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The triplet He 5 Rydberg states and their interaction potentials
with ground state He atoms
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We reportab initio potential energy curves for the interaction of ground state He atoms with the
triplet He; excimers. Fully converged, unrestricted, open-shell, coupled-cluster method including
singles, doubles, and perturbative treatment of triples substitutid@ESD(T)) is used to compute

the Hg —He potential energy curves for tlé®s ) and c(329) states. The internally contracted
multireference configuration interaction meth@@MRCI) is used to compute the potential energy
curves fora(®Y,), b(’lly), d(®%,), e(®lly), f(°3,), and f(*II,) states. Where they can be
compared, at the potential minima, the ICMRCI and UCCBDmethods agree to within 1 cm.

The method reproduces the diatomic,ipetential with an accuracy of 0.8 crh An accuracy of-2

cm ! is estimated for all reported BleHe potentials. Calibrations based on Li—He ang-He
interactions are consistent with this expectation. Calculations on tetratomics, EleHege 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. @001 American Institute of Physic§DOI: 10.1063/1.1378325

I. INTRODUCTION must be defined by the HelLHe interaction potential,
which in turn is controlled by the He-He potential energy

The intrinsic electronic excitations in superfl%uid He, the gurface. We focus on the triplet Hstates, and in particular
lowest of which lies at=18 eV above ground statezan be the seven lowest statea(33. ), b(3Hg), c(3Eg), d(G3,),

optically accessed using strong fields provided by femtosecé(gn ), £(33,), andf(3I1,)—which are accessible through
ond laser pulse$The sudden access of such states allow: h 9 o u
time-resolved studies of the response of the superfluid ba%vant to the time-resolved studies. We first calculate the en-

to molecular scale perturbatioh$n the analysis of such ex- . . . . .
. L . ergetics and electronic wave functions of the triplet excimers
periments, it is necessary to separate energetic and dynamic

contributions that control the observables. Of fundamental’ their various states. The electronic structures of the triplet

. : . . . states very closely resemble those of their singlet
interest is the potential energy of interaction between ar(‘:ounter artS.The latter have been calculated previously us
electronic excitation and the liquid, which is ultimately re- . parts. P y

lated to the energetics of interaction between eIectronicaII)'/rlg generalized valence bond theory, and then again, the

excited and ground state He atoms, which is the subject a_in motivation was to ra_\tionalize the bubble nature of sol-
scrutiny in this paper. vatpn of these excimers in LHe.. We th_en compute the elec-

The lowest energy electronic excitations in LHe are thetmi1IC structure of the triatomic excited states, namely,
He$ diatomic Rydberg statésThese excimers are bound by He; —He, states in which the tightly bound excimer weakly

~2 eV relative to the He+ He asymptote, and consist of a interacts with a ground state He atom. We obtain the weak

nested stack of singlet and triplet states in which a Rydber§j€& —He interaction potentials by converged, high-lews,
electron orbits the tight Heion core Rye_pe=1.1 R) 45 initio methods. To establish that the desired accuracy is at-
Based on the observation of rotational wings on selectedgined, we use several points of reference. The energetics of
transitions® and based on analyses of spectral shifts in abthe diatomics, both ground state He—He and excited state
sorption and emissioh® it has been recognized that the}He He*—He known from experiment and theory, provides one
excimers occur in bubble states in liquid He. In effect, due tosource for calibration. Additionally, we consider the closely
the repulsive exchange energy between the closed shell Helated systems of Li-He and,HHe. Beside the accuracy
and the Rydberg electron of the excimer, the liquid is re-of the triatomic interaction potential, to proceed from
pelled from the center to form a cavity shaped by the balancéle; —He to the description of He-He, an assessment of the
of forces between Pauli repulsion and surface tension. Anonaditivity of interactions is quite crucial. The description
equilibrium, the size and shape of the bubfilee angle de- of collective interactions and bubble structures will be taken
pendent density profile of the liquid around the excimer in detail in the follow-up papet.Here, we investigate the
magnitude of many-body contributions by explicitly comput-

dpermanent address: Department of Chemistry, University of skyla ing and Com_pa”ng the en_ergetl_cs of the tr'atomld;HHe_
P.O. Box 35, FIN-40351, Jyshyla, Finland. and tetratomic He—He-He in various states and geometries.

e strong-field preparation methdénd are potentially rel-
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Il. METHODS interaction energy of the triatomic. The main purpose of the
present CCSII) calculations is to obtain accurate basis set
The interaction of the first excited triplet state of atomic superposition errofBSSB corrected potentials fola andc
helium, He (3S), with a ground state He atom, leads to the states interacting with the ground state He atom.
formation of the two lowest, triplet, excited states of He Because of the symmetry imposed limitations involved
namely, thea(®S ) andc(3Egz) states with electron configu- with the CCSOT) method, another approach must be taken
rations Ja’élou20'g and loglo,20, at equilibrium. By for the higher states. Internally contracted multireference
choosing suitable configurations, these states can be madenfiguration interaction methodCMRCI) (Ref. 16 with
the lowest energy state of their respective symmetry, and astate averaged multiconfiguration self-consistent fidMcC-
such their energetics and interactions with ground stat&CPH reference calculatiolf, employing complete active
He(*S) atoms could be calculated by the unrestricted operspace(CAS) orbitals, is a general and effective method for
shell coupled cluster method including singles, doubles, andbtaining such states. Di- and tetra-atomic calculations were
perturbative treatment of triples substitutighsCCSD(T)).1°  performed withinD,, symmetry whereas for triatomic cal-
The reference state was obtained from prior open shell reculationsC,, was used. For calculation of the diatomic PES
stricted Hartree—FockRHF) calculations. The spin adapta- the orbitals required for describing correct dissociation were
tion problem in the UCCSOD) calculations was controlled included in the CAS. For tri- and tetra-atomic calculations,
by observing the expectation values of 8fe-S2—S;, opera-  when the excimer center was held fixed at the equilibrium
tor, which essentially gives deviation @& from the re- (R.=1.05A), only the required lowest energy excimer mo-
guested spin value, and by performing restricted Ca3D lecular orbitals were included in the CAS. All obtained en-
(RCCSOT)) (Ref. 11 calculations on selected systems. Theergies are subject to the multi-reference analogue of the
expectation value 052_s§_sz was always below 0.0007. Davidson correction in order to obtain approximate
To verify that the single HF reference state used in these Cize-consistenc} Rydberg orbitals were obtained from the
calculations is adequate, we monitor the norm of Thevec- ICMRCI calculation by performing natural orbital analysis
tor (amplitudes of the single excitationst has been sug- With contour plotting provided by theoLDEN program?® In
gested that norm values below 0.02 indicate that the contrieach case, the Rydberg natural orbital occupation number
bution of single excitations is small and thus a singlewas close to unity and no ambiguity in assignment arises.
reference state is sufficiett The T, diagnostic test was ful- For calculation of transition moments a single point calcula-
filled except on the steep repu|sive wall of the’z‘H.e{e po- tion with all the previously mentioned orbitals in the CAS
tential. This implies that at long distances, in the di- andwas performeda total of 11 states averaged with identical
triatomic ICMRCI calculations that will be described below, Weights. Using these reference configurations the electric
the multireference space mere]y provides a proper Simu|tdjip0|e transition moments between the relevant states were
neous convergence to all the desired excited states of tHg@lculated by using the wave functions obtained from ICM-
He! and provides some important additional excitations toRCI calculations. Degeneracy of states ¥or-I1 transitions
account for electron correlation. The calculated diatomidS accounted for by multiplying the transition moment by 2.
(3a,3c) potential curves agree within the reported accuracy To obtain accurate results for interaction energies, the
with those determined experimentally through differentialnigh quality basis set of Dunningt al® (aug-cc-pV5Z;
scattering measurements and calculationat the present avs2, (atng—cc-pVGZ; avéyand the specially tailored He ba-
level of theory, the Hgground state interaction energy is SIS sets;" were used. The av5z and avéz bases have been
0.85 meV and its equilibrium distance is 3.0 A, to be com-constructed for ground state He atoms, but they contain suf-
pared with what is regarded as the best determination diciently diffuse Gaussians to allow proper _description of
2.964A and 0.95 me¥ Despite the very weak nature of SOMe of the Rydberg states. For example, with the full con-
these interactions, the good agreement is not entirely surpridlguration interaction (FCl)/av5z calculation the atomic
ing. It has previously been demonstrated, in calculations of!€ 15— 2s transition lies at 19.87 eV, which is in good
rare gas interactions including Kethat converged coupled agreement with the experimental value of 19.82 eV. How-

clusters calculations yield highly accurate potentials forSVer the B 2p transition is already off by more than 1 eV.

weak. nonbonded interactiots. The basis set of Ref. 21, which has been prepared for calcu-
The CCSIIT) method is only applicable for the lowest lation of_ the Hg excimers, provides correct ato_mlc

state of a given symmetry. Therefore, a point group shoultf‘symptotIC behaV|o_r ford, 2s, 2p, 3, a”‘?' P shells. This

be chosen for the triatomic system such that each exciteB2SiS Set has considerably fewer Gaussians devoted for de-

Rydberg state in question maps into a unique symmetry reps_crlblng electron cor_relatlonz and as such, required testing to

resentation. This requirement cannot be fulfilled for the |in_determ|ne the sever!ty of th,'s deﬂuepcy. .

ear H§ —He configuration where bofta and3c curves cor- le_en the_ small_lnteractlon energies at issue, remoyal of

relate with A, representation ofC,,. In this case, by BSSE is crucial. This was accomplished by the approximate

including a fourth ground state He atom, and demanding tha(founterpoise procedure of Boys and Bemnafdin the

the bond lengths for both ground state He atoms are equat?resent case the correction is made by the following relation:

the gymmetry can _be raised fro@y, to Doy, where fthe3a E(R)= E(RHefHe’z*) - E(RDU-He;)— E(RHe—D:)v )

and-c states are given by tH#,,, andA, representations. If

many-body effects are negligible, then under the assumptiowhereD , represents an atomic center with all basis functions
of additivity, this symmetry extension can approximate thebut no charge or electrons. In all calculations the Hend
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length was fixed at 1.05 A. Diatomic calculations were not ~ The interatomic distance®y_p., measured from the
subject to the BSSE correction except for the singlet groundenter of mass of He were systematically explored be-
state HgCCSIO(T)/av5z reference calculation. An important tween 2.5 and 20 boHgt least 16 points for each cupvall
property of the CCSDI) method is its size-consistency the (U/R)CCSD(T) and internally contracted MRCI calcula-
which makes the above counterpoise correction possible. Th#ons were carried out with theoLPR02000.1program??
ICMRCI method, on the other hand, is usually not enough

size-consistent even with the Davidson correction applied. Inll. RESULTS AND DISCUSSION

this study we rely on the approximate way of performing theA Het
BSSE correction for the ICMRCI calculations. The third " "2

term in Eq.(1) is calculated via FCI for the ground state He The calculated diatomic states for Has obtained from
atom. The second term is more difficult to handle and muchihe ICMRCI calculation are shown in Fig. 1. Tha and3c

of the error originates from this term. We calculate the cor-states calculated with the CC®D/av5z method follow
responding excited excimer state in the basis of the supeclosely these curves. Overall agreement with the known ex-
molecule and approximate the third term of Ef). with the  perimental data and expectations provided in Ref. 4, is quite
energy obtained from this calculation. Here the active spacgood. Table | lists the relevant data at thesHsguilibrium
consisted of the orbitals belonging to theHexcimer. Fi-  bond length by using various methods. All states, except one,
nally, it should be noted that the present ICMRCI calcula-can be identified according to the available experimental data
tions are reaching close to the FCI level, and as such, a neand previous calculations. The fifth rootAq symmetry(la-
size-consistency is expected. beled as®?) does not fit to any experimental observatfén.

TABLE |. Atomic and diatomic excitation energies. The atomic energies are expressed relative & &leq diatomic energies are relative to ground state
Hey('S ) with R=1.05 A. Energies are expressed in eV and transition moments in Debye. Basis set is denetét/52,12=Ref. 21, and 3-AV6Z.1 in
the R, column indicates that the calculation was performed at this bond length only. Experimental transition moments are based on selection rules.

State Configuration Asymptote Energy Re Method Transition moments
s chgcolxinls? e 0.0 - e

s 1s2s e 19.87 fe FClI/1

s 1s2s S 19.77 e FCI/2

3s 1s2s “e 19.86 “e FCI/3

3s 1s2s e 19.82 e Expt.

’p 1s2p 22.54 FCl/1

3p 1s2p 20.94 FCI/2

5p 1s2p 22.25 FCI/3

p 1s2p e 20.96 e Expt.

s 1s3s “e 22.67 “e FCI/2

33 1s3s e 22.72 “e Expt.

3p 1s3p 23.01 FCI/2

s 1s3p e 23.01 “e Expt.

asy, 10%10* 20 1s2s 0.0 1.05% CCsDN)/1

ad’s, 10%10* 20 1s2s 0.00 1.05t MRCI/1

ass, 16%10* 20 1s2s 0.00 1.051 ccso)/2

asy, 10%10* 20 1s2s 0.00 1.05 MRCI/2 b(13.4) c(7.6),2(10.4),?(0.1)
ass, 16%10* 20 1s2s 0.00 1.04 Expt. b,ce,?

b 311, lo?lo* 1w 1s2py, 1.82 1.051 ccson/1

b 311, lo%lo* 1w 1s2pyy 1.80 1.051 MRCI/1

b 311, 1o?lo* 17 1s2pyy 0.64 1.05% Cccso)i2

b 311, 1o?lo* 1w 1s2pyy 0.62 1.05% MRCI/2 a(13.4) d(4.4) f(6.4),f(4.8)
b *I1, 10*16* 1 1s2p,, 0.59 1.06 Expt. a,d,ff

¢33, lo*lo*20* 1s2s 1.51 1.05% ccson/1

¢, 1o?1lo* 20* 1s2s 1.50 1.05F MRCI/1

¢y, 1o?10*20* 1s2s 1.38 1.051 ccso/2 “e

c®, 1o%1lo*20* 1s2s 1.35 1.10 MRCI/2 a(7.6),d(6.4),f(8.5),f(15.0)
¢33y, 10%10*20* 1s2s 1.35 1.10 Expt. ad,ff

dss, 10%10* 30 1s2p, 2.54 1.08 MRCI/2 b(4.4) c(6.4)e(31.2),2(16.8)
d33, 16°10* 30 1s2p, 2.53 1.07 Expt. b,ce?

eI, 1o?1lo* 27 1s3pyy 2.72 1.08 MRCI/2 a(10.4) d(31.2) f(12.2) f(10.3)
eIl 10%10* 27 1s3p,, 2.67 1.07 Expt. a,d,ff

33, 1l0?lo* 40 1s3s 2.69 1.09 MRCI/2 b(6.4),c(8.5),e(12.2),70.4)
33, 16*lo* 4o 1s3s 2.67 1.08 Expt. b,ce,?

f 311, 1o?1lo* 17* 1s2p,, 2.69 1.09 MRCI/2 b(4.8),c(15.0) £(10.3),?(18.0)
f 311, 10%10* 17* 1s2p,, 2.70 1.08 Expt. b,c.e,?

2%, 1lo%1lo*30* 1s2p, 2.92 1.08 MRCI/2 a(0.1),d(16.8) f(9.4),f(18.0)
2% 1o*10*30* 1s2p, - ax Expt. a,d,ff
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He(1S) + He(°P, 3 3, 3c

He(1S) + He(3S, 3)

E/eV

He(1S) + He(3P, 2p)

(o]

He(1S) + He(3S, 25)

0.5 L5 25 35
R/A

FIG. 1. Potential energy curves for eight lowest triplet states fof be
obtained from ICMRCI calculations with basis set of Ref. 21. Asymptotic
limits have not been adjusted.

This state was obtained as a side product in avoiding a root
flipping problem in the ICMRCI calculation and will not be
further considered. The calculated transition dipole moments
are in good agreement with expectations based on selectio
rules for homonuclear diatomics. Energetics and equilibrium
bond lengths can also be considered to match the experimer
tal observations well. Differences between the calculated anc
experimental transition energies are on the order of 10 meV,

Contour plots of the Rydberg electron natural orbitals are
presented in Fig. 2. In théa state the Rydberg electron is
predominantly in the bonding combination of He atomic
orbitals; and the wave function exhibits near spherical sym-
metry at long distances from the ionic core. In contrast, in
the 3c state, the Rydberg electron is in the corresponding
antibonding combination of the atomicsdrbitals as evi-
denced by the nodal plane between the two nuclei. For,
higher states, as the asymptote corresponding to the 2
atomic level is reached, the shape of the Rydberg orbital
becomes less predictable. For example, in itiestate, the
constructive combination of two [£ orbitals produces a
rather diffuse spherical Rydberg electron with a radial nodepic. 2. Natural Rydberg orbital plots of Beas obtained from ICMRCI
as illustrated in the electron density plot of Fig. 3. Thesecalculations with the basis set of Ref. 21. The scale for the figures is set by
features will have important consequences with regard to thie He center, withR.=1.05A. For clarity of the scale, we provide the

. . L solid line of length 10 A in each to the left of each density plot. The contour

solvation shell in the liquid phase. In essence a bubble stalgye| step is 0.001.
describes a solvation shell that is effectively repelled by the
electron, one in which the liquid avoids wetting the electron.
In the case of very diffuse electron wave functions that conB. He3—He
tain nodes, we may expect the He solvent to penetrate the
electron density, and therefore lead to partial wetting of th

Selected tri- and tetra-atomic Ka and®c)—He,

) ; e ) wheren=1,2) systems were computed with both CGSD
Rydberg electron. In such considerations, it is also importan \4 |cMRCI methods with av5z basis. avéz basis. and the
to discern the extent to which the electron density may bgyagis set of Ref. 21. In thia state, at the potential minimum,
perturbed by the liquid. To this end, we will consider fite  the calculated energy difference between av5z and avéz
state more closely, including the inspection of the electronigyases is less than 0.1 & while on the repulsive wall, the
structure in the Hp-He complex. With regard to the di- |argest difference is=10 cmi t atR=3.5A (2% difference.
atomic Rydberg states, the electronic wave functions of then the 3¢ state, which contains a deep potential welre£00
triplets are very similar to those of their singlet counterpartscm™?, the variation in energy obtained by using the two dif-
and all discussions given therein are applicable to thderent bases is less than 1 chmWe may conclude that at the
presenf av6z level, the CCS{) calculations are converged with
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FIG. 3. Total electronic charge density of tPeb state excimer as a function

of distance.

0.0004

0.0002
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to the missing high angular momentum Gaussians in the ba-
sis set of Ref. 21, bases which are required to describe elec-
tron correlation to the full extent. Since the bubble structure
is a sensitive function of the long-range part of the interac-
tion potential, we apply CCSD)/av6z to describe théa
and3c states whereas we apply the ICMRCI with the basis
set of Ref. 21 to all other states.

Because the Pauli repulsion is expected to dominate
long-range interactions, the BleHe potential can be ex-
pected to follow the excimer electron density distribution
rather closely. The diatomic Rydberg electron wave func-
tions, as shown in Fig. 2, therefore provide qualitative ex-
pectations for the triatomic He-He interaction potentials.
Thus, while the interaction potential for tha state must be
isotropic, and thélc state is strongly angle dependent. The
triatomic energies, obtained from CC8D and ICMRCI

respect to the basis set. The average difference between Icalculations, are given in Table Il. Both collineér) and
MRCI and CCSDT) at the av5z level was-1 cm ! at the
potential minimum, the difference reflecting the degree ofsidered in the case of anisotropic electronic wave functions.
success of the BSSE correction in the ICMRCI calculation Selected potentials are shown graphically in Fig. 4. Let us
Comparing the av5z results with the basis set of Ref. 21, dtighlight some of the salient features of these potentials:
the CCSDT) level, produced an average difference of 2 (i) The %a state is nearly isotropic at long distance. The
cm™ ! at the potential minimum. This difference is attributed anisotropy of the core only becomes evident on the repulsive

broadsidgT) approach of the ground state He atom are con-

TABLE II. Computed potential energies for selected,Hele interactions based on CCS8I¥av6z for®a and*c states(using tetra-atomic configuration, with
energy scaling to triatomicand ICMRCI/Ref. 21 for all other states. The state labels refer to the electronic state of the excimer. The units afeaimdcm
A. For the anisotropic potentials cuts alongg™linear and “T"-shaped geometries are reported. In fiié state* indicates that ther orbital of the excimer
is in the triatomic plane.

R 3L a’s, T ¢34l e, T 33, L a3, T e¥3, L eds, T e, T f33,L 33,
1.75 345.6 272.6 549.5 27.9 778.4 245.4 409.2 67.7
2.0 —4526  —693.2 -9.3 -572.2 256.2 -161.1  -1532  —425
2.25 -4820  -6989  —2857  —547.1 62.9 —263.6 701 —552
25 -3942  -560.6 —354.8  —401.3 40.8 —236.2 431.4  —494
2.75 —300.3 —4299  —-3194  —273.6 69.8 -184.8 741.0 —386
3.0 —206.4  —319.0 —-250.0 —181.7 108.4 -141.3 991.6 —275
35 493.1 453.4 -100.9  —-1493  —110.2 —84.4 208.1 -88.1 1347.2 —94.6
4.0 256.0 210.6 - 485 —-31.4 -12.0 -42.8 339.6 —-59.3 14355 3.1
45 109.2 91.2 766.0 -22.9 445 45.4 -25.1 450.3 —42.1 1157.8 40.0
5.0 432 37.2 411.9 -10.7 88.6 77.4 -16.0 513.4 -30.0 875.5 56.4
5.5 16.0 14.1 214.4 -5.1 107.5 90.8 -10.9 524.9 —21.4 648.6 63.0
6.0 5.2 4.8 107.1 -25 108.8 91.6 -7.8 487.8 -15.1 470.7 64.3
6.5 1.2 1.4 50.7 -1.3 98.9 83.8 -5.6 411.8 -10.5 334.7 62.6
7.0 -0.1 0.2 22.2 -0.8 82.8 711 —4.0 318.6 -7.3 233.7 58.9
7.5 -0.3 -0.2 9.0 -0.5 65.0 56.5 -3.0 230.2 -5.0 160.5 53.2
8.0 -0.3 -0.2 3.3 -0.3 48.3 42.6 -2.0 159.0 -3.4 108.6 45.8
8.5 -0.2 -0.1 1.8 -0.2 34.4 30.5 -1.4 107.3 -2.3 72.3 36.7
9.0 -0.1 -0.1 0.2 -0.1 23.6 21.0 -1.0 715 -15 47.4 27.4
9.5 0.0 -0.1 0.0 0.0 15.6 13.9 -0.8 475 -1.0 30.7 19.1

10.0 0.0 0.0 0.0 0.0 10.0 8.9 -0.6 31.3 -0.7 19.6 12.5
10.5 0.0 0.0 0.0 0.0 6.2 5.5 -0.4 20.4 -0.5 12.3 7.9
11.0 0.0 0.0 0.0 0.0 3.7 3.3 -0.3 13.2 -0.3 7.6 48
11.5 0.0 0.0 0.0 0.0 2.2 1.9 -0.2 8.4 -0.2 4.7 2.8
12.0 0.0 0.0 0.0 0.0 1.2 1.0 -0.1 5.3 -0.1 2.8 15
12.5 0.0 0.0 0.0 0.0 0.6 0.5 -0.1 3.2 -0.1 1.7 0.8
13.0 0.0 0.0 0.0 0.0 0.3 0.2 -0.1 2.0 -0.1 1.0 0.4
13.5 0.0 0.0 0.0 0.0 0.1 0.1 -0.1 1.2 -0.1 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
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shorter distance&ee Table . The potential contains a bar-
rier of ~100 cm ! at 6 A, followed by a deep minimum of
~700 cm! at 2.25 A along the collinear approach, 355
cm ! along the “T"-approach. These features directly track
the electron density in the B€*d) state, which is shown in
Fig. 3. The potential energy barrier corresponds to the maxi-
mum of the Rydberg electron density in the outermost lobe,
and the potential energy minimum occurs at the radial node.
For binding to occur, the ground state He atom must pen-
etrate the diffuse outer density of the Rydberg electron, by
500 overcoming the barrier. Accordingly, both structure and dy-
0 2 4 6 & 10 12 14 namics of this state in the liquid phase can be expected to
R/A depend on the method of preparation. Once the liquid is ex-
FIG. 4. Hg —He potentials for lineata, linear®c, T-shapedc, and spheri- pelled, aF a bgth_temperature'bﬁZ.M K, th.e barrier of 14(.)
cally averagedd states as obtained from ICMRCI/Ref. 21 calculations. K could in principle keep the deep potential well dry. With
the same consideration, if He density were to reach the well,
it could in principle freeze out of the bath. A more detailed

wall of the potential. It can be verified in Table Il that@t ~ analysis of the bubble structure is deferfed.
=3.5A on the repulsive wall, the collinear approach pro- (iv) In thee3Hg state, the collinear approach leads to an
duces a potential which is-8% more repulsive than in the attractive potential, while the T" approach breaks the de-
“ T"-approach. Although the interaction is essentially repul-generacy of the state into: an attractive potential for the
sive throughout, both - and “ T"-geometries contain very I1-orbital perpendicular to the plane of the triatomic, and a
shallow van der Waals minima of0.3 cm tand—0.2cmt  repulsive potential for the coplanar configuration. The coup-
near 8 A, respectively. Given the small magnitude of theing of the electron orientation with the nuclear coordinate
anisotropy of the potentigl0.1 cm * at the minimum and ~ Will lead to Jahn-Teller activity, with asymmetric bubble
the large rotational constant of HgB=7.7 cmY),?* we  motions required to break the electronic degeneracy oftthe
may expect thééa excimer to undergo free rotation in the state.
liquid phase. This is consistent with the experimental obser- (V) In higher Rydberg states, the obvious trends of angu-
vation of rotational structure in the—a absorption spec- lar and radial nodes seen in the electron density plots of Fig.
trum in LHe® In short,3a state can be expected to exist in a 2 Will be reflected in the interaction potentials. As a repre-
classic, spherical bubble in liquid He. sentative of these states, we considerthstate, which can

(i) In the 3c state, while the potential in the collinear be seen in strong-field preparaticn#e give potential en-
geometry is strictly repulsive, theT-approach leads to a ergy points along thé- and T-approach of Hp(*f )—He in
deep minimum of 482 cit at R=2.25 A (see Table)l. De-  Table L.
spite this very deep binding, we have verified that this con-  Quite clearly, in proceeding from potential energy curves
figuration is stable in the geometry-unrestricted sense. Byf triatomics to energetics of solvation in the liquid phase,
using the restricted energy minimum of the 3&)—He  many-body effects need to be assessed. We have explored
complex as an initial guess, unrestricted geometry optimizasuch effects explicitly, by calculating the energetics of tetr-
tions within C,, symmetry fail to produce a new minimum. atomics at the same level of theory as the triatomics, and
At the minimum energy configuration, the Hessian obtainedesting the additivity of the weak interaction. The studies
by the finite difference method was positive definite, indicat-were limited to thea, 3c, andd states. For linear and
ing that a tightly bound Hgdoes not form spontaneously via T-shaped®a and linear’c many-body effects are very small
the 3c state. Along the He-He stretching coordinate, the (<0.2 cmi ). However, for the T-shapett, which contains
“T" complex can sustain four bound vibrational states. How-a deep minimum of~400 cni* at close rangésee Fig. 4,
ever, as can be recognized from the electron density plot inonadditivity effects are noticeable. When two ground state
Fig. 2, this corresponds to motion in the nodal trough withHe atoms approach the Egc) state along the perpendicu-
very steep potential walls along the bending coordinate. Infar bisector of the excimet“cross”-geometry, the mini-
clusion of the zero-point energy of bending greatly reducesnum energy configuration occurs at a distance 0.2 A longer
the number of bound states in the complere the closely than in the triatomic T"-complex. Since the potential mini-
related system of He-molecular halogen complé}etn the  mum in this case is predominantly due to induction, this
liquid phase, the collective interaction with the bulk leads toshort-range nonadditivity effect can be rationalized in terms
defining the He density around the excimer. Now zero-poinof polarization. Polarization effects can be expected to be
contributions to surface tension will dictate the extent of lo-further amplified in the liquid phase. The same short-range
calization of He-density in the angularly sharp potentialeffect is operative at the potential minimum in tPe state.
minimum on the nodal plane. A distorted bubble geometryAdditionally, a very different source of nonadditivity can be
with He localized at the belt of the exciméanalogous to identified at long-range, in the diffuse region of the Rydberg
some?P state atoms in LHe(Ref. 26 is to be expected. electron density. This is illustrated in Fig. 5. In Figabwe

(i) The interaction potential in théd state is nearly plot both the tri- and tetra-atomic Ble He potentialgscaled
isotropic atR>6 A, but becomes increasingly anisotropic at to triatomic casg The potential minimum of the tetra-atomic

500

E/cml
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FIG. 6. Electron densities and pseudopotenti&: Convergence of the
Hes(%a) electron density with the basis sey) Comparison between
pseudopotential approagRg. (2) of text], and strictlyab initio calculations

of the triatomic H§(%a)—He(S) potential. Scheme 1 denotés=49.76

meV andB=2.6 A~1, whereas in 2A=17.8 meV and8=2.15 A1 (see

Ref. 28.

FIG. 5. Nonadditivity of interactionga) Comparison of potentials for linear
He; (3d)—He as obtained from calculation of the triatomic and tetra-atomic
complex(scaled to triatomicusing ICMRCI/Ref. 16(b) Effect of a single
ground state He atom on the Rydberg electron wave fun¢tiatural orbit-

als) of Hej (3d) at the ICMRCI/Ref. 16 level. One contour level corresponds
to 0.005.

interaction energy of the excimer with the ground state He

is shifted by~0.2 A to longer distances along with a small atom,V(r), is treated as a sum of repulsion and attraction,

reduction in binding energy. Deviations from additivity can 1

also be seen at the potential barrier, starting at a distance near V(r)= f Vod[r=r"p(r)d3 " = = alE(r)|2, (28

7.2 A. The origin of this non-additivity is visualized in Fig. 2

5(b), where it can be seen that the approaching ground statghere

He atom effectively repels the diffuse Rydberg electron den-

sity. In effect, the ground state atom parts the electron den- Ved 1) =Aexp( = Br). (2b)

sity as it approaches the excimer. Note that this effect iSThe repulsive part of the effective potential is obtained by

distinct from the nonadditivity of induction forces, which convoluting the total electron density of the excimefr),

must also be taken into account in any polarizable mediumwith the exponentially repulsive electron-helium pseudopo-

In the tetra-atomic, the presence of another ground state Hential,V,s. While, the attractive contribution is obtained by

atom at the same radial separati@pposite sideincreases first calculating the electrostatic potentigl(r), by integrat-

the angular confinement of the electron, hence the higheng over the charge distribution of the excimer and then

barrier. Accordingly, significant modification of the barrier evaluating the energy of a polarizable He atom in the result-

region is to be expected in the liquid phase. As exampleant electric field. The total electron density from ICMRCI

along the symmetric breathing coordinate of the bubblegalculations, and electron-helium interaction parameters

complete angular confinement of the Rydberg electron mustom Ref. 27, were used in the evaluation of E&). In all

generate a much larger barrier than in the case of the tricases the attractive term was negligible at distances larger

atomic. At distances longer tha7 A (E<50cm Y), many- than 5 A, therefore, the potential shape is almost exclusively

body effects appear to be negligible. determined by the pseudopotential integral. This integral is
The electron-helium pseudopotential has been comvery sensitive to the electron density at large distances from

monly used in descriptions of atomic and molecular excitedhe excimer and therefore sensitive to the basis set used. This

centers in liquid heliund’?8 It is then valuable to compare effect is illustrated in Fig. @), where the electron density is

the presenab initio potentials to what would be obtained by shown in the region of the onset of repulsion. Figutb)6

the pseudopotential method. In this approach the effectivehows the calculated potentials as obtained from the pseudo-
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potential approach as well as tlad initio calculation. Al-  able to understanding the solvation of these excited centers
though there is a significant variation in the electron densitiesn superfluid heliumt® and their spectroscopy.

from one basis set to another, the variation in calculated

initio energies is much smaller. Since the pseudopotential

method reflects the electron density, it generates large differ-
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