VOLUME 71, NUMBER 7

PHYSICAL REVIEW LETTERS

16 AUGUST 1993

Implantation of Neutral Atoms into Liquid Helium by Laser Sputtering
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We have developed a new method for producing a high density of neutral atoms in liquid helium; laser
sputtering within liquid helium. When we irradiate samples immersed in liquid helium with a pulsed
laser, a large number of clusters are introduced into the liquid. When we further irradiate these clusters
with an additional pulse laser, the clusters are sputtered and decomposed, which results in the creation of
a high density of isolated atoms in the liquid. For alkaline earth atoms this method is demonstrated, and

the results of laser spectroscopy are given.

PACS numbers: 67.40.Yv, 79.20.Ds

Study of positive (He*) and negative (e ~) ions in
liquid and solid helium has revealed fundamental proper-
ties of this unique quantum liquid and solid [1]. Not only
the motions of these charged impurities under electric
fields but the structures have also given important infor-
mations on the surrounding helium [2]. Furthermore, the
study of interactions between charged impurities and vor-
tex lines and rings has been a quite important field of
superfluid helium [3].

It is quite natural to expect that the study of neutral
atoms in liquid and solid helium will also offer useful in-
formation for further understanding of these quantum
systems. With optical and laser-spectroscopic techniques
sensitive detection can be performed, and ultrafast dy-
namics can be investigated. Recently there has been an
increasing interest in the system of atomic impurities in
liquid helium [4] for atomic and elementary particle
physics. Until quite recently there had been no method
for creating various kinds of neutral atoms in liquid or
solid helium [5]. There has appeared, however, a recom-
bination method [6], with which alkaline earth atoms
have been successfully implanted and the laser spectros-
copy has been done [7].

In this paper we report on our newly developed method
for implanting a high density of atoms into liquid helium;
laser sputtering within liquid helium [8]. Many kinds of
atoms can be rather directly created within liquid helium
with this method. A detailed description of this method
is given. Compared with the recombination method, our
method is quite simple and has the unique feature of its
applicability to pressurized liquid or solid helium. Fur-
thermore, we have recently succeeded in detecting the
signals of alkali atoms (Rb and Cs) in liquid helium for
the first time with this method. In the present paper, for
alkaline earth atoms (Ba and Ca) our laser sputtering
method is demonstrated, and the laser-spectroscopic re-
sults are given, including those for newly found transi-
tions of Ba and Ca in liquid helium.

Figure 1 shows an experimental setup of our new
method for producing a high density of atoms in liquid
helium. The experiment was performed at about 1.6 K
and at the saturated vapor pressure. First we irradiated a
sample (usually bulk metal samples of Ba or Ca [9]) im-
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mersed in liquid helium with a pulsed laser [10]. The
laser beam was focused with a 5 cm lens onto the sample.
At this stage one could see that direct products of this
sputtering were mostly relatively large clusters or fine
particles. When we further irradiated these clusters with
a secondary pulsed laser beam, then it was the clusters
that were sputtered and decomposed, which resulted in
the creation of a high density of isolated atoms in the
liquid. We could determine the existence of isolated
atoms by exciting the atoms with a dye laser and detect-
ing the emitted photons [11]. The probe dye laser
traversed the same path as that for the secondary laser
beam. Without the secondary laser beam the signals for
atoms in liquid helium were absent. The photon counting
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FIG. 1. The laser sputtering method to produce neutral
atoms in liquid helium and the experimental setup for spectros-
copy are shown. The clusters were produced by a primary
sputtering laser, and a secondary sputtering laser decomposed
the clusters into isolated atoms in liquid helium. The atoms in
liquid helium were probed by a dye laser which passed through
the same path as that of the secondary sputtering laser. The
emitted photons were detected by a cooled photomultiplier tube
(PMT) after a monochromator (M). The time for the photon
counting was delayed by more than 5 usec from the time of
sputtering in order to avoid counting the scattered and recom-
bination light as well as the emission at the instant of the secon-
dary pulse.
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rate was normally as high as 10° counts per second with
several hundreds of milliwatts of dye laser power. In
some cases the emitted light could be observed with the
naked eye. From the counting rate the atomic density is
estimated to be about 108-10'° per cm? [12].

More simply one can successfully use a pulsed laser at
a high repetition rate (about 1 kHz). The clusters pro-
duced by one laser pulse can be sputtered when the next
pulse comes during the lifetime of the clusters in the
liquid. In this case each laser pulse is effective for
sputtering both the bulk sample and the clusters. In Fig.
2 we display the time-of-flight spectrum of the clusters in
liquid helium produced by the primary laser sputtering.
It shows that the clusters arrived at the observation re-
gion (separated by ~2 cm from the sample) about 1-2
msec after the primary sputtering. The clusters should
have a broad velocity distribution at the moment of the
primary sputtering, and convection or shock wave might
be responsible for the observed bunching of the clusters.
In the experiments the signals were nost efficiently ob-
served at about a 1 kHz repetition rate of the laser pulse
and much less at lower rates, which is consistent with the
result of Fig. 2. The signals shown in Figs. 3 and 4 were
observed mainly with this method.

One might wonder why the sample can be heated and
vaporized in superfluid helium which is so cold and has
very high thermal conductivity with no drastic change of
liquid temperature [13]. The region near the focal point
(about 5 mm?) consisted of helium vapor, as observed
visually. It can be inferred that this region served as a
thermal insulation from the superfluid bath [14]. Owing
to this thermal insulator, the energy introduced by the
pulsed laser did not dissipate completely into the bulk of
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FIG. 2. Time-of-flight spectrum of the Ba clusters produced
by laser sputtering in liquid helium. The intensities of the emis-
sion (near 553 nm) at the moment of the secondary laser
sputtering are plotted against the delay time between the pri-
mary sputtering and the secondary one. The observation region
is separated by about 2 cm from the sample. One can know
that the clusters came to the observation region about 1-2 msec
after the primary sputtering. The clusters should have a broad
velocity distribution at the moment of the primary sputtering,
and convection might be responsible for the observed bunching
of the clusters.
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superfluid helium, and was efficiently used for heating
and vaporization of the sample. It is noted, on the other
hand, that this sputtering method did not work in the nor-
mal state of liquid helium because the sputtering laser
beam was scattered by bubbles produced around the sam-
ple.

One could observe strong emission of light from the
path of the secondary laser beam at the moment of
sputtering. The wavelengths of the emitted light were
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FIG. 3. Excitation and emission spectra of the triplet transi-
tions of Ba. Energy level diagram of a free atom is shown in the
inset. The excitation spectra (a) were obtained for each of the
emission lines. The wavelength of the monochromator, which is
set to that of each emission line, is indicated in the upper part
of (a). The emission spectra (b) and (c) were obtained for the
excitation at (b) 584 nm and (c) 574 nm, respectively. The
resolution was about 0.2 nm. The arrows in (b) and (c) repre-
sent the positions of corresponding spectra of the Ba atoms in
vacuum.
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FIG. 4. Excitation (a) and emission (b) spectra of the triplet
transitions of Ca. Energy level diagram of a free atom is shown
in the inset. The excitation spectrum (a) was obtained for each
emission line and was found to be almost the same for each.
The data below 540 nm were not obtained because of the dye
laser used (only R110 and R6G were used). The emission spec-
trum (b) was obtained for the excitation at 547 nm. The reso-
lution was about 0.2 nm. The arrows in (b) represent the posi-
tions of corresponding spectra of the Ca atoms in vacuum.

near the free atomic transitions, and the spectra were
as broad as about 1 nm. The transitions of 6s6s'Sg
«—6s6p'P, and 5d6s 3DJ<—>5d6p3PJ' were observed for
Ba, and 4s4s'So—4s4p'P| and 4s4p 3P <>455s53S) for
Ca(J,J', and J"=1, 2, and 3, respectively). These are
considered to be spontaneous emissions from isolated
atoms in liquid helium initially created in the excited
states due to the secondary laser sputtering just like
recombination emissions in the recombination method
[6]. These signals can be a guide for searching for un-
known transitions of the atoms in liquid helium and can
also be a measure of the successful production of isolated
atoms in liquid helium.

We have also investigated a dependence of the emission
intensity on the probing duration time of the dye laser.
The result shows that the Ba atoms escaped in a few tens
of milliseconds out of the probe laser beam, the waist of
which was about 0.3 mm. The observation time was lim-
ited by this and will get longer if we use an unfocused
laser beam for probing.

Here we shall give the laser-spectroscopic results so far
obtained for the triplet states of Ba and Ca atoms and for

the singlet state of Ba atoms in liquid helium (see Fig. 1
for the experimental setup) [15]. We note that the ob-
served spectra did not change when we decreased the
power of the sputtering laser and delayed the time for
photon counting after sputtering (several milliwatts and
several milliseconds) in order to decrease the heating
effect. This leads us to believe that the observed spectra
originated from the atoms in superfluid helium. We also
note that the metastable Sd6p3D; state of Ba and
454p3P; state of Ca were initially created by laser
sputtering, which indicates the stability of these states
even in the liquid helium. Figure 3 shows the excitation
and emission spectra of Ba atoms associated with the
transition from 5d6s3D; to 5d6p3Py. The excitation
spectrum is defined for each emission line as the emission
intensity as a function of the laser wavelength for excita-
tion, so that it is equivalent to the absorption spectrum in
the present case. On the other hand, the emission spec-
trum is obtained for a particular excitation laser wave-
length by scanning the monochromator and plotting the
intensity of the emission light with the excitation wave-
length fixed. It is noted that the frequencies of the ab-
sorption and emission are different in general in liquid
helium because the absorption occurs under the helium
configuration stabilized for the atomic ground state,
whereas the emission occurs after the surrounding helium
relaxes to a new equilibrium configuration determined by
the excited state wave function. The obtained excitation
spectrum [Fig. 3(a)] was very broad (about 7 nm
FWHM), asymmetrical, and blueshifted (about 6.5 nm)
from the spectrum of the free atom. Figures 3(b) and
3(c) show the corresponding emission spectra for the ex-
citation at (b) 584 nm and (c) 574 nm, respectively.
Each emission line is symmetrical and is much narrower
(about 1 nm) than the excitation lines. It is slightly blue-
shifted by about 1 nm. We have thus obtained the exci-
tation and emission spectra for all the transitions between
5d6s3D; and 5dé6p 3p; states [16]. Some of them were
already reported by Bauer et al. [7] and our results are in
essential agreement with theirs.

We have for the first time observed the spectra for Ca
atoms in the triplet state in liquid helium. Figures 4(a)
and 4(b) show, respectively, the observed excitation and
emission spectra corresponding to the transition between
4s54p 3Py and 4s4s 3S| states. The excitation spectrum is
also very broad (about 7 nm FWHM) and blueshifted
(about 6.5 nm) for the spectrum of the free atom. Each
emission line is symmetrical and is much narrower (about
0.8 nm) than the excitation line as well.

The information on the optical spectra of atomic Ba
and Ca in superfluid helium is quite useful for under-
standing the structural and dynamical nature of the
atomic impurity. Since the observed spectra can be ex-
plained rather quantitatively using configuration coordi-
nate diagrams based on an atomic bubble model [7]
which was proposed as the structure of the impurity, we
can conclude that the model is also valid in these cases.
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Furthermore, we can obtain insight for the dynamics of
the interaction with surrounding helium. The existence
of the emission from all of the 5d6p 3P, states of Ba indi-
cates that the relaxation between the 5d6p 3Py states is
quite slow compared with the radiative decay [12].

The advantages of our sputtering method as compared
with the recombination method are as follows: (1) Many
kinds of atoms can be directly created within liquid heli-
um; (2) only a sample and a pulsed laser are required;
(3) it is applicable to pressurized liquid or solid helium;
(4) fluorescence signals at the moment of sputtering can
be a guide in searching for unknown transitions in liquid
helium; and (5) atoms under electric fields can be studied
because we need not use them for implanting the atoms.
The disadvantages are as follows: (1) The method does
not work in the normal state of liquid helium and (2) in
spite of the high density, the atoms were created only
along the secondary laser beam, so the observation region
for spectroscopy was relatively restricted.

Finally, in the process of laser sputtering in superfluid
helium we have found a peculiar material produced in the
liquid. It was a tangle of thin wires resembling a cobweb
or tree. It is surprising that thin wires grew in superfluid
helium as a result of laser sputtering. The wire typically
had a diameter of less than 1 mm and was electrically
conductive, so it might be made of the material of the
sample used (Ba or Ca). This phenomenon is not fully
understood so far. By careful observation it appeared
that the wires grew along the sputtering laser beam while
the clusters were laser trapped along the beam. A de-
tailed study of the formation is planned.
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