PHYSICAL REVIEW B

VOLUME 49, NUMBER 5

RAPID COMMUNICATIONS

1 FEBRUARY 1994-1

Optical spectroscopy of atoms trapped in solid helium
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We report a study of implantation and optical spectroscopy of foreign atoms in a solid-helium matrix.
With a sample of more than 10° Ba atoms in 1 cm?, a storage time in excess of 5 hours has been demon-
strated. Laser-induced fluorescence studies favor the assumption that the isotropy of the trapping site
for the implanted atoms is preserved during the liquid-to-solid phase transition.

The study of the optical properties of atomic defects in
superfluid helium (He II) is becoming a rapidly growing
branch of laser spectroscopy.'”® Implanted foreign
atoms may serve, on one hand, to study the interaction of
isolated atoms with a high density helium surrounding.
On the other hand, the superfluid helium matrix is a trap
for atoms with storage times of up to 10 seconds and den-
sities of typically 10’-10% atoms.* The isotropic and di-
amagnetic surrounding of the implanted atoms makes
such a sample attractive for the study of magnetic reso-
nances in paramagnetic atoms which are expected to ex-
hibit extremely narrow line widths. In a former publica-
tion we proposed to study optical pumping of paramag-
netic atoms in superfluid helium and discussed the possi-
bility to use such atoms to search for 7- and P- symmetry
forbidden permanent electric dipole moments.* Recently
Yabuzaki, Kinoshita, and Takahashi have succeeded in
optically pumping Rb and Cs atoms in He II and have ob-
served ground-state magnetic resonance in a double reso-
nance experiment.’ The short residence time of the
atoms in that experiment required the use of a large rf
power which considerably broadened the magnetic reso-
nance. The loss of atoms from the observation volume
due to diffusion is negligible; in practice however convec-
tion currents inside the sample cell originating from tem-
perature gradients limit the observation times. Although
we have observed trapping times of Ba atoms in He II of
more than 10 seconds,* much longer storage times might
be achievable with atoms embedded in solid helium.

The structure of a point defect formed in liquid He by a
foreign atom is similar to that formed by an electron;
both are isolated in “bubbles,” i.e., regions from which
He atoms are expelled by virtue of the Pauli force.®” Re-
cent spectroscopic studies®® of electrons implanted in
condensed helium showed that their optical properties
undergo no qualitative changes when implanted in liquid
or solid helium. This suggests that the isotropic bubble
structure is not changed by the liquid-solid phase transi-
tion. The question whether this also holds for atomic im-
purities has not been addressed so far. In this paper we
report the optical spectroscopic experiments on Ba atoms
trapped in a He crystal. In our experiments a He crystal
was grown by pressurizing over a capillary tube, a copper
pressure cell with a volume of approximately 20 cm? lo-
cated inside an optical double bath He cryostat described
earlier. The lower part of the cell is in contact with
superfluid helium cooled to 1.5 K by pumping He off the
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liquid surface. Four windows allow optical access to the
cell. Under our conditions the liquid-solid phase transi-
tion occurs at 27 bar. The crystal was grown as follows.
First we raised the pressure in the cell to 26 bar and wait-
ed until thermal equilibrium was reached. A subsequent
rapid increase of the pressure to 45 bar then triggered the
crystallization which takes several seconds. After crystal-
lization was complete the capillary pressure read 33 bar.
The crystal was perfectly transparent and no defects
could be seen upon visual inspection. The impurity atoms
were produced by laser ablation with focused fundamen-
tal or second harmonic of a pulsed Nd-YAG laser radia-
tion (typically 40 mJ pulse energy, 3 ns pulse duration, 0.1
mm spot size) from a solid Ba target fixed at the bottom
of the pressure cell. The heat deposited during the abla-
tion process locally melts the crystal, which reforms how-
ever almost instantaneously after the Nd-YAG laser is
turned off. After a few laser shots a conically shaped re-
gion of grey color can be seen above the Ba target. In-
spection with a long-distance microscope reveals macro-
scopic particles inside this region which corresponds to
the molten portion of the crystal where the particles were
distributed by connective flow. When a longer sequence
of laser shots is fired onto the target, the defect region
grows in the upward direction. The size of the impurity
domain used for the following experiments was approxi-
mately 1-2 cm®. We have chosen barium for the present
investigation because various studies of its implantation
and optical properties in superfluid helium have been re-
ported previously.>*7 The presence of atomic species in
this region was detected in a laser-induced fluorescence
(LIF) experiment on the 6s%'S,—6s6p 'P, resonance
line. This experiment is similar to the one performed ear-
lier in superfluid helium. The beam from a Rh110 ring
dye laser tuned by a computer controlled birefringent
filter traverses the impurity region in the pressure cell and
fluorescence light is collected at 90 degrees. It is analyzed
by a monochromator and a photon counting system. The
laser beam had a diameter of 3 mm and the power at the
entrance of the cryostat was 1 to 6 mW. The implanta-
tion procedure described above proved to be reproduci-
ble, although the detected LIF count rates could vary by
up to one order of magnitude in different experimental cy-
cles (crystal growth and implantation). The maximal ob-
served LIF count rate was as high as 600 kHz. With an
overall detection efficiency of our apparatus of 10™> and
an estimated absorption cross section of 10~!> cm? this
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corresponds to a nurnber density of implanted atoms of
3X10°cm™>.

A typical line shape of the emission spectrum with the
excitation wavelength set to 542 nm is shown in Fig. 1(c).
Solid lines are drawn to guide the eye. The central wave-
length of the Ba fluorescence line is blueshifted by 1.9(5)
nm with respect to the free atomic line (553.6 nm) and has
a width (FWHM) of 1.3 nm. For comparison we also
show in Figs. 1(a) and 1(b) emission spectra recorded in
He II at pressures of 1.2 and 25.6 bar. The exciting wave-
lengths were 548.1 and 546.0 nm, respectively. The asym-
metric background and the additional small peaks which
can be seen on the spectra obtained in liquid He are due
to scattered laser light and Raman scattering in the fused
silica windows. When the exciting wavelength is tuned,
these Raman lines show an equivalent detuning, while the
Ba fluorescence line remains unshifted and shows merely
a decreased amplitude. In the case of atoms trapped in
solid He, the count rate was two orders of magnitude
larger, and no contribution from the scattered light could
be seen.

Excitation spectra were recorded by scanning the dye
laser wavelength and recording fluorescence at the peak
of the emission line. Typical line shapes (normalized to
laser power) recorded in solid [2(c)] and liquid [2(a) and
2(b)] helium are shown in Fig. 2. The solid lines are again
drawn to guide the eye. The emission line is slightly
broadened when going from liquid to solid helium,
whereas the excitation line shows no significant change in
shape. This behavior may serve as a sensitive test in mod-
el calculations of the optical properties of atoms implant-
ed in condensed helium. To our knowledge there is at
present no quantitative theory describing these proper-
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FIG. 1. Emission spectra of Ba atoms implanted in superfluid
helium at a pressure of 1.2 bar (a), 25.6 bar (b) and trapped in a
solid helium matrix at 33.2 bar (c). The excitation wavelengths
were 548, 546, and 542 nm, respectively.
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ties. A preliminary investigation of the pressure shift of
the Ba excitation line in superfluid He yielded a shift pa-
rameter of —0.141+0.03 nm/bar with an extrapolated
barycenter at O bar of 545.5 nm. If we assume that this
linear pressure shift observed in the liquid phase can be
extrapolated into the solid phase, the measured line shift
in solid helium would correspond to a pressure of 30 bar
consistent with the applied pressure.

A systematic study of the dependence of the fluores-
cence signal on laser power was impeded by the onset (at
30 mW) of strong Schlieren formation around the laser
beam emerging from the cryostat, accompanied by a rap-
id decrease in the fluorescence count rate. Laser light ab-
sorption by macroscopic impurities led to a local melting
of the He crystal with a subsequent loss of Ba atoms by
cluster formation. Although the samples used in the de-
scribed experiments were stable on the time scale for
several hours, some decrease in the fluorescence counting
rate could be observed already at lower power (several
mW). We attribute the latter to the laser melting process.

We have shown that a large number of atomic defects
can be implanted into a solid helium matrix, where they
may be trapped for many hours. The excitation and emis-
sion spectra of Ba atoms in solid helium reported here in-
dicate that the liquid-solid phase transition, as for elec-
trons, does not cause a qualitative change in the optical
properties. This fact leads us to conclude that the isotro-
pic spherical surrounding (bubble structure) seen by Ba
atoms in He II is not noticeably changed in the solid ma-
trix, in contrast to heavier noble gas matrices where crys-
talline fields and the dynamic Jahn-Teller effect lead to a
strong broadening and splitting of the resonance lines of
implanted atoms. !%!!

Solid helium has proven to be an efficient trap for

———— 7 "7 T
a) Hell

.

Hell

-

fluorescence count rate

solid He

P US U SO T S SR IS S WA ST S W' it
535 540 545 550
excitation wavelength (nm)

FIG. 2. Excitation spectra of Ba atoms implanted in

superfluid helium at a pressure of 1.2 bar (a), 23 bar (b) and
trapped in a solid helium matrix (c).
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foreign atoms. Although the helium trap is too perturba-
tive to allow high resolution optical spectroscopy it offers
the potential capability for an optical detection of narrow
ground-state magnetic resonance signals in paramagnetic
atoms. As relaxation processes arising from spin-spin in-
teractions in such dilute samples are negligible, the long
interaction time of the sample with external fields is ex-
pected to yield low longitudinal and transverse relaxation
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rates. Experiments aimed at measuring the latter are un-
derway in our laboratory.
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sions. W. Simon and Ch. Linner gave competent techni-
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valuable advice in the construction of the pressure cell.
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