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Different ions are used as microscopic probes for superfluid helium at temperatures ranging from 1.3 to0 2.2 K. The
ionic mobilities may provide new insight into the so far not well understood microscopic ion—roton scattering process.
An ion source, which allows implantation of a great variety of impurity ions into liquid helium, is presented. Low-field
velocities of Na*, Ag* and Au* ions are reported as a function of the electrical drift field and the temperature.
Moreover, a temporal series of images taken by an intensifying CCD camera is presented, showing a cloud of moving

Ba* ions.

1. Introduction

Mobility studies of electrons and He" ions in liquid
helium have proven to be an appropriate tool to inves-
tigate both the quantum liquid itself and the defect
structures of foreign ions. According to the two-fluid
model [1], He Il is capable of supporting two kinds of
motion at the same time: the nonviscous superfluid
flow and the normal-fluid flow. The total density p is
described as the sum of the densities of normal-fluid
p,, and superfluid p, components.

However, the two-fluid model and other theoretical
approaches are not able to explain the mobility of ions
in He II. There does not still exist any satisfactory
theory concerning the scattering of thermal excita-
tions, namely the rotons. For this reason it seems
promising to study the quantum liquid from a micro-
scopic point of view. Researchers have successfully
used atoms and ions as microscopic probes for He II:
mobility measurements (for references see below) as
well as optical experiments [2—4 | have deepened the
knowledge of both the quantum fluid itself and its
interaction with these implanted atoms and ions.

Inside the liquid the probe particles build so called
bubbles and snowballs depending on their charge,
polarizability, and valence electron - configura-
tion [5,6 ]. The electron and, most likely, the positive
alkali earth ions make up cavities in liquid helium
with a radius of 7to 18 K, whereas the positive helium.
ion and the alkali ions are assumed to form solid

structures with a radius of 7 to 10 A. The effective
mass of the electron bubble was found to be about
240my,, , and that of the He™* snowball 44mHe at
saturated vapor pressure {7 ].

The thermal excitations (phonons and rotons) be-
have like a gas of quasi-particles in the background
fluid. They constitute the normal fluid fraction and
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carry all the entropy of He 1. In the kinetic regime —
in the temperature range 0.8 K< T < 1.7 K — predo-
minantly rotons determine the thermodynamic pro-
perties of He IL. Their density n, can be calculated

from the energy-momentum dispersion relation for
rotons: e=A+ (p — p0)2/2,ur . The energy gap
A/ky=8.65K, the roton mass parameter u =

=0.16my, and py/A=19.1 nm~! were determined

from neutron scattering data [8 ].
In low electric fields E the drift velocity (v ;) of ions

in liquid helium is proportional to £ and thus the
mobility u(T) = (v,)/E is constant for a given tem-

perature. The low-field mobility in the kinetic regime
was found [9 ] to be proportional to the inverse roton

Do exp (=A/kg T). The condition for low

electric fields is-that the electric energy of the ion
gained between two collisions with rotons is well be-
low the thermal energy of the ions: Eed,  <<32k, T.

Here Aion denotes the mean free path of the ions.

In high electric fields, the ions can reach the Lan-
dau critical velocity v, . Particles moving at

density: u~

v, = 58 m/s have sufficient energy and momentum to

create elementary excitations (namely, the rotons). The
mean drift velocity is no longer proportional to the
electric field. The Landau critical velocity was carefully
studied by McClintock et al. [10] who found an evi-
dence for roton—pair creation to be the significant pro-
cess limiting (v,) tov, . However, roton emission can
only be observed in pressurized liquid helium where
the formation of the so-called charged ion-vortex
states is suppressed. In the case of low pressure the
limiting mechanism for (v ) is the creation of vortex

rings rather than roton emission: with increasing
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electric drift field in this region, (v ;) drops to very low

values [121].

Glaberson and Johnson [11]extended the mobility
measurements for the first time to foreign ions. They
examined the drift properties of the alkali ions K*,
Rb™*, Cs* and of the alkali earth ions Ca*, Sr™, Ba*
in low and high electric fields. In low electric drift
fields they found remarkably high mobilities of the

alkali earth ions compared to the He™ ion. The low-

field mobilities of Ca™, Sr, Ba* were found to in-
crease with increasing atomic number. Two isotopes,

“0Ca and 48Ca, are used to examine the mobility as a
function of mass and temperature.

From mobility measurements in high electric fields
— in this case the mobility is limited by vortex-bound
ionic states — ionic radii were estimated. Applying a
simplified approach of Reif and Meyer [9 ], the calcu-
lated mobilities are found to agree only qualitatively
with the experimental data.

Several detailed approaches were made to develop
an exact theory for the roton-limited mobility of ions
in superfluid helium [9,12—-14]. However, it is not
possible for all impurity ions to explain the tempera-
ture dependence of the mobility. The crucial points
are the lack of knowledge about the ion effective mass
m;,, and the not well understood ion-roton scattering

cross section o, . The assumption of hard spheres for

the rotons and ions and a momentum-independent
o,, are not too good descriptions for the real scattering

process.

To compare with more detailed theoretical ap-
proaches {131, additional mobility data are required.
It seemed reasonable to perform further mobility stu-
dies with fpreign ions in a more extended temperature
and pressure ranges. As to the alkali and alkali earth
ions, there are only assumpiions about the real struc-
ture of the positive ion complex. Here mobility meas-
urements may play an important role to characterize
the kind and size of these impurities in liguid helium.

In this paper we present a method which allows a
great variety of foreign ions to be implanted into He 11
and mobility studies to be performed in the tem-
perature range of 1.3 t0 2.2 K. The drift time of ions in
electric field is measured in two different ways: a) by
electrical signals of the ions and b) by optical signals
due to the light emission of recombining ions. First
results for Nat, Ag* and Au™ ions are reported here.
Moreover, a spatially resolved pattern of drifting

Ba™ ions is demonstrated.

2. Experimental set-up

This Section will serve as an introduction to the
experimental set-up and the method of mobility
measurements of ions in liquid helium.
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The experiments are carried out inside a “He bath
cryostat. Two Roots pumps serve to cool down the
liquid helium bath by reducing the vapor pressure.
The maximum pumping rate at 1 mbar is about

600 m3-h~! and can be controlled through several
valves. At saturated vapor pressure a temperature
range 1.3-4.2 K can be covered. The temperature is
measured through the vapor pressure of helium and
by a calibrated carbon resistor (Allan Bradley). The
accuracy during one-day run is better than 1 mK,

A cube-shaped chamber is submerged in the liquid
helium bath [3,15]. This chamber contains an ion
source in the gas phase, a set-up for the implantation
of ions into the liquid, a homogeneous electrical field
for drift time measurements and an electrical detec-
tion system for the ions. A magnetic needle valve at
the bottom of the cell ensures constant liquid helium
level right between the ion source and the time of
flight area. .

The ions are implanted into liquid helium using two
different methods. a) The probe material is evapor-
ated in a small oven and subsequently ionized in a
helium gas discharge [16]. This method is suitable
for a continuous flow of ions, especially for metals
with a low melting point. On the other hand, the ion
production is restricted to temperatures below 1.5 K
(equivalent to a vapor pressure of 10 mbar) because
otherwise the helium gas discharge becomes unstable.
b) The probe material is evaporated and ionized in
the focus of a pulsed laser beam [17] (Fig. 1). A great
variety of metals and even ionic crystals can be used
as probes because of the high temperatures achieved
in the laser focus. A nitrogen laser (1 to 3 mJ for 10 ns
pulses) is focused onto the probe through a quartz
lens having a focal length of 15 mm. The measure-
ments presented in this contribution were carried out
only with the laser sputtering method because of the

—He level
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Fig. 1. Experimental chamber with ion production by laser
sputtering and drift cell for mobility studies.
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easier handling and the greater range of temperatures
that can be covered (1.3102.2 K). ,

The positive ions produced above the helium sur-
face are drawn into the liquid by means of an electric
field. Three electrically charged grids directly below
the liquid level permit manipulation of the ion current
(Fig. 1). The upper grid controls the electric field for
ion implantation. The second and third grids serve as
a gate for the ions. By applying an appropriate voltage
to the second grid for a short period of time (1 to
10 ms), ions are allowed to drift towards the collector.
Three diaphragms are used to guarantee a homoge-
neous drift field. Additionally there is a grid mounted
directly above the collector. This so-called Frisch grid
serves as an electric shield to protect the collector
against induced image charges resulting from the ap-
proaching ion cloud.

Finally, the collector is connected to a sensitive
current amplifier, able to detect typical ion currents of
100 pA to 10 nA. Through an opto-electronic trans-
ducer the amplified collector current is read out and
registered as a function of time. Thus the drift time of
different ionic species can be determined.

The measurements were taken at low drift fields
where the mobility is constant. The applied voltage
was 50 to 300 V at a drift distance of 4.160 cm (Fig. 1).
Precisely manufactured copper spacers of 0.960 cm
between each diaphragm and a stabilized power supp-
ly for the drift voltage ensures a homogeneous and
reproducible electric field. Due to thermal effects the
copper spacers contract by 0.3 % [18] during the
cooling from room temperature to liquid helium tem-
perature.

The ions were detected not only electrically at the
collector as described above but optically as well using
a photomultiplier and an image intensifying CCD ca-
mera. For this purpose a field emission tip was used.
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Electrons emerging from this tip move in the opposite
direction relative to positive charged forcign ions.
They approach each other and recombine to excited
neutral atoms. During this process and the sub-
sequent relaxation to a new equilibrium state an ener-
gy of about 1.8 eV is dissipated into the liquid for each
recombining ion [3,19]). Usually the excited atoms
emit light during their de-excitation. These photons
were detected as a function of position, time and
wavelength to determine the time-dependent dis-
tribution and the density of atoms in liquid helium.

3. Experimental results

In this paper the low-field velocities of Na+, Agt
and Au” as a function of the drift field E and the
temperature are presented. Moreover, results of opti-
cal mobility measurements on Ba* jons through the
image intensifying CCD camera are shown. Further
mobility studies are in progress {20] for light-mass
alkali and alkali earth ions as well as transition metal
ions to provide more data for the roton-ion scattering
process.

In each time of flight spectrum of foreign ions drift-
ing through liquid helium a great number of various
peaks is detected. For Na™ ions two large and at least
three smaller peaks are observed (Fig. 2). By compar-

ing these data with the mobility of He" ions, the peak
3is assigned to Na% ions and peak 4 to He™ ions. The

process of ion production is such that He* ions are
very likely to be present, in addition to the probe ions.
The two very fast peaks 1 and 2 are assumed to be
caused by impurities on the surface of the Na sample.
The amplitudes of these peaks varied considerably
when the focus of the sputtering laser (Fig. 1) was
scanned over the surface of the Na sample. Peak §
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" Fig. 3. Time of flight measurements on Ag* and He* ions in He I at

T=1.39K and E=96V-cm~}. The signals are due to different.
. fast iots and molecular clusters. No complete assignment.was pos-
-sible.. (See text.) )

Fig. 2. Time of flight measurements on Na* and He* ions in liquid

helium at 7' = 1.42 K and E = 96 V-cm™~ . Peaks [ to 5 are due to.
different fast, positive charged ions or molecules produced during
the sputtering process. See text for assignment of the signals.
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Fig. 4. The drift velocity of Na* ions as a function of the electric

drift field at 1.42 K. The data for E = 96 V-cm™! correspond to the
peak centers of Fig. 2: the peaks 1 to § are represented by squares,
circles, triangles, upside-down triangles, and diamonds, respectively.

which was also detected in every run is not assigned
so far.

For Ag* ions also a great number of various fast
ions are recorded (Fig. 3). In optical emission spectra
the vibrational bands of Ag, and Ag; were found

[3,21]. The emission light caused by the monomers,
dimers, and trimers of Ag was recorded as a function
of time and showed qualitatively that the Ag ion is the

fastest particle, followed by (Ag, y* and (Ag3)+.

In Fig. 4 the drift velocity of Na™ ions is plotted
versus the electric drift field set with the grids, dia-
phragms, and collector (Fig. 1). The drift velocities at
different electric fields are calculated from time-of-
flight spectra (Fig. 2). The error bars are
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Fig. 5. The drift velocity of Au* and He* ions as a function of tem-
perature. Most likely the dots are due to Au* and the squares, due

to He* ions.

predominantly caused by the long opening time of the
gate grids, by the uncertainties in the temperature
measurement and, likely, by a field leakage into the
drift area due to the high voltage at the sample. The
statistic errors within a one-day run are estimated to
be about one order of magnitude less important than
the systematic errors.

In Fig. 5 the drift velocity of Au* and He™ ions is
plotted versus temperature. The data points show a
slight deviation from an exponential temperature de-
pendence for T > 1.6 K. This may be attributed to the
fact that for a high roton deunsity these elementary
excitations can be no longer considered as dilute gas.

In addition to the mobility measurements with
electrical detection of the ion current, an optical
camera system was used. An image intensifying CCD

stray light
from He
surface

ion cloud

Fig. 6. CCD image of Ba* ions moving through liquid helium (top left to bottom right). The time interval between the upper four images is
100 us, the interval between the lower images is 200 us. High photon density is represented as darkening. Each ion cloud includes 105 10 106

photons.
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device [22 ] served to visualize the motion of a cloud of
Ba™ ions in electric field (Fig. 6). During a short
period of time (500 us) a disc of Ba™ ions is implanted
into liquid helium to drift subsequently towards the
negative electron emission tip (electric potential of
-3kV) [3,15]. The Ba' ions recombine one after an-
other with electrons to form neutral atoms, producing
the recombination light which is' recorded by the ca-
mera. The measurement serves to monitor and to im-
prove the electric drift field for optical emission and
absorption studies [3,15] as well as to prepare optical
studies of the dynamics of quantized vortices [23 1.
The counting of photons through the CCD device al-
lowed us to estimate the number density of ions im-
planted by one single laser shot. Without any gated

grids this number is estimated to be 108 t0 10% ions
and in the series of images (Fig. 6), 10° t0 108, Thus,

about 10° photons emitted into a steric angle of 4ir are
sufficient for temporal and spatial resolved studies.

4. Summary and outlook

In this contribution the low-field velocities of Na*t
and Au? ions as a function of temperature and elect-
ric drift field are presented. A variety of unexpected
signals in the time-of-flight spectra are discovered
which could be assigned only partially to single
charged Na*, Au", and He* ions. Some of the peaks
can possibly be explained by molecular ions and im-
purities at the surface of the samples. In the case of
Ag” ions so far no assignment to the observed peaks
could be made. To clarify the situation, spectral stu-
dies on drifting ions are in preparation. Through laser
induced fluorescence and recombination spectra it
will be possible to distinguish between different
moving charged particles.

The mobility measurements of foreign ions for the
first time are extended to the A-point providing addi-
tional data beyond the kinetic regime. In the tempera-
ture range above 1.7 K the ion-roton interaction must
be considered in a special treatment. One crucial
point in a better understanding of the roton—ion scat-
tering process is the knowledge of the relevant effec-
tive masses. Here detailed studies of the defect struc-
tures as a function of temperature and pressure are
necessary.
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