilibrium distan
es rMF
e were 
al
ulated as

rMF
e (2Σ+) = 1.1285 �A and rMF

e (2Π) = 1.2618 �A. The equilibrium values for µzand Θzz, derived at rMF
e from the respe
tive �ts, are shown in Table 2 togetherwith the results from the RCCSD(T), CASSCF, CASPT2, and MRCI 
al
ulations
arried out at rMF

e . From the polynomial representations of Θzz, we also 
al
ulatedthat Θzz be
omes zero at r = 0.67 �A for X2Σ+ and at r = 1.21 �A for A2Π. Sin
ethe latter distan
e is only 0.05 �A smaller than the equilibrium value rMF
e (2Π), thede
rease of Θzz from its equilibrium value of 0.203 ea2

0 (Table 2) to 0.168 ea2
0 upon
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s 9vibrational averaging (Ref. [55℄) is easy to understand in terms of Θzz 
hanging itssign in the 
oordinate range a

essed by the ground vibrational state.In the ele
troni
 A2Π state, the nu
lear 
ontribution and the ele
troni
 
ontri-bution to the total mole
ular quadrupole moment Θzz at distan
es around thepotential energy minimum are 
omparable in magnitude, but of opposite signs.A high level of treatment of ele
troni
 
orrelation is required to properly a

ountfor this deli
ate situation. Table 2 shows that for CO+ the performan
e of theRCCSD(T) method is far superiour to the CASSCF and CASPT2 approa
hes andappears 
omparable with MRCI. Another important aspe
t for the determinationof the ele
tri
 properties is the des
ription of the Π state(s) as su
h. We testedthis by performing two-state CAS 
al
ulations after the restri
ted Hartree-Fo
k(RHF) step to obtain balan
ed orbitals used in the subsequent RCCSD(T) 
om-putation. In this fashion, we derived for the A2Π state RCCSD(T)/aug-

-pVQZvalues, in atomi
 units, for [µz; Θzz,Θxx,Θyy] of [0.335; 0.131,−0.659, 0.528] at
rMF
e (2Π) and of [0.311; 0.069,−0.622, 0.553] at re = 1.2473 �A. These results shouldbe 
ompared with the values of [0.334; 0.125,−0.655, 0.530] from Table 2 and of

[0.310; 0.063,−0.619, 0.556] from Table 1, respe
tively. This shows that the standardpro
edure to use mole
ular orbitals from RHF 
al
ulations in the RCCSD(T) 
al-
ulations provides dipole moment values a

urate within 0.001 ea0 and quadrupolemoment 
omponents a

urate within 0.006 ea2
0 for CO+(2Π).The additional splitting due to the ele
tron spin and orbital angular momentumintera
tion was 
onsidered here only at r = re. A MRCI/aug-

-pVQZ 
al
ulationusing the Breit-Pauli operator gave a spin-orbit splitting between the two 
ompo-nents of the A2Π state of 118 
m−1, in very good agreement with experimental�ndings of 117.5 
m−1 [40℄ and 122 
m−1 [41℄.

3.2. HeliumHelium possesses a small stati
 ele
tri
 dipole polarizability α. The mass polar-ization, relativisti
, and QED 
orre
tions were previously found to 
an
el out forHe, giving α(He) of 1.383191(2) a3
0 (Ref. [57℄). A value of 1.38312 a3

0 was derivedfor α(He) by Thakkar [58℄. Inspe
tion of Table 3 shows ex
ellent agreement of ourCCSD(T)/aug-

-pVXZ results for α(He) with these previous theoreti
al �ndings.Regarding the experimentally derived α(He) values, we note that α(He)=1.405 a3
0is obtained from dipole (e,e) energy-loss spe
tra, whereas values in the range from1.383 to 1.395 a3

0 are found by means of refra
tive index and diele
tri
 
onstantdata, as given in Ref. [59℄.The quadrupole polarizability Czz,zz des
ribes the quadrupole moment of Heindu
ed by the ele
tri
-�eld gradient. Judging from Table 3, Czz,zz is more sensitivethan α(He) on the basis set 
ardinal number X of the aug-

-pVXZ family. Whereas
α obtained for X=5 and X=6 di�er by only 0.0002 a3

0, the 
orresponding results for
Czz,zz deviate by 0.18 a5

0, i.e. by 8%. To further investigate the basis set saturatione�e
t, we also tested the e�
a
y of the CCSD(T) method in 
onjun
tion with thedoubly augmented 
orrelation 
onsistent series, d-aug-

-pVXZ. As seen in Table3, the d-aug-

-pVXZ results exhibit a more balan
ed performan
e 
ompared toaug-

-pVXZ, indi
ating thus that the d-aug-

-pVXZ series is essential for thedetermination of Czz,zz(He) in 
onne
tion with the CCSD(T) approa
h. Note thatthe d-aug-

-pV6Z result Czz,zz = 2.437 a5
0 di�ers by 0.008 a5

0 from the theoreti
alestimate of 2.445 a5
0 reported previously [58, 60℄.
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Table 2. Dipole moment µz and quadrupole moments Θxx, Θyy , Θzz for CO+(X2Σ+) and CO+(A2Π) 
al
ulated at rMF
e (2Σ+) = 1.1285 �A and rMF

e (2Π) = 1.2618 �A with the RCCSD(T),CASSCF, CASPT2, and MRCI methods and the aug-

-pVQZ basis set. The values in the 
olumn labelled FitMF are derived from the results of Martin and Fehér [55℄ using polynomial �ts oftheir original data. The anisotropy δΘ is de�ned as | Θxx − Θyy |.CO+(X2Σ+) CO+(A2Π)Property FitMF CASSCF CASPT2 MRCI RCCSD(T) FitMF CASSCF CASPT2 MRCI RCCSD(T)
µe/ea0 1.017 1.041 1.016 1.033 1.037 0.308 0.210 0.213 0.310 0.334
Θzz/ea2

0 1.938 2.200 1.961 1.980 1.944 0.203 -0.110 -0.003 0.093 0.125
Θxx/ea2

0 -1.100 -0.980 -0.990 -0.972 -0.570 -0.603 -0.641 -0.655
Θyy/ea2

0 -1.100 -0.980 -0.990 -0.972 0.681 0.606 0.548 0.530
δΘ/ea2

0 0.0 0.0 0.0 0.0 1.251 1.209 1.189 1.185
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s 11Table 3. Dipole polarizability α (in a3
0) and quadrupole polarizability Czz,zz (in a5

0) of helium obtained from thenumeri
al di�erentiation of �eld/�eld-gradient dependent CCSD(T) energies. The indu
tion 
oe�
ients D5/ cos θ(in ea4
0), de�ned by Eq. (13), are obtained from the respe
tive µe(CO+) values of Table 1. The values of D5/ cos θgiven in parentheses are evaluated using µ(CO+) 
omputed at r(CO)=1.11783 �A. The abbreviations aVXZ anddaVXZ stand for aug-

-pVXZ and d-aug-

-pVXZ, respe
tively.Basis α Czz,zz D5/ cos θaVTZ 1.3793 1.358 2.8413(2.8373)aVQZ 1.3842 1.791 2.8593(2.8589)aV5Z 1.3830 2.052 2.8614(2.8619)aV6Z 1.3828 2.233 2.8630(2.8638)daVTZ 1.3885 2.356 (2.8526)daVQZ 1.3852 2.420 (2.8613)daV5Z 1.3828 2.432 (2.8617)daV6Z 1.3827 2.437 (2.8636)4. Ioni
 
omplex He-CO+The intera
tion with a helium atom leads to a �oppy system with Cs point groupsymmetry in whi
h the 2Σ+ state of CO+ 
orrelates with a 2A′ state and the 2Πstate is expe
ted to split into a Renner-Teller 
oupled pair of 2A′ and 2A′′ states.Spin-orbit 
oupling e�e
ts were not in
luded at the present level of treatment butwill be an important part of a more re�ned study of the ele
troni
ally ex
itedsystem.The parameters 
al
ulated by the RCCSD(T) method for the ioni
 He-CO+ 
om-plex in the ground 12A′ and ex
ited 12A′′ ele
troni
 states are 
olle
ted in Table 4.Note that within the 
oupled 
luster te
hnique only the A′′ 
omponent of the 2Πstate is a

essible for non-linear arrangements (point group Cs).The 
omplex He-CO+(12A′) in its ground ele
troni
 state has a nonlinear equi-librium stru
ture de�ned by (Re, θe) = (2.87 �A,46◦) and an ele
troni
 binding en-ergy of about 275 
m−1. In the ex
ited 12A′′ ele
troni
 state, the 
omplex has

(Re, θe) = (2.92 �A,78◦) and an ele
troni
 binding energy of about 160 
m−1. Forthe neutral He-CO 
omplex, dominated by dispersion intera
tion, Heijmen et al.[61℄ found a binding energy of only 23.734 
m−1 and a bent equilibrium stru
turewith Re = 3.46 �A and θe = 48.4◦ when re(C-O)=1.128 �A.In addition to the geometri
 parameters Re, re, θe, Table 4 also provides the equi-librium rotational 
onstants Ae, Be, Ce and Ray's asymmetry κ parameter [62℄,where
κ = (2Be − Ae − Ce)/(Ae − Ce). (8)In the bent mole
ule limit, the quasilinearity parameter γ0 is given by [63℄

γ0 = 1 − 4Ae/ω3, (9)where ω3 is the harmoni
 bending frequen
y. The harmoni
 frequen
ies ω1, ω2, ω3,dipole moment 
omponents µi, and mole
ular quadrupole moment tensor Θij were
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, spe
tros
opi
, and ele
tri
 properties of He�CO+ in the ground 12A′ and ex
ited 12A′′ele
troni
 states obtained in RCCSD(T) 
al
ulations. For additional information, see the main text.He�CO+(12A′) He�CO+(12A′′)Property avdz avtz avqz av5z avdz avtz avqz av5zre/ �A 1.1334 1.1224 1.1180 1.1169 1.2666 1.2523 1.2473 1.2462Re/ �A 3.0916 2.8901 2.8705 2.8677 2.9488 2.9253 2.9129 2.9160
θe/deg 30.91 44.78 45.72 46.07 78.88 77.06 77.53 77.84
Ae/
m−1 8.744 4.603 4.477 4.426 1.624 1.695 1.699 1.696
Be/
m−1 0.418 0.493 0.501 0.503 0.543 0.548 0.553 0.553
Ce/
m−1 0.399 0.445 0.450 0.451 0.407 0.414 0.417 0.417
κ -0.995 -0.977 -0.975 -0.974 -0.777 -0.791 -0.788 -0.787
ω1/
m−1 2155 2192 2212 2217 1499 1549 1562
ω2/
m−1 135 136 133 132 95 96 96
ω3/
m−1 42 50 47 48 44 40 42
γ0 0.36 0.71 0.70 0.71 0.86 0.84 0.85
µz/ea0 1.096 1.083 1.085 1.086 0.336 0.322 0.316 0.315
µx/ea0 0.047 0.069 0.071 0.071 0.051 0.052 0.053 0.053
Θzz/ea2

0 2.323 2.000 1.970 1.959 -0.127 -0.152 -0.167 -0.174
Θxx/ea2

0 -0.984 -0.687 -0.663 -0.655 -0.212 -0.160 -0.146 -0.142
Θyy/ea2

0 -1.339 -1.313 -1.307 -1.304 0.338 0.311 0.313 0.315
Θzx/ea2

0 0.535 0.560 0.557 0.555 0.118 0.142 0.137 0.132
Te/
m−1 19175 19917 20369 20488
Ediss/
m−1 310 286 281 278 178 169 167 164
ECP

diss/
m−1 217 251 269 274 135 150 158 161determined with the RCCSD(T)/aug-

-pVXZ approa
h at the respe
tive equilib-rium geometries.Comparison of Tables 1 and 4 shows that the bond length of CO+ remains nearlyunaltered upon 
omplex formation in both ele
troni
 states. The same is also truefor the harmoni
 ω1 = ω(CO+) frequen
y, whi
h exhibits a small blue shift of about1 
m−1 within this approximation. The energy separation Te between the ele
troni
states is in
reased by about 115 
m−1 for X = 3 − 5 after 
omplexation.In Table 4, the ele
troni
 binding energies Ediss and ECP
diss were determined atequilibrium as Ediss = −Eint and ECP

diss = −ECP
int , where the supers
ript CP refersto 
ounterpoise 
orre
ted results. The binding between He and CO+(X2Σ+) isabout 110 
m−1 stronger than for the A′′ 
omponent of the intera
tion between Heand CO+(A2Π). The BSSE generally introdu
es a nonphysi
al attra
tion betweenmonomers, su
h that CP 
orre
tions lead to a less stable 
omplex and ECP

diss valuessmaller than the 
orresponding Ediss results. For the aug-

-pVXZ series with X= 2-5, ECP
diss is lower than Ediss by 93, 35, 12, 4 
m−1 for X2Σ+ and by 43, 19, 9,3 
m−1 for A2Π, respe
tively, su
h that the residual BSSE e�e
t is larger for thesmallest basis set.The RCCSD(T) minimum energy paths (MEP) along the Ja
obi angle θ forseveral members of the aug-

-pVXZ basis set family are shown in Figure 3. TheseMEPs are obtained by energy minimization with respe
t to both R and r at theCP un
orre
ted level. We may note that the CO bond length is e�e
tively 
onstant,exhibiting a variation of about 0.0001 �A along ea
h of the displayed MEPs. The CP
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Figure 3. Minimum energy path in the dire
tion of the Ja
obi angle θ obtained by the RCCSD(T) methodfor the 
omplex He-CO+ in the ground 12A′ ele
troni
 state (a) and in the ex
ited 12A′′ ele
troni
 state(b). The zero energy is de�ned as the energy of in�nitely separated He and CO+. The aug-

-pVXZ basisset label is abbreviated as aVXZ here and the line styles and labels apply to both parts (a) and (b) of this�gure.un
orre
ted and CP 
orre
ted angular MEPs 
learly 
onverge towards a 
ommonlimit for both ele
troni
 states.Along the CP 
orre
ted aug-

-pV5Z angular MEP in Figure 3, the �rst andse
ond linearization barriers at θ = 0◦ and θ = 180◦ are lo
ated at 49 
m−1and 195 
m−1, respe
tively, above the minimum for He-CO+(12A′), whereas theyare at 90 and 70 
m−1 for He-CO+(12A′′). For both ele
troni
 states the angu-lar anisotropy, i.e. the di�eren
e between the maximum and minimum along theangular MEP, is large (70% and 55% of the well depth).The dipole moment µz is somewhat larger in the 
omplex than in the CO+monomer for both ele
troni
 states, as seen in Tables 1 and 4. The µx 
omponentsof 0.071 ea0 for 12A′ and of 0.053 ea0 for 12A′′ at the RCCSD(T)/aug-

-pV5Z level(Table 4) ex
eed the 
omponents µind
x expe
ted to arise from the dipole indu
edon the He atom within the simple point-
harge model, whi
h amount to 0.034and 0.045 ea0, respe
tively. The dipole moment 
omponents were 
omputed at theCP un
orre
ted level. The ex
ellent 
onvergen
e with respe
t to the basis set sizeobserved for both µz and µx in Table 4 ex
ludes a basis set superposition error asthe origin of the observed enhan
ement.The variation of the magnitude |µ| of the dipole moment ve
tor with the Ja
obidistan
e R obtained in our RCCSD(T)/aug-

-pVQZ 
al
ulations is shown in Fig-ure 4 for the 
omplex in its ground ele
troni
 state. The dipole exhibits a steepexponential in
rease at small separations (due to overlap e�e
ts) and varies veryslowly at large separations (due to the ele
tron 
orrelation e�e
ts), approa
hing thefree CO+ limit from above. The dipole moment ve
tor of the 
omplex en
loses asmall angle (less than 4◦) with the dipole moment ve
tor of CO+ for R ≥ Re. Com-pared to µe(CO+), the dipole moment of the 
omplex at equilibrium is enhan
edby about 0.05 ea0, see Tables 1 and 4. For R = 15 and 20 �A, |µ| assumes valuesof respe
tively 1.0342 and 1.0338 ea0, about 0.001 ea0 larger than the equilibriumRCCSD(T)/aug-

-pVQZ value of 1.033 ea0 for free CO+(X2Σ+).The A′ 
omponent of the 2Π state for non-linear arrangements was explored withthe CASPT2 method. After a restri
ted Hartree-Fo
k step, CASSCF 
al
ulationswere performed for the three ele
troni
 states 12A′, 22A′, and 12A′′ using a set ofnine a
tive mole
ular orbitals with two doubly o

upied 
ore orbitals. This 
om-mon orbital set was employed in subsequent three-state CASPT2 
al
ulations. To
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Figure 4. Variation of the magnitude |µ| of the dipole moment ve
tor with the Ja
obi distan
e R obtainedfor the He-CO+(12A′) 
omplex at the RCCSD(T)/aug-

-pVQZ level. The remaining two 
oordinates r, θare kept at their equilibrium values. The horizontal line at µ=1.033 ea0 shows the RCCSD(T)/aug-

-pVQZ dipole moment 
al
ulated for free CO+(X2Σ+). The values of |µ| 
orresponding to the 
omplex atequilibrium is additionally shown.provide a 
onsistent data set, we summarize in Table 5 our CASPT2/aug-

-pVTZresults for the three ele
troni
 states 12A′, 22A′, and 12A′′ of the 
omplex.Comparison of Table 5 and Table 4 for the ele
troni
 states 12A′ and 12A′′shows that the CASPT2/aug-

-pVTZ and RCCSD(T)/aug-

-pVTZ results for
re, Re, and θe agree within 0.003 �A, 0.03 �A, and 0.5◦, respe
tively. The dipole andquadrupole moment 
omponents agree within 0.02 ea0 and 0.07 ea2

0, respe
tively.We also refer to Table 2, whi
h indi
ates the importan
e of ele
troni
 
orrelatione�e
ts beyond the CASPT2 treatment for the 
orre
t evaluation of the ele
tri
properties.For the quadrupole moment Θ, the prin
ipal inertial axis tensor and the prin
ipalquadrupole axis tensor are given in Table 5 in addition to the 
omponents evaluatedwith respe
t to the x, y, z referen
e frame of Figure 1. The prin
ipal axes a, b, c ofthe moment-of-inertia tensor I are de�ned su
h that Ia ≤ Ib ≤ Ic holds for theeigenvalues of I. The results with respe
t to the inertial axis system are of spe
-tros
opi
 interest. Diagonalization of the Θ tensor gives the prin
ipal quadrupoleaxes α, β, γ and the eigenvalues Θαα, Θββ, Θγγ , where Θαα is the major prin
ipal
omponent 
hosen su
h that
| Θαα |≥| Θββ |≥| Θγγ | . (10)The angle between the axes/dire
tions p and s is denoted by θ(p, s) in Table 5.Inspe
tion of Table 5 shows that the major prin
ipal 
omponents Θαα are allpositive. The largest Θαα is found for the 12A′ state. In addition, Θαα for 22A′ isabout three times bigger than Θαα for 12A′′. In the A′ states, the quadrupole axis

α lies in the plane parallel to the mole
ular z ∧ x plane, 
lose to the z-axis (thebond-distan
e C-O ve
tor r) in the 12A′ state and along the Ja
obi ve
tor R in the
22A′ state, as indi
ated by the values of θ(z, α) and θ(R, α), respe
tively. In theele
troni
 12A′′ state, the axis α is perpendi
ular to the mole
ular z ∧ x plane.
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 and ele
tri
 parameters of the He-CO+ 
omplex in the ele
troni
 states 12A′, 22A′, and 12A′′obtained from three-state CASPT2 
al
ulations using the aug-

-pVTZ basis set. For additional information, seethe main text. State 12A′ 22A′ 12A′′

re / �A 1.125 1.254 1.254
Re / �A 2.922 2.415 2.947
θe/deg 44.3 90.0 77.2
Ediss / 
m−1 263 349 158
ECP

diss / 
m−1 229 303 140
Te/
m−1 20832 21023
µz / ea0 1.066 0.191 0.206
µx / ea0 0.058 0.080 0.049
Θzz / ea2

0 2.048 -0.357 -0.253
Θxx / ea2

0 -0.758 1.232 -0.139
Θyy / ea2

0 -1.290 -0.875 0.392
Θzx / ea2

0 0.493 -0.023 0.137
µa / ea0 0.894 0.080 0.115
µb / ea0 -0.583 0.191 0.178
Θaa / ea2

0 1.537 1.232 -0.066
Θbb / ea2

0 -0.248 -0.357 -0.326
Θcc / ea2

0 -1.290 -0.875 0.392
Θac / ea2

0 -1.190 -0.023 0.072
θ(z, a)/deg 36.2 90.0 70.8
θ(R, a)/deg 8.1 0.0 6.4
Θαα / ea2

0 2.132 1.232 0.392
Θββ / ea2

0 -1.290 -0.875 -0.344
Θγγ / ea2

0 -0.842 -0.357 -0.047
θ(z, α)/deg 170.3 90.8 90.0
θ(z, β)/deg 90.0 90.0 56.3
θ(R, α)/deg 145.4 179.2 90.0
θ(R, β)/deg 90.0 90.0 69.2

The ioni
 
omplex He-CO+ in its 22A′ state possesses a T-shaped equilibriumstru
ture, with a Ja
obi distan
e Re whi
h is about 0.5 �A shorter than Re for theother two states. Among the three states shown in Table 5, the 22A′ state is themost strongly bound. The 
ounterpoise 
orre
ted angular minimum energy pathsfor the ex
ited ele
troni
 states 22A′ and 12A′′ at the CASPT2 level are 
omparedin Figure 5. These two pro�les will 
learly support di�erent numbers of boundstates.5. Intermole
ular potentialBu
kingham [64℄ showed that the long range 
ontribution to intermole
ular poten-tials 
an be obtained from se
ond order perturbation theory. In the 
ase of He-CO+the indu
tion (polarization) energy arising from the permanent moments of CO+
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Figure 5. Minimum energy paths along the Ja
obi angle θ obtained for the He-CO+ 
omplex in theele
troni
 states 12A′′ and 22A′ at the CASPT2/aug-

-pVTZ level.is derived from the general results of Ref. [64℄ to be
Vind(θ,R) = −D4 R−4 − D5 R−5 − D6 R−6 · · · , (11)where

2D4 = α q2, (12)
D5 = 2α q µ cos θ, (13)

2D6 = 3α q Θzz (3 cos2 θ − 1) (14)
+α µ2 (3 cos2 θ + 1)

+
3

4
Czz,zz q2 (9 cos4 θ − 9 cos2 θ + 4).In the above equations, α and Czz,zz refer to the helium dipole polarizability andthe helium quadrupole polarizability, respe
tively, whereas q, µ, and Θzz stand forthe 
harge, the dipole moment, and the quadrupole moment of CO+.The leading long range term in the expansion of Eq. (11) for Vind is the 
harge-indu
ed dipole 
ontribution, whi
h is isotropi
 and of R−4 dependen
e. The dipole-indu
ed dipole part varying as R−5 
learly favours linear arrangements of the 
om-plex. The last term in Eq. (11) with R−6 dependen
e prefers T-shaped forms sin
e

∂D6/∂θ ∼ sin 2θ. In addition to the indu
tion 
ontribution of Eq. (11), there is alsothe dispersion 
ontribution to the intera
tion energy, whi
h is anisotropi
 with aleading R−6 dependen
e. More details and the expli
it angular dependen
e of this
ontribution are given in Ref. [64℄.In view of Eq. (12), the indu
tion 
oe�
ient D4 equals to α/2 for He-CO+. The
oe�
ients D5 summarized in Table 3 are obtained with the help of Eq. (13), em-ploying the results for µe(CO+) and α(He) from Tables 1 and 3. The parts 3αqΘzz,
αµ2, and 3Czz,zzq

2/4 are respe
tively 7.84, 1.48, and 1.67 a.u. at the aug-

-pV6Z
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s 17level, su
h that the 
oe�
ient D6 of Eq. (14) assumes values of about 28 a.u. for
θ = 0, 180◦ and of 0.3 a.u. for θ = 90◦.The 
oe�
ient D5 of Eq. (13) is dire
tly related to the 
oe�
ient C5 de�ned byEq. (6) in Ref. [27℄. The di�eren
e in the signs of D5 and C5 is due to the fa
t thatthe dipole moment ve
tor µ(CO+) and the diatom distan
e ve
tor r have oppositedire
tions for the 
oordinate system adopted in Ref. [27℄ and the same dire
tion inour 
onvention of Figure 1.5.1. Potential energy surfa
e for the ground ele
troni
 stateIn the present work, global potential energy surfa
es are 
onstru
ted for the ioni

omplex He(1S)-CO+(2Σ+) in the ground ele
troni
 state only. The zero of theenergy s
ale is de�ned as the energy of He and CO+(2Σ+) at in�nite separation.In order to produ
e a 
omplete potential energy representation, the intera
tionenergies were evaluated over a large range of intermole
ular 
on�gurations. Forthe angular grid, we 
hose 13 values of θ at 0◦ (15◦) 180◦, where the number inparentheses gives the in
rement. For R, we 
hose 28 values at 2.2 (0.1) 3.6 (0.2)4.0 (0.25) 4.5 (0.5) 6.0 (1.0) 8.0, 10.0, 12.5, 15.0, 20.0 �A. For a 
hosen r value, the
(R, θ) grid therefore 
ontains 364 ab initio points.The two-dimensional potential energy surfa
es were 
onstru
ted by treating CO+as a rigid entity. In these 
al
ulations, we 
hose r = r0(CO+) = 1.11783 �A and
r = r1(CO+) = 1.12325 �A. These values were derived from the experimental valuesfor Be and α quoted in Table 4 within the approximation Bv ≈ ~

2/(2µr2
v). With

m(16O) = 15.99491463 a.m.u. the redu
ed mass µ for 12C16O+ is 6.8562086 a.m.u.The resulting B0 = Be −
1
2α value is 1.96772 
m−1 and 
orresponds to an e�e
tive

r0(CO) of 1.11783 �A. The value for B1 = Be − 3
2α is 1.94876 
m−1 and yieldsan e�e
tive r1(CO) of 1.12325 �A. Ab initio 
omputations were 
arried out usingthe basis sets aug-

-pVXZ with X=2-5. The intera
tion energies at the 
ompletebasis set limit were estimated by means of the two-step pro
edure des
ribed byEqs. (3)-(6). The 
al
ulated intera
tion energies were in the range from -275 
m−1to approximately 5150 
m−1 and are all in
luded in the �tting pro
edure.5.2. Least-squares �t: two-dimensional 
aseThe two-dimensional (R, θ) grid of the ab initio intera
tion energies are �tted tothe two-dimensional analyti
al expression

V (R, θ) = e−b[R−Rref (θ)]
3

∑

k=0

Ak(θ)Rk (15)
−

1

2
[1 + tanh(R)]

8
∑

k=4

Ck(θ)R−kwith the angle dependent parameters Ak(θ), Rref (θ), and Ck(θ) given by the Leg-endre expansion
Xk =

nX
∑

l=0

XklPl(cos θ), (16)where X stands for Ak, Rref , or Ck, and Pl(x) are Legendre polynomials in cos θ.
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oe�
ients Akl, Ckl, and Rref

l
(in atomi
 units) of Eq. (15) for the extrapolated RCCSD(T)potential energy surfa
e derived in this work for He-CO+ in its ground ele
troni
 state. The parameters C40 and

C51 are 
onstrained at the values of 0.692 a4
0 and 2.86 a5

0, respe
tively. The parameter b assumes a value of2.1785692 a−1

0
.

l A0l A1l A2l A3l C6l C7l C8l Rl0 -15.300904 10.149098 -1.5520637 0.0566219 6.7877300 92.530248 -389.36898 1.37190151 28.007617 -19.139516 3.7663250 -0.2382099 33.917847 -477.33945 1724.7664 0.53473182 -0.8674616 1.3654392 -0.4326854 0.0468597 16.635297 -100.03706 496.08775 0.65151543 -2.9119325 1.6561188 -0.3780590 0.0299295 5.3562451 -104.03100 511.90542 0.07582504 -0.3099230 0.6359557 -0.1605319 0.0095310 1.2089629 -30.883459 133.94147
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Figure 6. Contour plot of the RCCSD(T)/aug-

-pV∞Z potential energy surfa
e (a) and potential 
utsalong the Ja
obi distan
e R for 
hosen θ values (b) for the 
omplex He-CO+ in the ground ele
troni
 state.The energy interval between 
ontours is 25 
m−1 with the �rst 
ontour drawn at -250 
m−1. The dottedline on the 
ontour map represents the minimum energy path in the dire
tion of the Ja
obi angle θ.The fun
tional form of Eq. (15) was found to be very e�
ient and easy for �ttingpurposes, as previously demonstrated in a study of the C2H+
2 -Ar 
omplex [65℄.The parameter nX in Eq. (16) is 
hosen to be 4 for Ak and Ck and 3 for Rref .In the �nal �tting, we assume isotropi
 R−4 and cos θ angle dependent R−5 
on-tributions in agreement with Eq. (11). In other words, C4l for l = 1 − 4 and C5lfor l = 0, 2 − 4 were all set to zero. For the parameters C40 and C51, we 
hosethe respe
tive theoreti
al values of D4 and D5, provided by Table 3. We employeda nonlinear least-squares te
hnique (Levenberg-Marquardt algorithm) [66℄ and un-weighted �tting pro
edure to �nd optimum values of the free parameters. Thefun
tional form of Eq. (15) is used to �t ea
h of the RCCSD(T)/aug-

-pVXZ abinitio point sets for X=2-5 and for the intera
tion energies extrapolated to the
omplete basis set limit (X=∞). The parameters Akl, Ckl, and Rref

l for the lat-ter RCCSD(T)/aug-

-pV∞Z potential energy surfa
e are summarized in Table 6.The standard deviation of the 42-term expansion was about 0.2 
m−1. For bound(negative) energies, a maximum deviation of 0.4 
m−1 was found for an energy atabout -135 
m−1, whereas deviations smaller than 0.1 
m−1 were seen in the longrange.The RCCSD(T)/aug-

-pV∞Z potential energy surfa
e is graphi
ally displayedin Figure 6. Along the angular minimum energy path, the optimum intermole
ular
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s 19Table 7. Sele
ted results for He-CO+(12A′) from the rovibrational DVR-DGB 
al
ulations with the two-dimensional RCCSD(T)/aug-

-pVXZ potential energy surfa
es, 
onstru
ted using the C-O bond lengths r0 =

1.11783 �A and r1 = 1.12325 �A for rigid CO+. In addition to the vibrational ground-state energy E0, the ground-state rotational 
onstants A0, B0, C0, and the fundamental bending νb and stret
hing νs frequen
ies, we alsogive the equilibrium geometry Re, θe and the energy Vmin at the minimum obtained by the minimization of the
orresponding potential energy surfa
e. The asymmetry parameter κ and the quasilinearity parameter γ0 arede�ned by Eqs. (8) and (9). The abbreviations aVXZ and aVXZcorr denote PESs based on the CP un
orre
tedand CP 
orre
ted intera
tion energies from the RCCSD(T)/aug-

-pVXZ 
al
ulations.
r = r0 r = r1Property aVTZ aVTZcorr aVQZ aVQZcorr aV5Z aV5Zcorr aV∞Z aV∞Z

Re/ �A 2.898 2.905 2.870 2.878 2.868 2.871 2.866 2.870
θe/deg 43.8 46.2 45.8 46.0 46.1 46.1 46.2 46.1
Vmin/
m−1 -285.8 -252.4 -281.6 -269.0 -277.7 -274.0 -275.3 -274.5
E0/
m−1 -209.7 -177.5 -201.3 -189.9 -197.6 -194.2 -195.0 -194.6
A0/
m−1 10.3 7.315 7.679 7.328 7.362 7.256 7.207 7.186
B0/
m−1 0.444 0.454 0.462 0.462 0.465 0.465 0.467 0.465
C0/
m−1 0.395 0.400 0.408 0.407 0.410 0.409 0.410 0.409
νb/
m−1 31.9 32.8 34.3 34.4 34.7 34.7 35.0 34.8
νs/
m−1 94.8 86.5 94.2 91.3 93.6 92.8 93.3 93.2
κ -0.990 -0.984 -0.985 -0.984 -0.984 -0.984 -0.983 -0.983
γ0 -0.31 0.08 0.08 0.12 0.12 0.14 0.15 0.17distan
e varies between 2.8 �A (θ ≈ 65◦) and 3.4 �A (θ = 180◦). The radial pro�lesseen in Figure 6(b) show a minimum at distan
es R larger than Re for θ < θe andat R smaller than Re for θ > θe. Their 
urvature and the respe
tive binding energyexhibit pronoun
ed angular dependen
es, indi
ating, thus, prominent angular-radial
oupling.6. Bound state 
al
ulationsBound rovibrational levels of He-CO+(12A′) were 
al
ulated with the help of theDVR-DGB method [65, 67℄, whi
h uses a dis
rete variable representation (DVR) forthe angular 
oordinate and a distributed Gaussian basis (DGB) for the radial degreeof freedom. We 
hose 50 Gauss-Legendre DVR points in θ. The radial basis in
ludedup to 80 angle dependent Gaussian fun
tions distributed non-evenly between 4 a0and 300 a0. The rovibrational levels of the 
omplex were 
al
ulated for the totalrotational angular momentum J as high as J=10 in both parities.Sele
ted results from the DVR-DGB 
al
ulations are summarized in Table 7 forseveral of the potential energy surfa
es des
ribed above. There we also give thegeometri
 parameters Re, θe and the energy Vmin at the minimum, obtained byminimizing the potential energy fun
tions. It is to be noted that the equilibriumgeometry Re, θe for the CP un
orre
ted 2D PESs in Table 7 may di�er slightly fromthe 
orresponding values given in Table 4 sin
e the results of Table 7 are obtainedkeeping r(CO) 
onstant.The vibrational ground state E0 lies about 80 
m−1 above the respe
tive potentialminimum and is bound by 195 
m−1, as seen from the RCCSD(T)/aug-

-pV∞Zresults in Table 7. The fundamental bending νb transition of 35 
m−1 and the funda-mental stret
hing νs transition of 93 
m−1 are lower by respe
tively 13 and 39 
m−1than their harmoni
 
ounterparts from Table 4. Comparison of the results obtained
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t of the elongation of r onthe quantities summarized in Table 7.The ground state rotational 
onstants A0, B0, C0 in Table 7 are evaluated from
J = 0, 1 results. Note that the result for A0 appears signi�
antly di�erent from the
orresponding equilibrium value Ae reported in Table 4. In view of the asymmetryparameter κ of -0.98, the rotation of the 
omplex approa
hes the prolate symmetri
top limit. Judging from the quasilinearity parameter γ0, the rovibrational dynami
sis expe
ted to approa
h the bent-mole
ule limit at equilibrium due to γ0 ≈ 0.7(Table 4) and to be
ome more quasilinear after vibrational averaging due to γ0 ≈ 0.1(Table 7).The 
omplex has 19 bound J = 0 states. The number of bound odd-parity J = 1states is 16, taking into a

ount that the energy E[CO+(j = 1)℄ amounts to 3.935
m−1. The number of bound states in
reases with J sin
e K > 0 levels be
omea

essible for J > 0.The rovibrational levels of He-CO+ were analysed in detail by means of theadiabati
 proje
tion s
heme based on the adiabati
 bend approximation. This typeof analysis enabled us to 
hara
terize the rovibrational levels and to study therelevan
e of the intermode 
oupling (vibrational mixing) and the rotation-vibrationmixing. For more detail on adiabati
 proje
tion s
hemes in 
ombination with theDVR approa
h, see Ref. [68℄.The full-dimensional rovibrational energies are denoted by E(J,p) and the 
orre-sponding ordinal numbers by n(J,p) for a given total rotational angular momentum
J and parity p. The quantum number labels are given as (vb, vs;K) or as (vb, vs)when K = 0, where vb, vs spe
ify the state of the intermole
ular bend νb and theintermole
ular stret
h νs, and K is the quantum number for the body-�xed z-proje
tion of J . In the DVR-DGB 
al
ulations, the body-�xed z-axis was de�nedto lie along the Ja
obi ve
tor R. The dire
tion of R is a good approximation forthe prin
ipal moment of inertia axis of the 
omplex He-CO+ sin
e we found thatthe true prin
ipal axis departs by only a few degrees (at most 8◦) from R along theminimum energy path.6.1. Vibrational stru
tureThe e�e
tive adiabati
 bend pro�les V vs

adi together with the minimum energy path
VMEP are shown in Figure 7. The angular pro�les V vs

adi are obtained by adding tothe bare MEP the energy εvs
of the intermole
ular stret
hing vibration in the state

vs, 
omputed at the 
hosen angular DVR points. The e�e
tive one-dimensionalvibrational spa
ings ∆vs
in the state vs, obtained as

∆vs
= (εvs

− ε0)/vs (17)at a given Ja
obi angle, are displayed in Figure 8.Upon ex
itation of the one-dimensional stret
hing mode, the e�e
tive pro�les
V vs

adi in Figure 7 be
ome shallower, resulting in smaller binding energies for higher
vs. In return, the adiabati
 bending transition ωadi

b shows a strong dependen
e onstret
hing ex
itation, as seen from adiabati
 ωadi
b that are 
omputed to be 37, 30,24, 15 
m−1 for vs = 0, 1, 2, 3, respe
tively. The separation between the adja
ent

V vs

adi pro�les is non-uniform along the bending angle. In Figure 8, we see that thee�e
tive vibrational spa
ing of the intermole
ular stret
h assumes the largest valuein the region of the potential energy minimum and is redu
ed by about 10 
m−1when θ → 0◦ and by about 40-50 
m−1 when θ → 180◦ with respe
t to the value at
θe. These results re�e
t a strong stret
h-bend 
oupling and high anharmoni
ity of
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Figure 7. Minimum energy path VMEP and e�e
tive angular pro�les V vs
adi 
omputed for the stret
hingstates vs = 0 − 2. The full-dimensional vibrational energies E(0,0) are shown on the left-hand side. Theenergy level sta
k on the right-hand side represents energies obtained in the adiabati
 bend approximation.The 
ir
les along the MEP denote the dis
rete angular points used in the DVR-DGB 
al
ulations. Thehorizontal dotted line at -49.9 
m−1 shows the energy of the �rst vibrational state exhibiting pronoun
edvibrational mixing. The quantum labels (vb, vs) for the �rst ten vibrational E(0,0) states are (0, 0), (1, 0),
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al dotted line shows the Ja
obi angle
θe at equilibrium.
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Figure 9. (a) Contour map of the wavefun
tion probability amplitude integrated over the Euler angles forthe vibrational ground state (0, 0; 0). Contours are drawn at intervals of 5% of the maximum wavefun
tionprobability amplitude. The variation of the Ja
obi distan
e along the angular minimum energy path isadditionally shown. The solid 
ir
le shows the equilibrium geometry. (b) The wavefun
tion probabilityamplitude Pint(θ) integrated over the Euler angles and the radial 
oordinate R for the vibrational groundstate (0, 0; 0) and J = 0, 5 and 10.
νs.The �rst seven vibrational levels lying below the ground-state adiabati
 lineariza-tion barrier at θ = 180◦ are only exposed to a weak nonadiabati
 
oupling, as seenby small di�eren
es between the full-dimensional vibrational energies E(0,0) andtheir adiabati
 
ounterpart in Figure 7. For these states, the quantum numberassignments were easy to make by lo
ating the dominant zero-order 
ontributionin the 
orresponding adiabati
 expansions. For levels above -50 
m−1, the nonadia-bati
 e�e
ts due to the kineti
 
oupling beyond the stret
h-bend separation be
omeprominent, leading to strong zero-order state mixing. The dominant vibrationalmixing is found to be of Fermi type between (vb, vs) and (vb − 2, vs + 1).A two-dimensional plot of the wavefun
tion probability amplitude for the groundvibrational state is depi
ted in Figure 9(a). The wavefun
tion is lo
alized in theangular region θ ∈ (0◦, 90◦) and has a single maximum, 
lose to the position ofthe minimum of the potential, but shifted to somewhat larger R and smaller θ, asseen from the vibrationally averaged geometry 〈R〉 = 3.05 �A and 〈θ〉 = 42.7◦. Astriking feature in Figure 9(a) is a large wavefun
tion amplitude at θ = 0◦. Furtherinspe
tion of the other states showed that all vibrational wavefun
tions explore thelinearity region θ = 0◦. The �rst vibrational level fully delo
alized in θ is the state
n0,0 = 6, assigned as (4, 0; 0), whi
h lies about 10 
m−1 below the se
ond adiabati
linearization barrier at -50 
m−1 in Figure 7. Vibrational levels lying above thisenergy are all extensively delo
alized in the θ spa
e and subje
t to pronoun
edangular-radial mixing. The onset of free-rotor stru
ture in the bending progressionalso takes pla
e at this energy. This e�e
t has very important 
onsequen
es for theoverall rotation-vibration dynami
s of the 
omplex.In weakly bound states, the vibrationally averaged Ja
obi distan
e 〈R〉 for ex
itedstates 
an be rather large. We found, for instan
e, 〈R〉 of 6.1, 7.8, and 17.9 �A forthe levels n(0,0) = 16, 17, and 18 lying at -1.72, -0.74, and -0.05 
m−1, respe
tively.We may, however, note that several positive energy states are identi�ed, possessing
〈R〉 smaller than the largest bound state vibrationally averaged distan
e of 17.9 �A,su
h as e.g. 〈R〉 of 5.2 and 7.6 �A 
al
ulated for the levels at 1.8 and 2.9 
m−1,respe
tively. These states are expe
ted to be metastable.
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Figure 10. Rotational ex
itation of the ground (0, 0) and �rst bending (1, 0) vibrational state for J = 0−5,where the state label is (vb,vs).
6.2. Rotational stru
tureRotational ex
itation in the vibrational ground state and in the �rst bending stateis s
hemati
ally depi
ted for J = 0 − 5 and K = 0 − 2 in Figure 10. The quantumlabel J des
ribes the rotation of the 
omplex as a whole (�end-over-end rotation�)and K the rotation about the body-�xed z axis. In Figure 10, the K = 1 levelsdisplay pronoun
ed l-type splitting, whi
h amounts to 0.06 
m−1 for vb = 0 andto 0.08 
m−1 for vb = 1. The even-parity and odd-parity states for K = 2 and 3di�er by about 2·10−4 and 3·10−5 
m−1 for vb = 0 and by 0.0095 and 0.014 
m−1for vb = 1.The e�e
tive rotational 
onstant Bv = (Bv + Cv)/2 for the vibrational state vwas determined by a least squares �t to the following approximate expression

EvJ = Tv + BvJ(J + 1) − DvJ
2(J + 1)2, (18)where Tv stands for the vibrational term energy. The latter formula was used to�t the K = 0 levels of Figure 10. For the levels (0, 0; 0) and (1, 0; 0), we readilyfound e�e
tive rotational 
onstants Bv of 0.4387 and 0.4285 
m−1 and quarti

entrifugal distorsion 
onstants Dv of 9×10−5 
m−1 and 4×10−5 
m−1, respe
tively.Furthermore, the Bv value for vb = 0 ni
ely agrees with the result (B0 +C0)/2 fromTable 4, 
al
ulated from the J = 0, 1 transitions only.In view of Figure 10, it is 
lear that K ex
itations do not follow the K2 rule,expe
ted in the limit of the (rigid) symmetri
 top. To satisfa
torily �t the K-dependen
e of the rotational 
onstant A of He-CO+, unreasonably high K2 
ontri-butions were needed in the usual polynomial expansions in terms of J(J + 1) and

K2 [even with 9 polynomial terms involving pure K2 parts the standard deviationof the �t was 0.02 
m−1℄. In other words, although the He-CO+ 
omplex possesses anonlinear equilibrium stru
ture, it was not possible to �t the rotational ex
itationsto the redu
ed Hamiltonian for an asymmetri
 top even in the ground vibrationalstate. This 
ontrasts with previous su

essful appli
ations of the redu
ed Hamilto-nian to �t rotational transitions in other nonlinear van der Waals 
omplexes [65℄.For triatomi
 mole
ules des
ribed by three Ja
obi 
oordinates r,R, θ of Figure 1,
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ipal moments of inertia are derived to be
I1 =

1

2

[

Ir + IR +
√

I2
r + I2

R + 2IrIR cos 2θ

]

I2 =
1

2

[

Ir + IR −
√

I2
r + I2

R + 2IrIR cos 2θ

]

I = I1 + I2

(19)where
Ir = µrr

2 = mCmOr2/mCO

IR = µRR2 = mHemCOR2/mHeCO

(20)for He-CO+. The rotational 
onstant A expressed as a wavenumber is, thus,
A =

~
2

2hcI2
. (21)For the T-shaped 
omplex (θ = 90◦), A is equal to the rotational 
onstant B(CO+)sin
e Ir < IR. This 
an be easily seen from Eq. (19). Note that ~

2/2hcIR is about0.4-0.6 
m−1 along the minimum energy path.The rotational 
onstant A of Eq. (21) grows rapidly to in�nity upon straighteningof the angle θ. Consequently, the e�e
tive vibrationally averaged rotational 
onstant
Av 
an be mu
h larger than the equilibrium Ae for vibrational states v, whi
h havewavefun
tions with 
onsiderable amplitudes at 
lose-to-linearity arrangements [69℄.This is exa
tly what we observe in Tables 4 and 7, giving Ae = 4.4 
m−1 and
A0 = 7.2 
m−1 in agreement with the wavefun
tion 
ontour map of Figure 9(a).We additionally 
omputed the expe
tation values of the rotational 
onstants,making expli
it use of Eq. (19). Our results indi
ate high sensitivity of 〈A〉 on both
J and K. For the levels (vb, vs;K) assigned as (0, 0; 0), (1, 0; 0), and (0, 1; 0), forinstan
e, we obtained 〈A〉 of 11.9, 42.4, and 20.0 
m−1 for J = 0 and of 13.0, 44.1,and 20.4 
m−1 for J = 5. This in
rease of 〈A〉 with in
reasing J is in agreement withFigure 9(b), whi
h shows the wavefun
tion probability amplitude Pint(θ) integratedover the Euler angles and the radial 
oordinate R for the vibrational ground stateand J = 0, 5 and 10. There, we see an in
rease of Pint(θ) at θ = 0◦ and signi�
antshifts of the maximum of Pint(θ) towards smaller θ with in
reasing J .The K ex
itation leads to smaller 〈A〉 values. For the K = 1 states (0, 0; 1),
(1, 0; 1), and (0, 1; 1) for J = 1, we found 〈A〉 of 5.76, 9.24, and 7.56 
m−1, whi
hare thus 2− 4 times smaller than the 
orresponding K = 0 results. The lowering of
〈A〉 with K ex
itation 
an be understood with the help of Figure 11, showing the
ontour maps for the vibrational ground state and K = 1, 3 and 6. The maximumof the wavefun
tion probability amplitude for K = 1 in Figure 11(a) is 
lose to theposition of the potential energy minimum. The maxima for K = 3 and K = 6 are,however, shifted to larger θ. The values of 〈θ〉, 
omputed as arccos(

√

〈cos2 θ〉), arefound to be 46.1, 53.9, and 64.1◦ for K = 1, 3, and 6, respe
tively. The wavefun
tionsfor the states of K 6= 0 are pushed away from the linearity regions at θ = 0, 180◦ bythe 
entrifugal 
ontribution, proportional to f(r,R)/2 sin2 θ for triatomi
 mole
ules,where f(r,R) = (1/Ir + 1/IR) is the inverse of the redu
ed mass asso
iated withthe bending vibration [70℄. For the vibrational ground state, the expe
tation value
〈f(r,R)〉 shows a moderate variation with K, as seen from 〈~2f(r,R)/2hc〉=2.495
m−1 found for K = 0 and 〈~2f(r,R)/2hc〉=2.532 
m−1 found for K = 6 (an
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Figure 11. Contour maps of the wavefun
tion probability amplitude integrated over the Euler angles forthe vibrational ground state and (a) K = 1, (b) K = 3, and (
) K = 6 obtained from J = K 
al
ulations.Contours are drawn at intervals of 5% of the maximum wavefun
tion probability amplitude. The solid(blue online) 
urve shows the minimum energy path along the Ja
obi angle. The solid 
ir
le indi
ates theequilibrium geometry.in
rease of 1.5 %). On the other hand, the quantity 〈~2f(r,R)/2hc sin2 θ〉 assumesvalues of 1.97, 1.03, 0.73, and 0.56 
m−1 for respe
tively K = 0, 1, 3 and 6. InFigure 11(
), we may also note that the la
k of �tilt� of the ellipti
al wavefun
tion
ontours for K = 6 
ompared to those for K = 0 and K = 3 indi
ates almost noangular-radial mixing for K = 6.The K dependen
e of the rotational 
onstant A was also analysed with the helpof the e�e
tive rotational 
onstant AK , 
omputed for a 
hosen K and a given Jeither as
AK,0 =

[

E(0,0;K) − E(0,0;0)

]

/K2 (22)
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Figure 12. E�e
tive rotational 
onstants AK,0 and AK,K−1 
omputed for the ground vibrational stateby means of Eqs. (22) and (23). The respe
tive expe
tation values 〈AK〉 are obtained with the help ofEq. (21). The horizontal line shows the rotational 
onstant of the free CO+(2Σ+) monomer.or as
AK,K−1 =

[

E(0,0;K) − E(0,0;K−1)

]

/(2K + 1). (23)The latter quantities assume a 
onstant value for a rigid rotor. The quantities AK,0and AK,K−1 shown in Figure 12 are derived for the ground vibrational state fromthe even-parity rotational energies obtained for J = 0 − 9. The expli
it valuesof the 
orresponding transition energies are 
olle
ted in Table 8. Figure 12 alsoprovides expe
tation values 〈AK〉, 
omputed by dire
tly evaluating the vibrationallyaveraged A given by Eq. (21). AK 
learly exhibits a very pronoun
ed variation with
K. The di�eren
e between AK,0 and AK,K−1 in
reases with K and is equal to 0.6
m−1 for K = 8. Note that the 
urve AK,K−1 approa
hes the equilibrium rotational
onstant of the free CO+ monomer from above for higher K. A rapid de
rease of AKwith in
reasing K was previously observed for the HF dimer [71, 72℄ and explainedby the quasilinearity of this 
omplex [71, 73℄.7. Con
lusionsOur a

urate potential surfa
es 
ombined with an advan
ed te
hnique for the 
al-
ulation of rotation-vibration states of �oppy mole
ules have shown that the He-CO+ ioni
 
omplex is a very interesting quasi-linear mole
ule whi
h merits an upto date experimental study. The a

urate energy levels should easily allow futurespe
tros
opi
 
he
ks of the quality of our potential energy surfa
es whi
h will bean important element to assess the a

ura
y of many-body models for Hen-CO+
lusters and their use to 
ompute e�e
tive rotational 
onstants.The adiabati
 (frozen r) ground state energies for helium atoms intera
ting withCO+ in its ground and �rst ex
ited vibrational states de
rease by about 0.4 
m−1(Table 7). This result is in perfe
t agreement with our di�usion quantum MonteCarlo (DMC) 
al
ulations. This 
hange implies a small blue shift for CO+ upon
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s 27Table 8. K ex
itation in the ground vibrational state. Transition energies are given in 
m−1 relative to therespe
tive ground state energy.
K/J 1 2 3 4 5 6 7 81 6.74 6.73 6.72 6.71 6.70 6.70 6.71 6.742 20.32 20.44 20.62 20.84 21.10 21.42 21.783 38.49 38.72 39.00 39.34 39.75 40.224 60.10 60.39 60.75 61.17 61.665 84.32 84.58 84.90 85.286 110.57 110.55 110.717 138.43 137.738 167.83
omplexation. Our DMC results for larger 
lusters indi
ate a non-monotoni
 evo-lution of this vibrational frequen
y shift rea
hing a maximum at about 10 heliumatoms [29℄. This result 
ould be very easily 
he
ked in a 
luster size sele
ted highresolution experiment.A
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