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Doubly shapedD, excitation spectra of Cs and Rb atoms in superfluid helium
due to a quadrupole bubble surface oscillation
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Our recent experiments show that tBg excitation spectra of Cs and Rb atoms in superfluid helium have
doubly shaped profiles. Such line shapes are beyond the description of a simplified spherical atomic bubble
model which explains properly general features of optical spectra of neutral atoms in liquid helium. This paper
gives a theoretical explanation of the doubly shaped profiles, with a model that the bubble structure of
surrounding helium is not spherical, but is deformed instantaneously by a quadrupole oscillation. The calcu-
lated energy level of th®,,, state of the deformed atomic bubble is split into two branches, givindthe
excitation line shape consisting of two components with different peak intensities and widths. The obtained
line shape agrees qualitatively with the observed one, which enables us to confirm the importance of the
dynamic Jahn-Teller effect due to a quadrupole oscillation of the atomic bubble surface induced by zero-point
fluctuations[S0163-1826)06633-7

[. INTRODUCTION observed spectra, we carried out theoretical calculations with
a spherical bubble modelSBM).1%! In this model, the
The spectral structures and broadening of impurity atom$ubble radiusR, corresponds to the configuration coordi-
and ions in condensed matter are strongly affected by colled?ate, which is analogous to the internuclear distance of di-
tive oscillations of lattices or surrounding media. The optical2{omic molecules. We calculated the adiabatic potentials of

properties and the dynamics of impurities in solids have beeH1e ground and excited states of a spherical atomic bubble,

interpreted with configuration coordinate diagrams thus fartaklng account of_onl_y breathing modes among various
Franck-Condon factors for a transition between vibronicbUbee surface oscillation modes. Namely, we neglected the
effect of distortion of the bubble shape on the optical transi-

states in electronic ground and excited states determine the' Using this simplified bubble model, we could repro-
optical line shape and broadening, which give us Importang, o qualitatively the general features of the observed spec-

information about the interaction between the impurity and, 4 (pressure shift and broadening, and line shape oDthe
surrounding media. Among a large number of lattice vibra—”nes) of Rb and Cs atoms. ’

tions, some oscillation modes accompanying the distortion of 5, the other hand, the observBd excitation spectrum
surrounding media result in a reduction of symmetry of thepag 5 double-peak structti®The spectrum is comprised of
potential for an impurity center, and cause sometimes splitthwo components, the broader one located on the side of
ting in optical spectra. For example, alkali metal and alkalineshorter wavelength and the sharper one at the longer wave-
earth atoms in rare gas matrices are known to have multiplRength. The line shape was found to be well fit to the sum of
splitting structures in the optical absorption and excitationtwo Gaussian curves. The splitting interval of theTgtine,
spectrat? Various explanations have been given for thesefor example, is 122.1 cm! at SVP and 157.0 cm! at 20
line shapes, and recent results of a magnetic circular dichraatm, depending slightly on the helium pressure 1(6
ism (MCD) experiment suggest the importance of the Jahnem™Y/atm). The sharper line is stronger than the other, and
Teller effect? the relative peak intensities are 1 : 1.5. A similar line
In recent years, the optical properties of neutral atomshape has already been reported in the case obthexci-
immersed in superfluid heliuniHe 1) have been studied tation transition from the ground stat€%, to the excited
extensively, both experimentally and theoreticdily* It is ~ 62P,, state of Ba ions in He Il at SVP- The line-splitting
well known that neutral atoms in liquid helium form bubbles interval in this case was larger390 cm 1) and the peak
(atomic bubblesand are self-trapped therein due to the Pauliintensity of the line on the longer-wavelength side was about
repulsive force between valence electrons of the impurittwice as large as the other line. These experimental facts are
and of surrounding helium atoms. The bubble radius is abougssentially beyond description within the framework of the
the same as the size of an impurity atom, which is in goodpherical atomic bubble model, and suggest the importance
contrast to the electron bubble having a much larger radiusf anisotropic bubble surface oscillations, causing the nonto-
typically, 15-25 Al2-16 tally symmetric configuration of surrounding helium atoms.
Recently we observed;, D, excitation (52S;,— Among a large number of theoretical studies for various im-
52Py15, 5%Pap, 6°S;,— 6Py, 62Pgy,) andD, emission purities in liquid helium based on the bubble model, some
(5%Py— 5%S,,, 6°Py— 6°S;,) spectra of alkali metal works have treated the effects of surface deformation of the
atoms(Rb and C¥in He Il, respectively, changing the he- atomic bubble¥® and of the electron bubbié:*6-18-20Hgw-
lium pressure from saturated vapor press(8¥P, 7.4 X ever, such a structured shape of the excitation line has never
1072 atm) to about 25 atm. To explain the features of thebeen studied theoretically.
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In the present work, we devote ourselves to understanding

the physical mechanism to produce the structured line shape 13000 ~

of the Csb, excitation spectra in liquid helium. We intro- ] 6P3s

duce a deformed atomic bubble model where the deforma- 712000 | i
tion is expressed by two parameters characterizing the quad- §

rupole oscillation modes of the bubble surface. Two > 11000k 6P12 _
configuration coordinates with these two parameters are % A o
analogous to two normal coordinates giving tBg vibra- &

tional modes for an atom trapped in a matrix with cubic 1000 - Xo-o

symmetry. The preliminary result of calculation about the /\ 6S1/2
CsD, excitation line shape has already been repottdd. ol . L L

] I 1
6 8 10 fM2 14 16 18 20

this paper we describe our theoretical model in detail includ- Roeg Ro(a.u.)

ing the quadrupole deformation of the bubble shape and
present a qualitative explanation for the doubly shaped pro-

file as the dynamic Jahn-Teller effect. FIG. 1. The total energy diagram of the Cs atomic bubble in the

6S,,, and &4, and 6P, states at the SVP as functions of the
spherical bubble radiu®,. The energy differences between the

Il. THEORETICAL MODEL ground and excited states Ry=o are equal to that of a free Cs
A. Basic description of the bubble model atom. The symboR,.q represents the equilibrium bubble radius in
the ground stateR,.q = 11.375 a.y. These energy curves can be

We assume that an impurity atom in liquid helium forms regarded as the adiabatic potentials, giving the quantized breathing
a cavity of about atomic siz@he atomic bubble modelThe  modes of bubble surface oscillation.

existence of such a stable cavity has been made clear in

recent experimental and theoretical works. Let us considehteraction in the case of the electron bubbé*23The ex-

the case of an alkali atom in liquid helium. We treat liquid pressions for above three terms and the values for some pa-
helium as a continuously distributed medium. The densityameters are given by Baylls and Pascale and
profile of helium atoms is denoted By(R), whereR repre-  vandeplanqué? Eigenenergies can be obtained by diagonal-
sents the position vector of the helium atom relative to thgzing the HamiltonianHg in the unperturbed alkali atomic
alkali nucleus. The total Hamiltonian to be diagonalized canyave functions in the ground state and the first excieed

be written as states which are calculated by solving numerically the Schro

w dinger equation for the valence electron determined by the

_ i (L) Hartree—Fock—SIater self—cpn5|_stent field method under the
He=Ha(r) f dRp(R’.’q))LZo Vil(nR) frozen atomic core approximaticfl.

In the case of the spherical bubble mod@BM), helium
atoms are assumed to distribute isotropically outside the cav-
ity of radiusR, with the width at the cavity edge determined
by a parametew.'* The equilibrium bubble radiuByeq and

wherer is the position vector of the alkali metal valence the equilibrium value ofr are determined by minimizing the
electron relative to the alkali nucleus, and we have used thgytal energy of this system:

polar coordinates =(r,6,¢) and R=(R,0,®). Hu(r) is
the Hamiltonian for the valence electron of a free alkali ) 4
metal atom including the spin-orbit interaction, and Etol(Ro, @) = Eatomt 47Ry0+ 3 7R,P
Vl(L)(r,R) is obtained by expanding the potential(r,R) in

terms of the Legendre polynomials:

L

TS W etee), @

XL+ 1y

+ﬁ2/(8MHe)fd3R(Vp)2/p, (2.9

L 2L+1 (1

Vir(nhR)=— Jlld(cosn)vmr,R)PL(cosn). where E 4o is the atomic energy in liquid helium given as

(2.2) the eigenenergy of Eq2.1). The other three terms in Eq.
(2.4) represent the classical energies to form the cavity: the

Heren is the an_gle betweenandR. V|(r,_R) represents the surface energfe,, the pressure volume wotks,/, and the
sum of interactions between three bodies, the frozen alkaljg)yme kinetic energyE,« 149 Eq. (2.4), P is the helium
core, the frozen helium atom, and the alkali metal valenc

21,22

Qressureo is the surface tension at 1.6 ®,which is as-
electrons

sumed to be independent of the helium presshtg, is the

mass of the helium atom, and, is the effective bubble
VI R)=F(r,R)+G(r,R)+W(R), 23 radius defined by the “center ofbmass” in the region of the
where F(r,R) is the effective electrostatic interaction be- cavity edge’
tween alkali metal and helium atoms. The ter®@@,R) and Figure 1 shows the total energies calculated with the SBM
W(R) represent the pseudopotentials corresponding to thter the excitation from the §,,, state to the €,, and
compensational energies arising due to the lack of orthogdsP3); states of the Cs bubble at SVP. In the present work, the
nality of the helium atom with the valence electron and theequilibrium bubble radiuRRye, in the ground staté,,, was
alkali core, respectively. Similar pseudopotential techniquesalculated to be 11.375 a.u. at SVP and 10.975 a.u. at 20
were used extensively to calculate the electron-helium atoratm. These calculated energy curves as functions of the con-
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figuration coordinat&, are considered to be effective poten- general case where there exist six independent parameters
tials for the quantized breathing oscillation of the bubbleRy andR,y (M=-2,...,2). Inorder to reduce this diffi-
surface with an effecive massMZ given by culty, we transfer the coordinate system to the one whose
47TRSPOMHe-12 These curves were usually used to investi-three axes coincide with the principal axes of the deformed
gate spectral features such as peak shift, line broadening, akéibble. In this coordinate system, the deformed bubble shape

line shape. can be written &
B. Deformed bubble model R&(Rp,0",®")=Ry+R,Y3(0®")
The surface oscillation modes except the breathing modes FRAIYA® DYVLYI2O B2
have been neglected thus far, because a time-averaged 2 Y2(01, @) +Y, %077 V2,
bubble shape can be considered to be spherical for alkali 2.7

atoms in the ground stat®,,. It must be, however, noted
that instantaneous oscillations of the bubble surface shouldhere the angle®’ and®' represent the polar angles and
not be restricted to only breathing modes, and even the lowthe coefficients labeled by primes denote those in this coor-
est mode of such an oscillation causes a deformation of thdinates system. The origin of the system aRgl are un-
bubble shape from a sphere. As suggested by Himbexhanged by this transformation. The original five degrees of
et al,?® this instantaneous deformation leads to a lower symfreedom  corresponding to the coefficientsRyy
metry of the interaction potential, which may remove the(M=-2,...,2) areapproximately separated into two parts:
degeneracy of sublevels in the excit®d,, states(Jahn- One is the two quadrupole oscillation modes of the bubble
Teller effec) and split theD, excitation line into two com- surface represented by the second and third terms in Eq.
ponents. In this subsection, we first extend the SBM to thé2.7), and the other is the bubble rotation expressed by three
deformed bubble modéDBM). In particular, we will treat Euler angles which were defined as the direction of the new
the deformation due to a quadrupole oscillation of bubblecoordinate system relative to that before transformation. We
surface. will show later that the energy of the bubble rotation can be
When we writeRg as the distance from the origialkali  neglected, because the bubble rotation can be considered to
nucleus to the bubble surface, the deformed bubble shapée almost stationary during a period of the surface oscilla-
can be expressed by a spherical harmonics expansion as tion. We choose th&' axis as the quantization axis for the
atomic wave functions. It must be noted that the potential
V,(r,R) and the matrix elements of the total Hamiltonian
Rs(Rp,0,®)=Ro+ LZl MZ_L RmY!(©,®), (2.5  Hg can be calculated in this coordinate system in the same
T manner as in the previous subsection, and the results ob-
whereL runs generally from 1 tee (the L=0 term is in- tained by the SBM calculation do not change by the coordi-
cluded in theR,) andM is summed over from-L to L.}  nate transformation. Therefore, we will use the new coordi-
The first term in Eq(2.5) is the radius of a spherical bubble nate system, omitting the primes hereafter.
and the other terms represent the deformation from this The fundamental concepts of the DBM are about the same
sphere. The expansion coefficiefg, can be considered to as those of the SBM, the only difference being the anisotropy
be small compared withR, in equilibrium for the alkali in the configuration of surrounding liquid helium. By replac-
metal atom in the ground staf,. TheR,y and the polar iNg Ry in the SBM byRs, the density distribution of the
ang|es® and ® are variables with respect to the SameSUrrOUnding helium atoms in the DBM can be written as
bubble-fixed coordinate system as in the SBM where the
coordinate system of the center of mass of the sphericg}( R, Rg, )
bubble has implicitly been usddamely, the origin is at the
alkali nucleus. The L=1 terms in Eq.(2.5 represent the 0, R<Rs,
translation of the center of mass of bubble, so that they can =\ ;11 —{1+«(R-Rg}e *R-R9] Rg<R, (2.9
be neglected in the present case.
We will restrict ourselves to the case of a quadrupole-
deformed bubble: wherep, is the pressure-dependent number density of liquid
helium andRg(R,,0,®) is given by Eqg.(2.7). The two
M types of quadrupole oscillation modes represented by
Rs(Ro’@:q’):RﬁM:E_Z RomY2 (0,®). (26 R, vY®) and R,f Y3(0,0)+Y,%®,d)]/y2 correspond
to B and vy oscillations in the deformed nucleus theory,
In previous studies concerning the deformation of the bubbleespectively’’ The total Hamiltonian is obtained by substi-
shape, only the effect of axially symmetric oscillations tuting Eq.(2.8) into Eq.(2.1), and its diagonalization is made
(Ryo#0, Ry,y=0 for M=#0) was taken into with the same atomic basis as in the SBM calculation. The
account®1216:18-201hs s physically incorrect in the case summation ovet in Eq. (2.1) depends on the atomic angu-
of the ground state, since there is no preferential direction folar states involved* For example, we use tt@state and the
the deformation axis. All the fluctuations of the coefficientsfirst excitedP states as atomic basis. In this case, the higher-
R,y must be taken into account. In fact, model calculationsorder terms L = 3) vanish. This is just the case of the
using only one deformation parameter do not cause splittinguadrupole deformation. It can be considered that both
profiles?®2® However, it is still difficult to treat directly the breathing and quadrupole oscillation modes are induced si-

o L

2
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multaneously and independently by the zero-point fluctua-

E
tions. Ry, Ryg, andR,, are regarded as independent configu- <_‘:>
ration coordinates. 1
The energy diagram associated with the excitation process 6P -

is that for the equilibrium bubble configuration in the ground
state 6,,,. The bubble shape is determined by the coordi-
nates Ry,R,0,R,;) and the surface thickness parameter

A

B
Since the quadrupole deformation is assumed to be small, the \‘ - -
values of the parameter and effective bubble radiuR, 6P
obtained by the SBM calculation can approximately be used 2
even in the DBM calculation. In this case the surface energy =
and the pressure volume work are, respectively, givéh by U

Esur—{47Ro+ 4R5(RE+R3)/RG} 0, (2.9 1

Epv={37Ry+Ra(R3y+ R3,)/RG}P. (2.10
The energy surfaces of the ground st&g, and the first 6S1/2 A | o~ PO
excited state®,, andP3, can be obtained by summing the /" WS

. . . . LS K] D
eigenenergies of Hamiltoniadg, Eg,¢, Epy, andEyk, as T ———— >
changingRy, Ryg, andR,,. /o Re2
R2o
. NUMERICAL RESULTS AND DISCUSSION
A. Calculated energy surfaces FIG. 2. Energy diagram of the Cs atomic bubble in the two-

H d ib inlv th its of ical cal dimensional configuration coordinate, whétg, and R,, represent
[nere, We describ€ mainly the results ol numerical ca Cu'equivalent quadrupole oscillation modes. These energy surfaces are
lations of the energy diagrams for the Cs bubble at SVP. for the bubble in the ground §,, state and first excited states

. The treatment of .m_ultidimension conf_iguration coordinateﬁpm and 8Py, in the case thaRy is fixed toRyeq (=11.375 a.U.
diagrams is a nontrivial work. We consider here the energyyhich gives the minimum energy of the ground stag §at SVP.
surfaces of an atomic bubble in the coordind®gsRyo, and  The quadrupole oscillation modes lift the degeneracy of Rigg
Ry, at the moment of optical excitation. In this case, thestates and split the energy surfaces, while the energy surface of the
configuration of surrounding helium atoms for the electronicp,,, state is not separated. The two branches of Rag energy
ground state is essential to determine the excitation lingurfaces do not have exactly a rotational symmetry aroundZthe
shape. The vibrational coordinatBg, Ry, andR,, distrib-  axis and have a minima at3.0 a.u. apart from the origin. The
uted in the vicinity of the minimum of energy surfaces of the probability distributionPy, of the vibronic ground state in the elec-
ground states,, are particularly important. tronic ground stateS,;, is also shown by a dashed line, the maxi-

To visualize the physical mechanism of line splitting dis- mum of which occurs at a distance 6f1.2 a.u. from the origin.
cussed in the next subsection, we schematically show in Figlhe arrows represent thi2; andD, transitions, respectively.
2 the energy surfaces of the?®,,, 62P;,, and &P,
states of a Cs atom in the coordinate®,{,R,,) for R,  tion between the lowest two vibronic states in the electronic
= 11.375 a.u. This value d®, was obtained by minimizing ground states,, is typically ~9.6 K at SVP, which is much
the energy of the ground staté%, in the SBM and DBM  larger than the thermal energy in our experiment-.6 K).
calculations. As seen in Fig. 2, the energy surface of thdhus we can consider that the optical excitation transition
P4, state in the Roo,Ry) coordinates is split into two occurs mostly from the vibronic ground stagf_ .
branches: upper and lower branches. On the contrary, such a We have not taken account of the rotational energy of the
splitting does not occur in the,;, states. The energy surface bubble in the above calculation. The rotational energy can be
of the S,,, states is regarded to be symmetrical for the rota-estimated roughly to be
tion around theE axis in Fig. 2. Two branches of the,,
states do not have such rotational symmetry. However, the 2
rotational symmetry holds roughly in the region &%, Erot™ |V|_| 3.
and R,, where the probability of the wave function of
the vibronic ground state is mostly distributed whereM, is a moment of inertia of the bubble, given ap-
(0= yR3+ R3,=~3.0 a.u. in this cage proximately by ~4mwRipoM /3. For the Cs bubble in the
We regard the energy surfaces as the effective potentialground stateS,,, at SVP R, = 13.785 a.u. ang, = 2.18
for the quantized quadrupole oscillation modes of the bubble< 1072 cm™3), we obtain the rotational frequenay,q,~10°
surface, similarly to the case of breathing modes in a spherisec *. Sincew,, is much smaller than the breathing oscilla-
cal bubble. The effective massg; for the quadrupole oscil-  tion frequency g~5x 10" sec'?) and the quadrupole os-
lation modes is given bR3poM /3.2° By fitting the energy cillation frequency (o~10'2 sec’l), the bubble rotation
surface of theS,,, state to a two-dimensional harmonic po- can be regarded to be adiabatic against bubble surface oscil-
tential, the wave functions of the vibronic states for the quad{ations and the effect of rotational energy on the optical tran-
rupole oscillation can be easily obtained. The energy separaition can be neglected. In addition, the change of the mo-
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ment of inertia due to bubble surface oscillations is expected
to be small, so that the rotation-vibration interaction is also
negligible.

B. Interpretation of the line shape
by the dynamic Jahn-Teller effect

Intensity (arb. units)

Using the energy diagram in three-dimensional configura-
tion coordinatesRy,R5g,R55), we obtained numerically the
excitation line shape under the approximations as follows.
We first fixed Ry to the value of the equilibrium bubble
radiusRy¢qin the ground stat&,,, and considered the energy
surfaces in two-dimensional configuration coordinates
(Ry0,R») (see Fig. 2 According to the Franck-Condon ap-  FIG. 3. Calculated shapes for the Ds-excitation spectra with
proximation, the excitation spectrum was obtained by prothe deformed bubble modéDBM) at SVP. The whole profiles
jecting the probability distributio®, concerning the vibra- (solid lineg are given by the superposition of broad and sharp com-
tional coordinates to the excited potential surfaces, agonents(dashed lines which correspond, respectively, to transi-
keeping constant the values Bf, andR,,. The probability tions to the upper and lower branches of the twofold energy sur-
Pp is calculated from the wave function of the vibronic faces of thePy, states.
ground  state, |x2ol<exp{(—MFwo(Rée+ R3)/2%)}.
Since two coordinateR,, andR,, should be treated equiva-
lently and the energy surfaces have approximately rotation
symmetry,Pp can be written as

Poo VRo+Ro XS

AT A N U, .
815 820 825 830 835 840 845 850
Wavelength (nm)

Until now, we have considered only the quadrupole
a{?ubble deformation, with the bubble radil, fixed to
Roeq- As mentioned already, the breathing modes are inde-
pendent of the quadrupole oscillation modes. Among the
quantized breathing modes, only the lowest vibronic state
X,?:o in the electronic ground stat®,,, is considered to be
populated in equilibriun® As shown in Fig. 1, a zero-point
where the factor/R2,+R2, comes from the fact thaP,  breathing oscillation distributes the bubble radRisaround
must be distributed in a two-dimensiondR4,R,,) plane. Rpeq, and it does not contribute to the line splitting, but
Although |Xl?:o|2 has a maximum at the origin, the maxi- solely to the broadening. This line broadening must not be
mum of Py, is displaced to a circle on theRgg,R,,) plane ignored to obtain the whole line shape. This is the second
with a radius given by/RZ+ Ra,= \A/2M%we, as shown point that we must take into account. To take account of the
by the dashed line in Fig. 2. The radius is actually distributedin® Proadening by the breathing oscillation, we calculated
in a range 1.0-1.3 a.u., depending on the helium pressurf!€ excitation line profile for a particular value B in the
The twofold spliting of theD, excitation line is basically Way mentioned above, and integrated it oy weighting
caused by the distribution of two possible resonant frequenthe probability to find the bubble radiusfg, i.e., the square
cies for the transitions from the ground state with= 0 to of the wave function for the lowest breathing oscillation
the energy surfaces of tHey, state, weighted by the prob- modes, | x;-o|”.
ability distribution P . It is clear that no splitting structure
appears in th®, excitation spectrum, as seen in Fig. 2. Thus C. Comparison with experimental results

we see that two quadrupole oscillation modes induced by 114 calculated shapes of the Ds-excitation line at SVP

zero-point fluctuations are found to be of great importance, 4 20 atm of helium pressure are shown in Figs. 3 and 4
for the separation of the energy surfaces offlag state and  egpactively. We can see that the calculated {swid line)
the resulting excitation line shape. In other words, it can bgg given by the superposition of broad and sharp components

said that the dynamic Jahn-Teller effect plays an importangy, i by dashed lines. The difference in the shapes of these
role in theD, excitation.

There are two other important points to note in the calcu-
lation of theD, excitation spectra. First, there is no prefer-
ential direction of the principat axis for the bubble surface
oscillations in the ground stat8,,,. Therefore, the angle
between the electric field vect& of the linearly polarized
excitation laser light and the bubble principalaxis is dis-
tributed over all directions with equal probability. We calcu-
lated the electric dipole moment for transitions from the
ground stateS,;, to the two states of the excitd@y, state

2 (3.2

— T T T T T T T T

P =20.0 atm

Intensity (arb. units)

with different energy surfaces in théR4y,R,,) configura- o

tion, averaging the angle between the directiofeaind the
Z axis. We obtained the transition probability to the lower

.
PR I |

~
PR Y |

P |
795 800 805 810 8

15 820 825 830 835

Wavelength (nm)

and upper branches of energy surfaces by projecting verti-
cally the probability distributiorP , weighting the averaged
square of electric dipole moment.

FIG. 4. Same as in Fig. 3, but for the case of 20 atm of helium
pressure.
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TABLE I. Theoretical and experimental values of center wavelengths, widths, ratios of relative intensi-
ties, and splitting intervals of two components of the [Tsexcitation spectrum at helium pressure of the
SVP and 20.0 atm. These theoretical values were obtained with the deformed bubble(b®lgl The
observed line profiles were found to be well expressed by the sum of two Gaussian functions, from which the

experimental values were obtained.

Component | Component I Splitting interval

Center FWHM Center FWHM Intesnity ratio

(nm) (nm) (nm) (nm) 1l (ecm™h
SVP
Experiment 833.6 6.3 825.2 17.4 1.50 122.1
Theory 837.2 5.1 831.9 7.2 1.64 76.1
20.0 atm
Experiment 819.2 9.4 808.8 16.4 1.49 157.0
Theory 824.6 5.7 817.5 10.4 1.62 105.3

two components comes from the different curvatures of thesplitting interval and broadening are about 65% of the ex-
two energy surfaces of thBy, states in the region dR,,  perimental values, respectively. The pressure dependence of
and R,, giving the maximum ofPy, as seen in Fig. 2. the calculated splitting interval is- 1.2 cm Y/atm, which is
Namely, the upper and lower energy surfaces in the vicinitysmaller than the observed values 1.6 cm /atm). To re-

of the maximum ofP are steep and flat, respectively. This move these quantitative discrepancies, more precise calcula-
gives basically the difference in the shape and position of théons may be required.

two components, one being broad and located at the longer-
wavelength side and the other being sharp at the shorter-
wavelength side. The theoretical values associated with the
two components of thB, line are shown in Table I, together ~ In the present model, the bubble shape parameRgrs
with experimental values. The calculated line shapes, showRz20, andR;; have been treated as independent variables. If
in Figs. 3 and 4, agree basically with those observed experthe bubble deformation occurs under the conservation of
mentally (see Fig. 5 in Ref. 10 Therefore, we can conclude bubble volume, i.e.pV=0, the surface energy and pressure
that the doubly peaked profile of ti2, excitation line can volume work are rewritten 4%’

be attributed to the quadrupole deformation of the bubble

D. Volume constant condition

shape and is explained as the dynamic Jahn-Teller effect. Equ=1{47R3+ 2R2(R3o+ R3,)/R3} o, (3.3
There exists, however, quantitatively, a discrepancy in the

osition, broadenings, and splitting of the two components of

positi ings splitting p S Epy= 3 mR3P. (3.4

the D, line between theory and experiment. The theoretical

When the deformation is smakg,; and Epy, given by the
¥ above equations are not so different from those given by Eqgs.
D1 | (2.9 and (2.10. However,Ry, R,g, andR,, are no longer
- i independent variabl&d. In a high-helium-pressure region,
{ the pressure volume work contributes largely to the total
energy. In such a case, the breathing modes which always
accompany the change of the bubble volume may be sup-
pressed and quadrupole oscillation modes are considered to
\ be dominant to determine the energy levels and modify the
S VAN line shape and broadening from those calculated in the
e present work. A detailed study of this effect may be impor-
tant to get quantitative agreement with experiment.

Intensity

1 il L L
745 750 755 760 765 770 775
Wavelength (nm)
FIG. 5. Observed RID, excitation spectra at SVP. Fitting the E. Case of a Rb atom

D, spectrum to the sum of two Gaussian curves after eliminating . e
partially the overlap of th®, line shown by dotted line. The solid Figure 5 shows the magnification of the observedizb-

squares show the experimental results. The best-fit two componen‘tag(c't?lt'on line, which ove_rlaps partially W'th the, line.
are shown by dashed lines and the solid line is a sum of the twé-00KINg at only the experimental resultsolid squares an
dashed lines. The center wavelength and broadeffiigHM) of ~ Obvious splitting of theD, line cannot be seen. However, as
the sharper component were found to be 764.9 nm and 6.8 nnointed out in our previous papétf we assume that the
respectively. The corresponding values of the other componerfRb-D, excitation line consists only of a single line, its line-
were 758.1 nm and 13.0 nm. The resulting splitting interval waswidth [half width at half maximum(HWHM), typically
117.3 cmt. ~440 cm ] is too broad compared with those of other ex-
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citation spectrgfull width at half maximum(FWHM), 120— IV. SUMMARY
170 cm™1]. Thus, it may be natural to consider that the Rb-

D2 f—:-xcnatmn line consists of .tWO components as the CS'and studied to clarify the physical mechanism for the struc-
D line does. In fact, the RD-, line can be expressed as the o profile of theD,, excitation spectra of Rb and Cs atoms
sum of two Gaussian functions, as shown by the dashed lingg e || which is beyond the description of the spherical the
in Fig. 5. The center wavelengths of the two componentg,ypple model. In particular, we have restricted ourselves to
were found to be 764.9 nm and 758.1 nm, the splitting interthe case of the oscillatory quadrupole deformation of the
val being therefore 117.3 cm. We calculated the case of a pubble surface induced by quantum zero-point fluctuations.
Rb atom and obtained the doubly shaped profile of@3e  The potential energy diagrams of a deformed bubble have
excitation line, which has a shape similar to the Cs atombeen obtained using three configuration coordinates: One co-
However, as described above, the obsegdine does not ordinate gives the bubble radiugreathing oscillation
have these well-resolved two components. We will discussnode$ and the other two give the bubble deformatigwo
here the possible reasons for this. According to our DBMquadrupole-oscillation-type modeis the principal axis co-
calculation, the RiB, excitation spectrum is, certainly, af- ordinate system of the deformed bubble. In the diagram, the
fected by the quadrupole deformation of the bubble surfacdower symmetry in the interaction potential splits the energy
Our calculation shows that, if only the quadrupole oscillationsurfaces ofP3, states into two branches. Franck-Condon
modes exists, the resultir@, line shape must have a well- transitions from the electronic ground state of the atomic
resolved splitting profile. However, there exists an effect ofoubble to these twofold energy surfaces lead to a splitting in

surrounding helium causing only the line broadening, result{n€ D2 €xcitation spectrum, which is known as the dynamic
Jahn-Teller effect.

ing in the splitting profile being obscure. The breathing os- i . . .
cillation can be considered to be one of the most probable After taking account of the additional line broadening by

causes of broadening in this case. We believe that the split?€ bréathing oscillation modes, the resulting line shape
ting of the RbD, excitation line due to the dynamic Jahn- ShOWs qualitative agreement with experimental results. Al-
Teller effect may be masked by the large line broadefing. though there st|!l exists a quantitative d|scre_pancy with ob-
In fact, the observed splitting interval of the Rby line was served spectra, it can be said that the essential features of the
smaller than that of the Cs atofhjn spite of having the !Ine shape have been reproduced and the physical mecha-
same line broadenings. Moreover, the small fine structur&iSm for the splitting has been explained in terms of the
splitting 5P states of Rb causes a partial overlap of Bhe dynamic Jahn-Teller effect. Thus, it can be concluded that an
and D, excitation lines, which may be an additional distur- 2niSOtropic configuration of the surrounding liquid helium
bance of the manifestation of spectral splitting. exists even for atoms in the ground st&g, and produces
There is an important point to be added. The line the structured shape of the, excitation line. It must be
splitting, i.e., energy splitting of thes,, state, may depend emphasized that the dynamic Jahn-Teller effect occurs not

on the strength of the spin-orbit coupling relative to that ofonly in solids but also in Il|qu|ds. A more guantitative treat-
the asymmetrical vibronic couplinglahn-Teller effedt As ment and model calculation are needed to understanq the
pointed out by Fulton and FitchéR,in the case that the blurred D, profile for the Rb atom and to reproduce the line
spin-orbit coupling is much stronger than the asymmetricaPaPe exactly.
vibronic coupling, a multiple splitting would occur in the

absorption spectrum, and in the opposite case, only a single

Gaussian band is predicted to appear. In fact, comparing the This work was partially supported by a Grant-in-Aid for
D, excitation lines of Ba ions;}’ Cs and Rb atoms, which Scientific ResearcliNo. 07102011, 0455401Gand SCAT.
have fine-structure intervals of the first excitBdstates as One of the author$T.K.) acknowledges support from the
1691.2 cm?, 554.04 cm?, and 237.59 cm?, respectively, Japan Society for the Promotion of Science for Japanese
we see that the line splitting becomes smaller and unclearéfoung Scientists. He also thanks Dr. Akihiro Fujisaki for
in this order. To confirm this inference, a more accurate andruitful discussions, and the Laboratory for Elementary Par-
guantitative calculation is required, particularly for the ticles and Nuclei at Kyoto University for permission to use
model of alkali-helium pair potentials. the computer facilities.

The deformed atomic bubble model has been proposed
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