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The triplet He 2* Rydberg states and their interaction potentials
with ground state He atoms

J. Elorantaa) and V. A. Apkarian
Department of Chemistry, University of California, Irvine, California 92697-2025

~Received 24 January 2001; accepted 20 April 2001!

We reportab initio potential energy curves for the interaction of ground state He atoms with the
triplet He2* excimers. Fully converged, unrestricted, open-shell, coupled-cluster method including
singles, doubles, and perturbative treatment of triples substitutions~UCCSD~T!! is used to compute
the He2* –He potential energy curves for thea(3Su) and c(3Sg) states. The internally contracted
multireference configuration interaction method~ICMRCI! is used to compute the potential energy
curves for a(3Su), b(3Pg), d(3Su), e(3Pg), f (3Su), and f (3Pu) states. Where they can be
compared, at the potential minima, the ICMRCI and UCCSD~T! methods agree to within 1 cm21.
The method reproduces the diatomic He2 potential with an accuracy of 0.8 cm21. An accuracy of;2
cm21 is estimated for all reported He2* –He potentials. Calibrations based on Li–He and H2–He
interactions are consistent with this expectation. Calculations on tetratomics, He–He2* –He, are
carried out to assess the nonadditivity of potentials in various states. At short range, nonadditivity
arises from polarization effects, while at long-range its nonadditivity is due to the distortion of the
Rydberg electron density by the ground state He atoms. Besides potential energy points, electron
density plots are provided. ©2001 American Institute of Physics.@DOI: 10.1063/1.1378325#
he

e
w
a

-
am
t
a

e-
al
t

th
y
a
e

te
ab

t
ll
re
nc
. A

r

r

h

en-
ers
let
let
s-
the
ol-
ec-
ly,
ly

eak

at-
s of
tate
ne
ly

y
m
e
n
en

t-

s.
I. INTRODUCTION

The intrinsic electronic excitations in superfluid He, t
lowest of which lies at'18 eV above ground state,1 can be
optically accessed using strong fields provided by femtos
ond laser pulses.2 The sudden access of such states allo
time-resolved studies of the response of the superfluid b
to molecular scale perturbations.3 In the analysis of such ex
periments, it is necessary to separate energetic and dyn
contributions that control the observables. Of fundamen
interest is the potential energy of interaction between
electronic excitation and the liquid, which is ultimately r
lated to the energetics of interaction between electronic
excited and ground state He atoms, which is the subjec
scrutiny in this paper.

The lowest energy electronic excitations in LHe are
He2* diatomic Rydberg states.1 These excimers are bound b
'2 eV relative to the He* 1He asymptote, and consist of
nested stack of singlet and triplet states in which a Rydb
electron orbits the tight He2

1 ion core (RHe–He51.1 Å).4,5

Based on the observation of rotational wings on selec
transitions,6 and based on analyses of spectral shifts in
sorption and emission,7,8 it has been recognized that the He2*
excimers occur in bubble states in liquid He. In effect, due
the repulsive exchange energy between the closed she
and the Rydberg electron of the excimer, the liquid is
pelled from the center to form a cavity shaped by the bala
of forces between Pauli repulsion and surface tension
equilibrium, the size and shape of the bubble~the angle de-
pendent density profile of the liquid around the excime!,

a!Permanent address: Department of Chemistry, University of Jyva¨skylä,
P.O. Box 35, FIN-40351, Jyva¨skylä, Finland.
7520021-9606/2001/115(2)/752/9/$18.00
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must be defined by the He2* –LHe interaction potential,
which in turn is controlled by the He2* –He potential energy
surface. We focus on the triplet He2* states, and in particula
the seven lowest states—a(3Su), b(3Pg), c(3Sg), d(3Su),
e(3Pg), f (3Su), and f (3Pu)—which are accessible throug
the strong-field preparation method,2 and are potentially rel-
evant to the time-resolved studies. We first calculate the
ergetics and electronic wave functions of the triplet excim
in their various states. The electronic structures of the trip
states very closely resemble those of their sing
counterparts.5 The latter have been calculated previously u
ing generalized valence bond theory, and then again,
main motivation was to rationalize the bubble nature of s
vation of these excimers in LHe. We then compute the el
tronic structure of the triatomic excited states, name
He2* –He, states in which the tightly bound excimer weak
interacts with a ground state He atom. We obtain the w
He2* –He interaction potentials by converged, high-level,ab
initio methods. To establish that the desired accuracy is
tained, we use several points of reference. The energetic
the diatomics, both ground state He–He and excited s
He* – He known from experiment and theory, provides o
source for calibration. Additionally, we consider the close
related systems of Li–He and H2–He. Beside the accurac
of the triatomic interaction potential, to proceed fro
He2* –He to the description of He2* –Hen an assessment of th
nonaditivity of interactions is quite crucial. The descriptio
of collective interactions and bubble structures will be tak
in detail in the follow-up paper.9 Here, we investigate the
magnitude of many-body contributions by explicitly compu
ing and comparing the energetics of the triatomic He2* –He
and tetratomic He–He2* –He in various states and geometrie
© 2001 American Institute of Physics
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II. METHODS

The interaction of the first excited triplet state of atom
helium, He* (3S), with a ground state He atom, leads to t
formation of the two lowest, tripletS excited states of He2,
namely, thea(3Su) andc(3Sg) states with electron configu
rations 1sg

21su2sg and 1sg
21su2su at equilibrium. By

choosing suitable configurations, these states can be m
the lowest energy state of their respective symmetry, an
such their energetics and interactions with ground s
He(1S) atoms could be calculated by the unrestricted op
shell coupled cluster method including singles, doubles,
perturbative treatment of triples substitutions~UCCSD~T!!.10

The reference state was obtained from prior open shell
stricted Hartree–Fock~RHF! calculations. The spin adapta
tion problem in the UCCSD~T! calculations was controlled
by observing the expectation values of theS2–SZ

2 –SZ opera-
tor, which essentially gives deviation ofS2 from the re-
quested spin value, and by performing restricted CCSD~T!
~RCCSD~T!! ~Ref. 11! calculations on selected systems. T
expectation value ofS2–SZ

2 –SZ was always below 0.0007
To verify that the single HF reference state used in these
calculations is adequate, we monitor the norm of theT1 vec-
tor ~amplitudes of the single excitations!. It has been sug-
gested that norm values below 0.02 indicate that the con
bution of single excitations is small and thus a sing
reference state is sufficient.12 TheT1 diagnostic test was ful-
filled except on the steep repulsive wall of the He2* –He po-
tential. This implies that at long distances, in the di- a
triatomic ICMRCI calculations that will be described belo
the multireference space merely provides a proper simu
neous convergence to all the desired excited states of
He2* and provides some important additional excitations
account for electron correlation. The calculated diatom
(3a,3c) potential curves agree within the reported accura
with those determined experimentally through different
scattering measurements and calculations.13 At the present
level of theory, the He2 ground state interaction energy
0.85 meV and its equilibrium distance is 3.0 Å, to be co
pared with what is regarded as the best determination
2.964Å and 0.95 meV.14 Despite the very weak nature o
these interactions, the good agreement is not entirely sur
ing. It has previously been demonstrated, in calculations
rare gas interactions including He2, that converged coupled
clusters calculations yield highly accurate potentials
weak, nonbonded interactions.15

The CCSD~T! method is only applicable for the lowes
state of a given symmetry. Therefore, a point group sho
be chosen for the triatomic system such that each exc
Rydberg state in question maps into a unique symmetry
resentation. This requirement cannot be fulfilled for the l
ear He2* –He configuration where both3a and3c curves cor-
relate with A1 representation ofC2v . In this case, by
including a fourth ground state He atom, and demanding
the bond lengths for both ground state He atoms are eq
the symmetry can be raised fromC2v to D2h , where the3a
and3c states are given by theB1u andAg representations. If
many-body effects are negligible, then under the assump
of additivity, this symmetry extension can approximate t
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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interaction energy of the triatomic. The main purpose of
present CCSD~T! calculations is to obtain accurate basis s
superposition error~BSSE! corrected potentials for3a and3c
states interacting with the ground state He atom.

Because of the symmetry imposed limitations involv
with the CCSD~T! method, another approach must be tak
for the higher states. Internally contracted multireferen
configuration interaction method~ICMRCI! ~Ref. 16! with
state averaged multiconfiguration self-consistent field~MC-
SCF! reference calculation,17 employing complete active
space~CAS! orbitals, is a general and effective method f
obtaining such states. Di- and tetra-atomic calculations w
performed withinD2h symmetry whereas for triatomic ca
culationsC2v was used. For calculation of the diatomic PE
the orbitals required for describing correct dissociation w
included in the CAS. For tri- and tetra-atomic calculation
when the excimer center was held fixed at the equilibri
(Re51.05 Å), only the required lowest energy excimer m
lecular orbitals were included in the CAS. All obtained e
ergies are subject to the multi-reference analogue of
Davidson correction in order to obtain approxima
size-consistency.18 Rydberg orbitals were obtained from th
ICMRCI calculation by performing natural orbital analys
with contour plotting provided by theMOLDEN program.19 In
each case, the Rydberg natural orbital occupation num
was close to unity and no ambiguity in assignment aris
For calculation of transition moments a single point calcu
tion with all the previously mentioned orbitals in the CA
was performed~a total of 11 states averaged with identic
weights!. Using these reference configurations the elec
dipole transition moments between the relevant states w
calculated by using the wave functions obtained from IC
RCI calculations. Degeneracy of states forS↔P transitions
is accounted for by multiplying the transition moment by

To obtain accurate results for interaction energies,
high quality basis set of Dunninget al.20 ~aug-cc-pV5Z;
av5z!, ~aug-cc-pV6Z; av6z! and the specially tailored He ba
sis sets,21 were used. The av5z and av6z bases have b
constructed for ground state He atoms, but they contain
ficiently diffuse Gaussians to allow proper description
some of the Rydberg states. For example, with the full c
figuration interaction ~FCI!/av5z calculation the atomic
He 1s↔2s transition lies at 19.87 eV, which is in goo
agreement with the experimental value of 19.82 eV. Ho
ever, the 1s↔2p transition is already off by more than 1 eV
The basis set of Ref. 21, which has been prepared for ca
lation of the He2 excimers, provides correct atomi
asymptotic behavior for 1s, 2s, 2p, 3s, and 3p shells. This
basis set has considerably fewer Gaussians devoted fo
scribing electron correlation, and as such, required testin
determine the severity of this deficiency.

Given the small interaction energies at issue, remova
BSSE is crucial. This was accomplished by the approxim
counterpoise procedure of Boys and Bernardi.22 In the
present case the correction is made by the following relat

E~R!5E~RHe2He
2*
!2E~RDu– He

2*
!2E~RHe–D

u*
!, ~1!

whereDu represents an atomic center with all basis functio
but no charge or electrons. In all calculations the He2* bond
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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length was fixed at 1.05 Å. Diatomic calculations were n
subject to the BSSE correction except for the singlet gro
state He2CCSD~T!/av5z reference calculation. An importa
property of the CCSD~T! method is its size-consistenc
which makes the above counterpoise correction possible.
ICMRCI method, on the other hand, is usually not enou
size-consistent even with the Davidson correction applied
this study we rely on the approximate way of performing t
BSSE correction for the ICMRCI calculations. The thi
term in Eq.~1! is calculated via FCI for the ground state H
atom. The second term is more difficult to handle and mu
of the error originates from this term. We calculate the c
responding excited excimer state in the basis of the su
molecule and approximate the third term of Eq.~1! with the
energy obtained from this calculation. Here the active sp
consisted of the orbitals belonging to the He2* excimer. Fi-
nally, it should be noted that the present ICMRCI calcu
tions are reaching close to the FCI level, and as such, a
size-consistency is expected.
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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The interatomic distances,RX–He, measured from the
center of mass of He2* , were systematically explored be
tween 2.5 and 20 bohr~at least 16 points for each curve!. All
the ~U/R!CCSD~T! and internally contracted MRCI calcula
tions were carried out with theMOLPRO2000.1program.23

III. RESULTS AND DISCUSSION

A. He2*

The calculated diatomic states for He2* as obtained from
the ICMRCI calculation are shown in Fig. 1. The3a and3c
states calculated with the CCSD~T!/av5z method follow
closely these curves. Overall agreement with the known
perimental data and expectations provided in Ref. 4, is q
good. Table I lists the relevant data at the He2* equilibrium
bond length by using various methods. All states, except o
can be identified according to the available experimental d
and previous calculations. The fifth root inA1 symmetry~la-
beled as3?! does not fit to any experimental observation24
te

s.
TABLE I. Atomic and diatomic excitation energies. The atomic energies are expressed relative to He(1S) and diatomic energies are relative to ground sta
He2(

1Sg) with R51.05 Å. Energies are expressed in eV and transition moments in Debye. Basis set is denoted as 15AV5Z, 25Ref. 21, and 35AV6Z.† in
the Re column indicates that the calculation was performed at this bond length only. Experimental transition moments are based on selection rule

State Configuration Asymptote Energy Re Method Transition moments

1S chgcol;xin1s2
¯ 0.0 ¯ ¯ ¯

3S 1s2s ¯ 19.87 ¯ FCI/1 ¯

3S 1s2s ¯ 19.77 ¯ FCI/2 ¯

3S 1s2s ¯ 19.86 ¯ FCI/3 ¯

3S 1s2s ¯ 19.82 ¯ Expt. ¯

3P 1s2p ¯ 22.54 ¯ FCI/1 ¯

3P 1s2p ¯ 20.94 ¯ FCI/2 ¯

3P 1s2p ¯ 22.25 ¯ FCI/3 ¯

3P 1s2p ¯ 20.96 ¯ Expt. ¯

3S 1s3s ¯ 22.67 ¯ FCI/2 ¯

3S 1s3s ¯ 22.72 ¯ Expt. ¯

3P 1s3p ¯ 23.01 ¯ FCI/2 ¯

3S 1s3p ¯ 23.01 ¯ Expt. ¯

a 3Su 1s21s* 2s 1s2s 0.0 1.05† CCSD~T!/1 ¯

a 3Su 1s21s* 2s 1s2s 0.00 1.05† MRCI/1 ¯

a 3Su 1s21s* 2s 1s2s 0.00 1.05† CCSD~T!/2 ¯

a 3Su 1s21s* 2s 1s2s 0.00 1.05 MRCI/2 b(13.4),c(7.6),e(10.4),?(0.1)
a 3Su 1s21s* 2s 1s2s 0.00 1.04 Expt. b,c,e,?
b 3Pg 1s21s* 1p 1s2px,y 1.82 1.05† CCSD~T!/1 ¯

b 3Pg 1s21s* 1p 1s2px,y 1.80 1.05† MRCI/1 ¯

b 3Pg 1s21s* 1p 1s2px,y 0.64 1.05† CCSD~T!/2 ¯

b 3Pg 1s21s* 1p 1s2px,y 0.62 1.05† MRCI/2 a(13.4),d(4.4),f (6.4),f (4.8)
b 3Pg 1s21s*1p 1s2px,y 0.59 1.06 Expt. a,d,f,f
c 3Sg 1s21s* 2s* 1s2s 1.51 1.05† CCSD~T!/1 ¯

c 3Sg 1s21s* 2s* 1s2s 1.50 1.05† MRCI/1 ¯

c 3Sg 1s21s* 2s* 1s2s 1.38 1.05† CCSD~T!/2 ¯

c 3Sg 1s21s* 2s* 1s2s 1.35 1.10 MRCI/2 a(7.6),d(6.4),f (8.5),f (15.0)
c 3Sg 1s21s*2s* 1s2s 1.35 1.10 Expt. a,d,f,f
d 3Su 1s21s* 3s 1s2pz 2.54 1.08 MRCI/2 b(4.4),c(6.4),e(31.2),?(16.8)
d 3Su 1s21s*3s 1s2pz 2.53 1.07 Expt. b,c,e,?
e 3Pg 1s21s* 2p 1s3px,y 2.72 1.08 MRCI/2 a(10.4),d(31.2),f (12.2),f (10.3)
e3Pg 1s21s*2p 1s3px,y 2.67 1.07 Expt. a,d,f,f
f 3Su 1s21s* 4s 1s3s 2.69 1.09 MRCI/2 b(6.4),c(8.5),e(12.2),?(9.4)
f 3Su 1s21s*4s 1s3s 2.67 1.08 Expt. b,c,e,?
f 3Pu 1s21s* 1p* 1s2px,y 2.69 1.09 MRCI/2 b(4.8),c(15.0),e(10.3),?(18.0)
f 3Pu 1s21s*1p* 1s2px,y 2.70 1.08 Expt. b,c,e,?
?3Sg 1s21s* 3s* 1s2pz 2.92 1.08 MRCI/2 a(0.1),d(16.8),f (9.4),f (18.0)
?3Sg 1s21s*3s* 1s2pz ¯ ¯ Expt. a,d,f,f
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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This state was obtained as a side product in avoiding a r
flipping problem in the ICMRCI calculation and will not b
further considered. The calculated transition dipole mome
are in good agreement with expectations based on sele
rules for homonuclear diatomics. Energetics and equilibri
bond lengths can also be considered to match the experim
tal observations well. Differences between the calculated
experimental transition energies are on the order of 10 m

Contour plots of the Rydberg electron natural orbitals
presented in Fig. 2. In the3a state the Rydberg electron
predominantly in the bonding combination of He 2s atomic
orbitals; and the wave function exhibits near spherical sy
metry at long distances from the ionic core. In contrast,
the 3c state, the Rydberg electron is in the correspond
antibonding combination of the atomic 2s-orbitals as evi-
denced by the nodal plane between the two nuclei.
higher states, as the asymptote corresponding to thep
atomic level is reached, the shape of the Rydberg orb
becomes less predictable. For example, in the3d state, the
constructive combination of two 2pz orbitals produces a
rather diffuse spherical Rydberg electron with a radial no
as illustrated in the electron density plot of Fig. 3. The
features will have important consequences with regard to
solvation shell in the liquid phase. In essence a bubble s
describes a solvation shell that is effectively repelled by
electron, one in which the liquid avoids wetting the electro
In the case of very diffuse electron wave functions that c
tain nodes, we may expect the He solvent to penetrate
electron density, and therefore lead to partial wetting of
Rydberg electron. In such considerations, it is also impor
to discern the extent to which the electron density may
perturbed by the liquid. To this end, we will consider the3d
state more closely, including the inspection of the electro
structure in the He2* –He complex. With regard to the di
atomic Rydberg states, the electronic wave functions of
triplets are very similar to those of their singlet counterpa
and all discussions given therein are applicable to
present.5

FIG. 1. Potential energy curves for eight lowest triplet states for He2* as
obtained from ICMRCI calculations with basis set of Ref. 21. Asympto
limits have not been adjusted.
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B. He2* –He

Selected tri- and tetra-atomic He2*(3a and3c) – Hen

~wheren51,2! systems were computed with both CCSD~T!
and ICMRCI methods with av5z basis, av6z basis, and
basis set of Ref. 21. In the3a state, at the potential minimum
the calculated energy difference between av5z and a
bases is less than 0.1 cm21, while on the repulsive wall, the
largest difference is'10 cm21 at R53.5 Å ~2% difference!.
In the3c state, which contains a deep potential well of;400
cm21, the variation in energy obtained by using the two d
ferent bases is less than 1 cm21. We may conclude that at th
av6z level, the CCSD~T! calculations are converged wit

FIG. 2. Natural Rydberg orbital plots of He2* as obtained from ICMRCI
calculations with the basis set of Ref. 21. The scale for the figures is se
the He2* center, withRe51.05 Å. For clarity of the scale, we provide th
solid line of length 10 Å in each to the left of each density plot. The cont
level step is 0.001.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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756 J. Chem. Phys., Vol. 115, No. 2, 8 July 2001 J. Eloranta and V. A. Apkarian
respect to the basis set. The average difference between
MRCI and CCSD~T! at the av5z level was'1 cm21 at the
potential minimum, the difference reflecting the degree
success of the BSSE correction in the ICMRCI calculati
Comparing the av5z results with the basis set of Ref. 21
the CCSD~T! level, produced an average difference of
cm21 at the potential minimum. This difference is attribute

FIG. 3. Total electronic charge density of the3d state excimer as a function
of distance.
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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to the missing high angular momentum Gaussians in the
sis set of Ref. 21, bases which are required to describe e
tron correlation to the full extent. Since the bubble structu
is a sensitive function of the long-range part of the inter
tion potential, we apply CCSD~T!/av6z to describe the3a
and 3c states whereas we apply the ICMRCI with the ba
set of Ref. 21 to all other states.

Because the Pauli repulsion is expected to domin
long-range interactions, the He2* –He potential can be ex
pected to follow the excimer electron density distributi
rather closely. The diatomic Rydberg electron wave fun
tions, as shown in Fig. 2, therefore provide qualitative e
pectations for the triatomic He2* –He interaction potentials
Thus, while the interaction potential for the3a state must be
isotropic, and the3c state is strongly angle dependent. T
triatomic energies, obtained from CCSD~T! and ICMRCI
calculations, are given in Table II. Both collinear~L! and
broadside~T! approach of the ground state He atom are c
sidered in the case of anisotropic electronic wave functio
Selected potentials are shown graphically in Fig. 4. Let
highlight some of the salient features of these potentials:

~i! The 3a state is nearly isotropic at long distance. T
anisotropy of the core only becomes evident on the repuls
TABLE II. Computed potential energies for selected He28–He interactions based on CCSD~T!/av6z for3a and3c states~using tetra-atomic configuration, with
energy scaling to triatomic!, and ICMRCI/Ref. 21 for all other states. The state labels refer to the electronic state of the excimer. The units are in cm21 and
Å. For the anisotropic potentials cuts along ‘‘L’’-linear and ‘‘T’’-shaped geometries are reported. In the3P state,* indicates that thep orbital of the excimer
is in the triatomic plane.

R a 3Su L a 3Su T c 3Sg L c 3Sg T d 3Su L d 3Su T e 3Sg L e 3Sg T* e 3Pg T f 3Su L f 3Su

1.5 ¯ ¯ ¯ 2477 ¯ ¯ ¯ ¯ ¯ ¯ ¯

1.75 ¯ ¯ ¯ 345.6 272.6 549.5 27.9 778.4 245.4 409.2 67.7
2.0 ¯ ¯ ¯ 2452.6 2693.2 29.3 2572.2 256.2 2161.1 2153.2 2425
2.25 ¯ ¯ ¯ 2482.0 2698.9 2285.7 2547.1 62.9 2263.6 70.1 2552
2.5 ¯ ¯ ¯ 2394.2 2560.6 2354.8 2401.3 40.8 2236.2 431.4 2494
2.75 ¯ ¯ ¯ 2300.3 2429.9 2319.4 2273.6 69.8 2184.8 741.0 2386
3.0 ¯ ¯ ¯ 2206.4 2319.0 2250.0 2181.7 108.4 2141.3 991.6 2275
3.5 493.1 453.4 ¯ 2100.9 2149.3 2110.2 284.4 208.1 288.1 1347.2 294.6
4.0 256.0 210.6 ¯ 248.5 231.4 212.0 242.8 339.6 259.3 1435.5 3.1
4.5 109.2 91.2 766.0 222.9 44.5 45.4 225.1 450.3 242.1 1157.8 40.0
5.0 43.2 37.2 411.9 210.7 88.6 77.4 216.0 513.4 230.0 875.5 56.4
5.5 16.0 14.1 214.4 25.1 107.5 90.8 210.9 524.9 221.4 648.6 63.0
6.0 5.2 4.8 107.1 22.5 108.8 91.6 27.8 487.8 215.1 470.7 64.3
6.5 1.2 1.4 50.7 21.3 98.9 83.8 25.6 411.8 210.5 334.7 62.6
7.0 20.1 0.2 22.2 20.8 82.8 71.1 24.0 318.6 27.3 233.7 58.9
7.5 20.3 20.2 9.0 20.5 65.0 56.5 23.0 230.2 25.0 160.5 53.2
8.0 20.3 20.2 3.3 20.3 48.3 42.6 22.0 159.0 23.4 108.6 45.8
8.5 20.2 20.1 1.8 20.2 34.4 30.5 21.4 107.3 22.3 72.3 36.7
9.0 20.1 20.1 0.2 20.1 23.6 21.0 21.0 71.5 21.5 47.4 27.4
9.5 0.0 20.1 0.0 0.0 15.6 13.9 20.8 47.5 21.0 30.7 19.1

10.0 0.0 0.0 0.0 0.0 10.0 8.9 20.6 31.3 20.7 19.6 12.5
10.5 0.0 0.0 0.0 0.0 6.2 5.5 20.4 20.4 20.5 12.3 7.9
11.0 0.0 0.0 0.0 0.0 3.7 3.3 20.3 13.2 20.3 7.6 4.8
11.5 0.0 0.0 0.0 0.0 2.2 1.9 20.2 8.4 20.2 4.7 2.8
12.0 0.0 0.0 0.0 0.0 1.2 1.0 20.1 5.3 20.1 2.8 1.5
12.5 0.0 0.0 0.0 0.0 0.6 0.5 20.1 3.2 20.1 1.7 0.8
13.0 0.0 0.0 0.0 0.0 0.3 0.2 20.1 2.0 20.1 1.0 0.4
13.5 0.0 0.0 0.0 0.0 0.1 0.1 20.1 1.2 20.1 0.5 0.2
14.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.3 0.1
14.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.1 0.0
15.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.1 0.0
15.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
16.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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wall of the potential. It can be verified in Table II that atR
53.5 Å on the repulsive wall, the collinear approach p
duces a potential which is;8% more repulsive than in th
‘‘ T’’-approach. Although the interaction is essentially rep
sive throughout, both ‘‘L’’- and ‘‘ T’’-geometries contain very
shallow van der Waals minima of20.3 cm21 and20.2 cm21

near 8 Å, respectively. Given the small magnitude of
anisotropy of the potential~0.1 cm21 at the minimum! and
the large rotational constant of He2* (B57.7 cm21),24 we
may expect the3a excimer to undergo free rotation in th
liquid phase. This is consistent with the experimental obs
vation of rotational structure in theb←a absorption spec-
trum in LHe.6 In short,3a state can be expected to exist in
classic, spherical bubble in liquid He.

~ii ! In the 3c state, while the potential in the collinea
geometry is strictly repulsive, the ‘‘T’’-approach leads to a
deep minimum of 482 cm21 at R52.25 Å ~see Table I!. De-
spite this very deep binding, we have verified that this c
figuration is stable in the geometry-unrestricted sense.
using the restricted energy minimum of the He2*(3c) – He
complex as an initial guess, unrestricted geometry optim
tions within C2v symmetry fail to produce a new minimum
At the minimum energy configuration, the Hessian obtain
by the finite difference method was positive definite, indic
ing that a tightly bound He3* does not form spontaneously v
the 3c state. Along the He2* –He stretching coordinate, th
‘‘ T’’ complex can sustain four bound vibrational states. Ho
ever, as can be recognized from the electron density plo
Fig. 2, this corresponds to motion in the nodal trough w
very steep potential walls along the bending coordinate.
clusion of the zero-point energy of bending greatly redu
the number of bound states in the complex~see the closely
related system of He-molecular halogen complexes25!. In the
liquid phase, the collective interaction with the bulk leads
defining the He density around the excimer. Now zero-po
contributions to surface tension will dictate the extent of
calization of He-density in the angularly sharp potent
minimum on the nodal plane. A distorted bubble geome
with He localized at the belt of the excimer~analogous to
some2P state atoms in LHe! ~Ref. 26! is to be expected.

~iii ! The interaction potential in the3d state is nearly
isotropic atR.6 Å, but becomes increasingly anisotropic

FIG. 4. He2* –He potentials for linear3a, linear3c, T-shaped3c, and spheri-
cally averaged3d states as obtained from ICMRCI/Ref. 21 calculations.
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shorter distances~see Table II!. The potential contains a bar
rier of ;100 cm21 at 6 Å, followed by a deep minimum o
'700 cm21 at 2.25 Å along the collinear approach, 35
cm21 along the ‘‘T’’-approach. These features directly trac
the electron density in the He2*(3d) state, which is shown in
Fig. 3. The potential energy barrier corresponds to the m
mum of the Rydberg electron density in the outermost lo
and the potential energy minimum occurs at the radial no
For binding to occur, the ground state He atom must p
etrate the diffuse outer density of the Rydberg electron,
overcoming the barrier. Accordingly, both structure and d
namics of this state in the liquid phase can be expecte
depend on the method of preparation. Once the liquid is
pelled, at a bath temperature ofT<2.14 K, the barrier of 140
K could in principle keep the deep potential well dry. Wi
the same consideration, if He density were to reach the w
it could in principle freeze out of the bath. A more detaile
analysis of the bubble structure is deferred.9

~iv! In thee 3Pg state, the collinear approach leads to
attractive potential, while the ‘‘T’’ approach breaks the de
generacy of the state into: an attractive potential for
P-orbital perpendicular to the plane of the triatomic, and
repulsive potential for the coplanar configuration. The cou
ing of the electron orientation with the nuclear coordina
will lead to Jahn–Teller activity, with asymmetric bubb
motions required to break the electronic degeneracy of thP
state.

~v! In higher Rydberg states, the obvious trends of an
lar and radial nodes seen in the electron density plots of
2 will be reflected in the interaction potentials. As a rep
sentative of these states, we consider the3f state, which can
be seen in strong-field preparations.2 We give potential en-
ergy points along theL- andT-approach of He2* (3f ) – He in
Table II.

Quite clearly, in proceeding from potential energy curv
of triatomics to energetics of solvation in the liquid phas
many-body effects need to be assessed. We have exp
such effects explicitly, by calculating the energetics of te
atomics at the same level of theory as the triatomics,
testing the additivity of the weak interaction. The studi
were limited to the3a, 3c, and 3d states. For linear and
T-shaped3a and linear3c many-body effects are very sma
~,0.2 cm21!. However, for the T-shaped3c, which contains
a deep minimum of;400 cm21 at close range~see Fig. 4!,
nonadditivity effects are noticeable. When two ground st
He atoms approach the He2*(3c) state along the perpendicu
lar bisector of the excimer~‘‘cross’’-geometry!, the mini-
mum energy configuration occurs at a distance 0.2 Å lon
than in the triatomic ‘‘T’’-complex. Since the potential mini-
mum in this case is predominantly due to induction, th
short-range nonadditivity effect can be rationalized in ter
of polarization. Polarization effects can be expected to
further amplified in the liquid phase. The same short-ran
effect is operative at the potential minimum in the3d state.
Additionally, a very different source of nonadditivity can b
identified at long-range, in the diffuse region of the Rydbe
electron density. This is illustrated in Fig. 5. In Fig. 5~a! we
plot both the tri- and tetra-atomic He2* –He potentials~scaled
to triatomic case!. The potential minimum of the tetra-atomi
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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is shifted by'0.2 Å to longer distances along with a sma
reduction in binding energy. Deviations from additivity ca
also be seen at the potential barrier, starting at a distance
7.2 Å. The origin of this non-additivity is visualized in Fig
5~b!, where it can be seen that the approaching ground s
He atom effectively repels the diffuse Rydberg electron d
sity. In effect, the ground state atom parts the electron d
sity as it approaches the excimer. Note that this effec
distinct from the nonadditivity of induction forces, whic
must also be taken into account in any polarizable medi
In the tetra-atomic, the presence of another ground state
atom at the same radial separation~opposite side! increases
the angular confinement of the electron, hence the hig
barrier. Accordingly, significant modification of the barri
region is to be expected in the liquid phase. As exam
along the symmetric breathing coordinate of the bubb
complete angular confinement of the Rydberg electron m
generate a much larger barrier than in the case of the
atomic. At distances longer than 7 Å (E,50 cm21), many-
body effects appear to be negligible.

The electron-helium pseudopotential has been co
monly used in descriptions of atomic and molecular exci
centers in liquid helium.27,28 It is then valuable to compar
the presentab initio potentials to what would be obtained b
the pseudopotential method. In this approach the effec

FIG. 5. Nonadditivity of interactions:~a! Comparison of potentials for linea
He2*(3d) – He as obtained from calculation of the triatomic and tetra-ato
complex~scaled to triatomic! using ICMRCI/Ref. 16.~b! Effect of a single
ground state He atom on the Rydberg electron wave function~natural orbit-
als! of He2*(3d) at the ICMRCI/Ref. 16 level. One contour level correspon
to 0.005.
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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interaction energy of the excimer with the ground state
atom,Ṽ(r ), is treated as a sum of repulsion and attractio

Ṽ~r !5E Vps~ ur 2r 8u!r~r 8!d3r 82
1

2
auE~r !u2, ~2a!

where

Vps~r !5A exp~2br !. ~2b!

The repulsive part of the effective potential is obtained
convoluting the total electron density of the excimer,r(r ),
with the exponentially repulsive electron-helium pseudop
tential,Vps. While, the attractive contribution is obtained b
first calculating the electrostatic potential,E(r ), by integrat-
ing over the charge distribution of the excimer and th
evaluating the energy of a polarizable He atom in the res
ant electric field. The total electron density from ICMRC
calculations, and electron-helium interaction paramet
from Ref. 27, were used in the evaluation of Eq.~2!. In all
cases the attractive term was negligible at distances la
than 5 Å, therefore, the potential shape is almost exclusiv
determined by the pseudopotential integral. This integra
very sensitive to the electron density at large distances f
the excimer and therefore sensitive to the basis set used.
effect is illustrated in Fig. 6~a!, where the electron density i
shown in the region of the onset of repulsion. Figure 6~b!
shows the calculated potentials as obtained from the pse

c

FIG. 6. Electron densities and pseudopotentials:~a! Convergence of the
He2*(3a) electron density with the basis set.~b! Comparison between
pseudopotential approach@Eq. ~2! of text#, and strictlyab initio calculations
of the triatomic He2*(3a) – He(1S) potential. Scheme 1 denotesA549.76
meV andb52.6 Å21, whereas in 2,A517.8 meV andb52.15 Å21 ~see
Ref. 28!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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potential approach as well as theab initio calculation. Al-
though there is a significant variation in the electron densi
from one basis set to another, the variation in calculatedab
initio energies is much smaller. Since the pseudopoten
method reflects the electron density, it generates large di
ences in effective potentials derived from the different ba
sets. The comparison suggests that the basis set of Re
produces a small amount of spurious electron density at l
distances from the excimer, but it appears that this densi
easily removed by an approaching ground state He atom~in
triatomic configuration!. The pseudopotential calculation u
ing ICMRCI/av5z total electron density produces reasona
accurate results at long distances when compared to the
responding CCSD~T!/av5z calculation~error,0.6 cm21 for
R.6.0 Å!. At short distances the pseudopotential meth
produces considerably more repulsive potentials than theab
initio calculations. The difference between pseudopotent
calculated with av5z and av6z atR56.5 Å is '0.4 cm21.
This small difference suggests that the av6z basis set w
not produce significantly more repulsion in He2* –He, another
indication that with respect to the basis set, convergence
been reached.

As a calibration of the accuracy of the CCSD~T!/av5z
calculations a comparison was made against the He–Li
tem, where the pair potential is known with good accurac29

The CCSD~T!/av5z method produces a slightly more rep
sive pair potential, with a difference of 0.6 cm21 at the po-
tential minimum (Re56 Å). Since this calculation involves
one less electron than He2* –He, the comparison can be e
pected to yield a lower limit for the error in He2* –He poten-
tial in 3a and 3c states. We estimate the accuracy of t
derivedab initio potentials to be between 0.6 cm21 and 2
cm21 in the region of the potential minima. Another close
related system that was used as a test case is the H2–He
system. Spectra of both singlet and triplet H2 in liquid He
have been obtained recently, and have been analyzed to
clude that H2 occurs in a bubble state, with a bubble radius
8.1 Å for the H2(

3a).30 The CCSD~T!/av5z level of theory,
with the BSSE correction, produces a spherical poten
which extends slightly to longer distances than the3a state of
He2* . By calculating the effective bubble potential accordi
to the model used in Ref. 30, but using the H2(

3a) – He po-
tential obtained from the CCSD~T!/av5z treatment we obtain
a very similar bubble potential. In our calculation, the bub
energy was minimized at'Rb57.5 Å. The difference of 0.6
Å between the value we calculate, and the radius obtaine
Ref. 30 is representative of the uncertainty to be expecte
calculations strictly based onab initio potentials.

IV. CONCLUSIONS

We have presented potential energy curves that provi
good description of the He2* –He interaction, with the exci-
mer in its various triplet states. The error in the pair pote
tials for 3a and3c states, at the potential minimum region,
estimated to be less than 2 cm21 and somewhat higher fo
the other states which were obtained from ICMRCI calcu
tions. The accurate description of these potentials is inv
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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able to understanding the solvation of these excited cen
in superfluid helium3,9 and their spectroscopy.31
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