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We have measured the pressure broadening and shift of the excitation and emission lines of the
6s2'S,—656p ' P, transition of Ba atoms implanted in liquid and solid helium at 1.5 K. The observed
spectra are quantitatively explained within the adiabatic line-broadening theory by assuming a bubble
structure of the trapping sites for the Ba atoms. The evolution of the bubble shape and size in the optical

excitation-deexcitation cycle is modeled theoretically.

I. INTRODUCTION

During the past decade reliable techniques for implant-
ing atoms of practically any species in liquid He have
been developed, ! * and extensive experimental studies of
recombination and laser-induced fluorescence (LIF) spec-
tra of atoms in a liquid-He matrix have been undertak-
en.!”8 A theoretical model (the so-called bubble mod-
el®”) reproduces qualitatively the character of the ob-
served spectra, viz. a large blue shift, broadening, and
asymmetry of the excitation lines and a smaller shift and
broadening of the emission lines. This model, however,
usually overestimates the absolute value of the excitation
line shift. In the case of Ba, for example, the discrepancy
is almost a factor of 9.7 On the other hand, the same
model is quite successful in describing the observed spec-
tra of electrons trapped in liquid He at different pres-
sures®!© and in solid He.!! In Ref. 7 it was suggested
that the incorporation of “better” impurity atom-He pair
potentials into the model could improve the situation for
atoms.

In this paper we report on the measurement of the
pressure broadening and shift of the 6s?'S,—6s6p 'P,
transition excitation and emission lines of atomic Ba im-
planted in liquid He at 1.5 K. The results obtained for
pressures in the range 1-26 bar are compared with
theoretical values calculated within the framework of the
bubble model using adiabatic potentials for the Ba-He
system. !> In previously reported experiments'> we have
succeeded in implanting Ba atoms into a solid He matrix.
The observed Ba excitation and emission spectra in that
sample had similar line shapes as in liquid helium with a
slightly different linewidth and line shift. No significant
evidence for the effects of the crystalline structure could
be found in the observed spectra, which is in contrast to
the situation in heavier noble-gas matrices.

The present studies were undertaken to make a quanti-
tative test of the model calculations and to test if, similar
to electrons in condensed helium, the bubble structure of
an atomic point defect is preserved in the liquid-solid
phase transition.
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II. EXPERIMENT

Ba atoms were implanted into liquid He contained in a
copper cell with four windows for optical access. The
cell was placed inside of a double-bath optical cryostat
described elsewhere.* The lower part of the cell was im-
mersed in liquid He at a temperature of 1.5 K. The cell
had a volume of 20 cm?®, and was filled by condensing He
through a 2-m-long stainless-steel capillary. The top win-
dow was a lens which focused radiation from a Nd-YAG
laser onto the Ba target fixed at the bottom of the cell.
As in our previous work,* direct ablation from a metal
target with the fundamental of the pulsed Nd-YAG
pulsed laser (typically 40 mJ, 9 ns) was used as the im-
plantation method. The pressure inside the cell was mea-
sured on the room-temperature end of the capillary. A
beam from a computer controlled Rh-110 dye laser
traversed the cell horizontally and the laser-induced
fluorescence (LIF) from the resonant 6s6p 'P,—6s%'S
transition was collected at right angle with respect to the
laser beam. The spectrum of the emitted light was ana-
lyzed with a J-m monochromator and a photon counting

system. With an overall fluorescence detection efficiency
of 4X 1073 the typical LIF count rate was on the order of
several kHz.

Excitation spectra were taken by adjusting the mono-
chromator to the maximum of the emission line and by
scanning the laser wavelength in steps of 0.5 nm. A sin-
gle measurement at every spectral point consisted in the
implantation of Ba followed by LIF detection during 2
sec. The main source of noise was the poor shot-to-shot
reproducibility of the Ba implantation process due to
changes of the target surface condition. In order to
reduce this effect we averaged over 10 excitation spectra
at every pressure. Emission spectra were recorded in a
similar way by fixing the dye-laser wavelength to the
maximum of the excitation line and by scanning the
monochromator.

Figure 1 shows the measured pressure shift of the posi-
tion of the excitation line with respect to the free atomic
transition
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FIG. 1. Pressure shift of the excitation line of the 'S, —!P,
transition of atomic barium in a condensed helium matrix.
Black dots: experimental barycenters. Dashed line: fitted
linear pressure dependence. Solid lines are the results of model
calculations (see discussion in the text).
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(1)
where (A ) is the barycenter of the excitation line defined
by

Ae= ,
)"free

i

0; R=R,

PR Ro,a)= 1 1—[1+a(R —Rg)] expl —a

From here on atomic units are used, if not explicitly
specified otherwise. The density vanishes for R <R, and
asymptotically approaches the bulk density p, as R — .
The parameter a determines the width of the transition
region. For a2 1 the (90— 10)% interfacial width of the
cavity edge is about 1.8 A/a. The equilibrium shape of
the cavity reflects the symmetry of the electronic wave
function of the foreign atom, which means that a Ba
atom in the 'S, ground state forms a spherical cavity.
For the 'P, excited state of the Ba atom the trial function
for the liquid-He density is again taken in the form (1),
but the symmetry of the excited P state is taken into ac-
count by a quadrupolar angular dependence of the pa-
rameter R:

R{(8)=R, |1+B (1b)

3cos?d—1
2 ’

where ¢ is the azimuthal angle in the reference frame in
which the P-state electronic wave function has the form
W(r)=R(r)Y}(3,¢). In this case the equilibrium shape
of the cavity is determined by the set of three parameters
{Ry,a,B}, where the parameter B determines the devia-
tion from the spherical symmetry.
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where R; is the LIF count rate detected with the laser

wavelength A;. Within the experimental accuracy, the
transition frequency depends linearly (indicated by the
dashed line in Fig. 1) on the liquid-He pressure:

Ae[cm™1]=265(9)+4.3(7)p [bar] ;

with uncertainties given at the 90% confidence level. For
the emission line, no significant shift was detected at sa-
turated vapor pressure (SVP), but when increasing the
pressure the line was blue shifted at a rate of 1.54(6)
cm ™! per bar.

III. THEORETICAL MODEL

We start the discussion by recalling the main features
of the theoretical model, which goes back to the earlier
work of Hickman, Steets, and Lane'* and more recent
works.%” The impurity atoms in liquid He reside in
stable cavities with a diameter of 10 A or larger. These
cavities are formed due to a repulsion between the
valence electrons of the foreign atom and the He atoms.
Liquid He is described as a continuous medium whose
density around the point defect is described by a model
distribution function introduced in Ref. 15:

(R—Ry)]}); R2R," (1a)

The total energy of the point defect formed by an atom
in the state |n,S,L,J ) is given by

E ST L)=E,(3HL)+E, (STL))+E, , )

where Ej, is the electronic energy of the free atom, E;,, is
the energy of the interaction with the surrounding helium
atoms, and E, is the energy needed to form the cavity of
a given shape. Following Hiroike et al.'® the cavity con-

tribution is commonly written as

ier,fp +——

E.=47Rlo+ 3

3
8MHe f —P—d R, (a)

where the first two terms are classical expressions for sur-
face energy E; and pressure work E, for the cavity for-
mation, and the last term represents the kinetic energy of
helium atoms due to the density gradient at the edge of
the cavity. The cavity radius R, in Eq. (3a) is defined by
the center of gravity of the interfacial region where the
liquid-He density changes from zero to its bulk value:

Ry 2 @ 2
fo p(r)r dr=be [po—p(r)1ridr . (3b)
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In the case of a nonspherical cavity, the expressions for
the surface and the volume energy take the form!’

E,=47mRX(1+4p%0 ,
)
E,=4mR;(1+1B)p .

In order to find the electronic energy of a barium atom in
liquid helium one has to solve the Schrodinger equation
for the two atomic valence electrons with the Hamiltoni-
an H,(r,,1))+ VX (p;r,,r,). H,(r,,1,)is the Hamiltonian
of the free atom and

Vel (ps1y,1,)= fd3RP(R;R0’a)Vim(R’rl’rZ)

is the effective potential due to the He matrix. Here
Vit (R,1,1,) is the potential of the interaction with a sin-
gle He atom placed at position R with respect to the Ba
core. The foreign atom is assumed to be fixed at the cavi-
ty center R=0. This approach involves a large amount
of computation, which may not be justified considering
the crude assumptions on which the model is based.
Considerable simplification can be achieved, for example,
by assuming that for a cavity with an equilibrium radius
of approximately 6 A the interaction of the Ba atom with
a single He atom is not affected by the presence of other
He atoms. The initial many-body problem is thus re-
duced to a two-particle problem and the total interaction
energy is found as a sum over all pair interactions. The
energies of these pair interactions can be directly ob-
tained from existing theoretical adiabatic potential curves
of the Ba-He system. It has been shown®’ that within
this approach the expressions for the interaction energies
of the 'S, and !P, states are reduced to the following
simple form:

Ep('So)=47 [ R?dRp(R;Rq,a)V 1 5(R) ,

Ey('Py)=27 [ d0sind [ R.dRp(R;R,,a,B)

X [( cos®)*V 15(R)

+(sin®)*V R,

where V, 1 (R), V1 (R), and V n(R) are the adiabatic

potential energies of the Ba-He palr interaction shown in
Fig. 2.

Equations (1)-(5) allow one to find the total energy of
the point defect as a function of the cavity shape parame-
ters {Ry,a,B}, and the minimization of E,;, with respect
to these parameters gives the equilibrium shape of the
cavity {Ry,a,B}., (in the case of the 'S, ground state
B=0).

The shift of the frequency of the transition 'S, —'P,
with respect to the free atomic transition frequency is
then found by assuming that the cavity shape does not
change during the excitation (Franck-Condon principle):

#Lo(Rg,a)=E; ('P,)—E;,,(S,) . )
The above considerations hold also for the emission spec-
tra; the only difference is that the emission occurs in a
nonspherical cavity.

In order to calculate the spectral line profile, a line-
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FIG. 2. Adiabatic Ba-He pair potential energies (Ref. 12)
used in the present calculations.

broadening mechanism should be included in the model.
In Ref. 7 an approach based on the quantization of cavity
oscillations was developed. Only the lowest order
(breathing) mode was considered and the shape parame-
ters a and B were assumed to be unaffected by the cavity
oscillations. The total energy of the point defect played
the role of an effective potential for this oscillation, and
the effective mass of the oscﬂlator was found according to
Rayleigh!” as M ;=47R}p,. For a cavity radius of 5 A,
M =35My.. Quantization of the oscillator motion
defines the probability distribution function for the cavity
radius W(R), and the spectrum is found according to
Fermi’s golden rule as

|W(R)[?

Ho)x |
9/9RE,,('P))

) (7
R—R

where R, is the solution of the equation Aw(R ,,a)=w.
Another approach to the line-shape calculation is to
use the standard adiabatic line-broadening theory in the
static limit (quasistatic line broadening theory).'®*!° This
approach has been successfully used in Ref. 14 to de-
scribe the spectra of metastable excited He atoms in
liquid helium. The spectrum is then given by the Fourier
transform of the dipole autocorrelation function C(7):

Ha)= [ dre™C(r) . ®)

The original formula for the autocorrelation function de-
rived by Anderson'® now takes the form

9)

C(r)=exp '—-fd3Rp(R) 1— exp

-"éAV(R)T

where AV (R) is the perturbation of the transition energy
by a single He atom at position R with respect to the Ba
atom and p(R) is the He density distribution function (1).
Equation (9) only valid if one neglects the motion of heli-
um atoms during the correlation time 7. The latter
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can be estimated as the inverse of the corresponding tran-
sition line width. This gives in the case of absorption
Teore=2X 107 s and for emission 7,,,~8X10™ ™ s

The velocities of helium atoms at 1.5 K are on the order
of 2.7X10* cm/s,” so that helium atoms move over a
distance of only 0.15 A during the correlation time and
the condition for the applicability of the quasistatic line-

broadening theory is fulfilled.

IV. DISCUSSION

The observed large difference in the shift and broaden-
ing of the excitation and emission lines originates from
the difference in the size and shape of the cavities formed
by Ba atom in the ground and excited states. The shift of
the spectral line depends on the transition energy pertur-
bation AV (R) for distances R = R,, since the helium
density drops off rapidly inside the cavity, while its width
depends on how fast AV (R) changes in that region. As
will be shown below, the excitation takes place in a small-
er cavity and the excitation line is therefore more strong-
ly perturbed by the surrounding helium. For this reason
the excitation spectrum provides a more sensitive test of
the model calculations and in the following discussion we
will focus mainly on the latter.

A. Pressure shift of the excitation line

In the present analysis we use the numerical values of
the adlabatlc potential energy curves of the Ba-He pair
interaction'? shown in Fig. 2.

We have found that the method based on the quantiza-
tion of the cavity breathing-mode oscillation fails to
reproduce the experimentally observed excitation line
shapes. The calculated values of the linewidths were
smaller than the experimentally observed ones by a factor
of almost 2. Conversely, the predictions of the quasistat-
ic theory show a reasonable agreement with the experi-
mental observations. For this reason the quasistatic
theory was used to calculate the transition line shape and
its barycenter.

The calculated pressure dependence of the position of
the excitation line is shown in Fig. 1 as the solid line 1.
The slope of the pressure dependence is well reproduced,
however the offset of about 100 cm ™! deserves a special
discussion. The quoted accuracy of the adiabatic pair po-
tentials (10%) cannot account for this discrepancy. On
one hand, it could be attributed to the intrinsic limitation
of the method adopted for the calculation of the atomic
energy, i.e., the reduction of the initial many-body prob-
lem to the summation of the energies of all pair interac-
tions. On the other hand, it could also be due to the
description of liquid He around the point defect as a con-
tinuous medium with the density distribution function
given by the Eq. (1). For example, the minimization of
the total energy of the point defect at SVP gives R;=9.3
and a=1.28, for a Ba atom in the ground state. This
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suggests a (90— 10)% interfacial width of the cavity edge
of only 1.4 A. Since the average distance between He
atoms in liquid He is on the order of 3.5 A this result is
suspicious. Moreover, calculations show that the total en-
ergy of a ground state Ba atom in a spherical cavity has a
shallow minimum with respect to the value of the shape
parameter a. For example, for the saturated vapor pres-
sure at 1.5 K the minimization of the total ground-state
energy with respect to both shape parameters gives
EMn =85 cm™! for R;=9.3 and a=1.3, while fixing the
value of a to 0.65 and performing the energy minimiza-
tion with respect to the cavity radius R, only, results in
min =100 cm ™! for R,=8.84. Although the difference
of 15 cm ™! is larger than kT, it can hardly be considered
as significant if we keep in mind that we are using the
macroscopic concepts of surface tension and pressure
volume work for a cavity whose diameter is comparable
to the bulk interatomic separation. It is also not clear
which value of the surface-tension coefficient should be
used for a cavity of such a small radius. For this reason
we have reversed the procedure; instead of performing a
first-principles calculation of the helium density distribu-
tion and corresponding excitation spectra, we have
looked for the density distribution function which gives
the best description of the experimental results. The
shape parameter a and the surface-tension coefficient o
were considered to be pressure independent. At every
pressure point the equilibrium bubble radius was found
by minimizing the total energy with respect to the param-
eter R, only. The optimum values of @ and o were found
by fitting the experimental pressure dependence of the ex-
citation line barycenter by a y>-minimizing procedure.
The result is shown in Fig. 1 as the curve 2. The best
value of normalized )(2 of 1.2 is achieved for a=0.6, and
0=0.32 erg/cm®. The value of the surface-tension
coefficient is compatible with the value 0.34 erg/cm? ob-
tained in Ref. 9 from the analysis of the infrared spectra
of the electron bubbles in liquid helium. The optimum
value of a=0.6 may be interpreted as the value for which
the width of the transition region is approximately equal
to the interatomic separation 3.5 A. Additional experi-
ments with atoms of different species should be per-
formed in order to substantiate this interpretation.

Having found a good agreement for the pressure shift
of the barycenters the final test of the model calculations
is done by comparing the experimental excitation line
shapes with the theoretical ones calculated according to
Eqgs. (8) and (9), by using optimal cavity-shape parameters
for each pressure. The result is shown in Fig. 3. The
theory reproduces the experimentally measured widths
and shifts of the excitation spectra, although it fails to ex-
actly reproduce the observed asymmetry of the lines: the
red wing of the experimental data is steeper than predict-
ed by our calculation.

Figures 3(a)-3(c) show the Ba excitation spectra
recorded in liquid helium with pressure increasing from 1
to 20 bar, while Fig. 3(d) shows the spectrum recorded in
solid helium at 33 bar. There is no significant evidence
for a change of the trapping site for Ba atoms when going
from the liquid to the solid state of the helium matrix.
The line shifts and widths recorded in solid helium are
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FIG. 3. Experimental and theoretical excitation line profiles
of the 'S,— 'P, transition of Ba in liquid (a)-(c) and solid (d)
helium at different pressures.

still described by the bubble model developed for liquid
helium with the same values of the cavity shape parame-
ters, i.e., a=0.6 and 0=0.32 erg/cmz. However the
discrepancy in the red wing of the line seems to become
more pronounced for the solid helium matrix, which may
partially be due to the better signal-to-noise ratio of the
data points.

B. Pressure shift of the emission line

The emission spectrum of the Ba !S;—!P, transition
was calculated in the same way as the excitation spec-
trum, except for additionally allowing for a quadrupole
distortion of the equilibrium bubble shape, as indicated
by Eq. (1b). In order to be consistent with the results of
the analysis of the excitation spectra, we set a=0.6 and
0 =0.32 erg/cm®. At every pressure the value of R, was
varied to minimize the total energy of the Ba atom in the
excited 'P, state, and the value of the cavity distortion
parameter 8 was chosen to provide the best fit to the
measured pressure shift of the emission line,
(d /dp)Ae,,,=1.54(6) cm ™! per bar. The best agreement
with the experiment is achieved for B$=0.35 with
(d /dp)Agye,,=1.5 cm ™! per bar. The allowance for a
deviation from spherical symmetry is necessary for the
explanation of the observed pressure shift rate. If we as-
sume a spherical bubble by setting S=0, we obtain
(d /dp)Aey.,,=2.4 cm ™! per bar, which contradicts the
experimental result.

C. Cavity evolution in the absorption-emission cycle

The results of the previous sections allow us to recon-
struct the evolution of the cavity formed by the Ba atom
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in liquid helium in the absorption-emission cycle. The re-
sults are shown in Fig. 4. The absorption takes place in a
spherical cavity of radius R, =6.6 A [Fig. 4(a)] which is
not changed during the short time of the electronic exci-
tation [Fig. 4(b)]. The lifetime of the excited !P, state is
long enough for the bubble to settle to a new equilibrium
shape:’ R, =7.6 A and B=0.35. The emission thus takes
place 1n a cavity whose shape reflects the symmetry of the
excited state two-electron wave function [Figs. 4(c) and
4(d)]. For comparison we also show in Fig. 4 contour
plots of squared two-electron Hartree-Fock wave func-
tions of the free Ba atom.!?> The inner- and outermost
contours represent the points in the X-Y plane where the
electron density |W(x,y)|? is 107 and 5X 1075, respec-
tively. The remarkable feature is that the plotted bubble
shape was deduced from the analysis of the measured op-
tical spectra, while the wave functions were obtained
from independent first-principles calculations. The good
agreement between the shapes provides additional sup-
port for the present model calculations.

In the recent work of Beijersbergen, Hui, and Takami®
the change in the equilibrium bubble size due to electron-
ic excitation was determined from the measured excita-
tion and emission spectra of Ca, Sr, and Ba atoms im-
planted in liquid helium at SVP at 1.5 K. For the Ba
6s%'S,—6s6p P, transition the authors found a change
of the equilibrium bubble size by 2.3 A. This result was
obtained under the assumptions that the bubble has
spherical shape for both the ground and the excited
states, and that the equilibrium bubble radius in the

FIG. 4. Evolution of the bubble shape in the optical excita-
tion (a — b)-emission (¢ —d) cycle, steps (b—c) and (d —a) are
shape relaxations with the barium atom in the excited and
ground state, respectively. The bubble edge is defined according
to Eq. (3b) as the center of gravity of the interfacial region. The
solid lines are contour plots of the two-electron-density distribu-
tion.
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ground state is 6.5 A. The latter value is in agreement
with our result, while the first assumption contradicts the
results of the present model calculations. The equilibri-
um bubble shape for the excited state shows a strong de-
viation from spherical symmetry as indicated in Figs. 4(c)
and 4(d). The lengths of the major and minor axis of the
bubble are in the ratio of 1.53:1. For this reason, we be-
lieve that the use of a single bubble size parameter by the
authors of Ref. 8 is not appropriate for specifying the re-
laxed shape of the cavity formed by an excited Ba atom.

D. Bubble compressibility

Two effects contribute to the pressure shift of the spec-
tral lines of foreign atom in liquid He: the increase of the
helium number density (bulk compressibility) and the de-
crease of the equilibrium bubble radius (bubble compres-
sibility). In the case of Ba atoms the first effect dom-
inates, although the second is also présent and can be de-
duced from the measured spectra. The pressure shift rate
of the excitation line normalized to the liquid-helium
density at SVP is

%Ae norms —n—(';(:;)mdipAs= 1.7(6)cm ™ 'per bar

(uncertainty at 90% confidence level).

For a given pressure the interaction energy in a spheri-
cal cavity calculated according to Eq. (5) is found to be
well approximated by an empirical three parameter
( A,B,C) function of the form

+C

int

n(p), (10)

(R,)E

where n (p) is the bulk liquid-helium number density and
the bubble radius R, is defined according to Eq. (2a).
The pressure shift rate is then found as

d
dp Ae

~—B, [Aclp =0)—n(0)C,, -1 Ko
=B, [Aclp =0)=n(0)Cyp I -

norm
(11)

In Eq. (11) we have neglected the contribution to the line
shift from the perturbation of the ground state, which is
only about 5% of the corresponding contribution from
the excited state under the equilibrium conditions. From
Eq. (11) the bubble compressibility may be determined
from the experimentally measured pressure shift rate and
the known value of the liquid-helium bulk compressibili-

ty:
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[(d/dp)Ae])orm
1 Ae(p =0)—n(0)C1P1

k=—

39 __ 3
Rb ap B]

(12)
P

A fit of the calculated atomic energy curves gives for the
Ba 'P, state B;, =6.8(1) and n(0)C;, =—100(10)
1 1

cm ™! and hence a bubble compressibility « of 2(1)X 1073
bar~!. This value is much smaller than the compressibil-
ity of the bubble formed by a free electron in liquid heli-
um k,=5.2X1072 bar~.° There are two reasons for
this. First, the equilibrium bubble radius for the Ba atom
is smaller than for an electron (6.5 A instead of 17 A),
and the pressure volume work contribution to the total
energy of the point defect, which is responsible for the
compression of the bubble, plays only a minor role in this
case. Second, due to the presence of the core electrons
the wave function of the Ba valence electrons itself has
smaller compressibility compared to that of an electron
localized in a square-well bubble potential.

V. CONCLUSIONS

We have performed experimental studies of the pres-
sure shift of the excitation and emission lines of the
singlet 6s%1S,— 6s6p P, transition of Ba atoms implant-
ed in liquid and solid helium at 1.5 K. The observed
pressure shift and line broadening can be explained
within the bubble model using adiabatic Ba-He pair po-
tentials and standard adiabatic line broadening theory in
the static limit. The model calculations favor the as-
sumption that at the edge of the cavity the He density
changes smoothly from zero to its bulk value over a dis-
tance which is comparable to the He interatomic separa-
tion. The performed analysis of the excitation and emis-
sion spectra enable us to reconstruct the evolution of the
bubble in the optical excitation-emission cycle. No
signficant evidence for the change of the trapping site for
barium atom in the liquid-to-solid phase transition can be
deduced from the experimental spectra, although the
discrepancy between the theoretical and the experimental
shape for the excitation line becomes more pronounced in
solid helium.
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FIG. 4. Evolution of the bubble shape in the optical excita-
tion (a —b)-emission (¢ —d) cycle, steps (b —c) and (d —a) are
shape relaxations with the barium atom in the excited and
ground state, respectively. The bubble edge is defined according
to Eq. (3b) as the center of gravity of the interfacial region. The
solid lines are contour plots of the two-electron-density distribu-
tion.



