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“An experiment is a question which science poses to nature, and a measurement is
the recording of nature’s answer”

Max Planck
Scientific Autobiography and Other Papers, 1949
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1
Introduction

T
he study of atomic nuclei takes a prominent position in the quest to understand
quantum-mechanical many-body systems. Studying merely the naturally oc-

curring atomic nuclei imposes a severe limit since these constitute only 5 % of the
about 7000 combinations of protons and neutrons which are bound by the strong
interaction. Experimental facilities where radioactive nuclei are created and studied
are thus a necessity. The use and study of radioactive nuclei has had a great im-
pact on other fields of science (ranging from particle physics to materials science)
and has yielded an enormous amount of spin-off technologies and applications
[3, 81, 117, 119]. For a long time, high-energy beams of only stable isotopes were
readily available. In the past 25 years, radioactive ion beam (RIB) facilities allowed
for the first time the study of many exotic nuclei with proton or neutron combina-
tions very different than those of stable nuclei. This led to the discovery of many
new and unexpected phenomena, such as halo nuclei and the melting of nuclear
shells. The construction of next-generation RIB facilities is of the highest priority for
the nuclear physics community. Such a next generation facility will produce beams
with several orders of magnitude higher intensity, allowing new research with a
wide range of nuclear species much further away from the region of stable nu-
clei. In RIB facilities of the in-flight type such as FAIR (Facility for Antiproton and
Ion Research) at GSI, Germany [45], RIBF (Radioactive Ion Beam Factory), RIKEN,
Japan [90], NSCL (National Superconducting Cyclotron Laboratory), MSU, United
States of America [80] and GANIL (Grand Accélérateur National d’Ions Lourds),
France [48], radioactive ions are produced and selected at high energies (100 - 1000
MeV per nucleon), resulting in a radioactive ion beam of high energy and poor
beam quality (large emittance and large energy spread). Many precision studies of
exotic nuclei far from the valley of stability, such as high-resolution particle spec-
troscopy or studies in atom or ion traps, need low-energy beams (typically less than
a few tens of keV) of high quality (small emittance and energy spread smaller than
1 eV). The same requirements hold for the re-acceleration of the radioactive ions
to a precisely defined energy needed e.g. for nuclear reaction studies with radioac-
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2 Introduction

tive ions. This makes the transformation of a high-energy, low-quality beam into
a low-energy, high-quality one (a so-called “cold beam”) an essential part of next
generation RIB facilities. The essential requirements for such a transformation are
speed and efficiency because the most exotic nuclei have short half-lives (down to
milliseconds) and are produced in small quantities. The so-called “ion catcher”
method to perform this transformation is being investigated in several laboratories
for use in virtually all existing and planned RIB facilities. It is based on the IGISOL
method developed in the early 1980’s at the University of Jyväskylä, Finland by
J. Ärje, J. Äystö and collaborators (see [9, 34] for reviews on this topic): the high-
energy ions are stopped in a chamber filled with helium gas and extracted through
an exit-hole. The size of the chambers required by the high energy of the RIB (up to
2 m long with a pressure of up to 2 bar) makes the use of the gas flow to extract the
ions from the chamber too slow; guidance by DC electric fields or a combination of
DC and RF fields is therefore an essential, but non-trivial task.

The main aim of this research programme is to check the feasibility of cryogenic
noble gases and superfluid liquid helium as stopping medium. This thesis will dis-
cuss these two approaches separately. Physical processes behind both approaches
are discussed in the next two chapters and the experimental techniques, results and
discussion are presented in the following chapters.

The fundamental limit of efficiencies of a noble gas ion catcher has been an open
question for years. Near and at thermal energies, ions cannot neutralize in collisions
with noble gas atoms due to the high ionization potential of the latter. So in case of
near zero impurity level, most of the neutralization of ions will happen during the
slowing down process. This means that the relative importance of neutralization
and ionization cross sections of the ion in the noble gas during slowing down will
determine the efficiency limit of a noble gas ion catcher. The relevant physics has
been explained since the early days of quantum theory of atomic collisions in the
book “The theory of atomic collisions” by N. F. Mott and H. S. W. Massey [76]. How-
ever, accurate charge exchange cross sections could not be calculated accurately
because of the mathematical complexity involved. The pioneering work by Hughes
et al. on electron capture for singly charged particles like protons and muons [58]
had been ignored in the nuclear physics community for some three decades and led
to a series of misunderstandings. Some recent measurements of the average charge
state of low-energy xenon ions in helium are reported by Willmann et al. [130]: the
average charge state of xenon ions decreases down to about 0.25 at the lowest mea-
sured energy of 10 keV in full agreement with the expectations of the early models
in the relevant range of energies.

What happens to thermalized ions is determined by the presence of impurities
and the ionization of the noble gas by the energetic ions and possibly by an accel-
erator beam or radioactive decay radiation or both [6]. Impurities take part in the
neutralization process via three-body recombination involving a free electron and
form molecules or adducts with the ions, see e.g. Reference [65]. It is important
to note that the ionizing radiation also plays a role in re-ionizing those ions which
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have been neutralized. So one of the main factors that could improve the efficiency
of the gas cells is a low impurity level. Over the past 25 years, a lot of technical
development has focused on removing impurities from and preventing ionization
of the noble gas. Sub-ppb impurity levels have been achieved in noble gas catch-
ers that are built according to ultra-high vacuum standards, that are bakeable and
filled with ultra-pure noble gases, see e.g. References [65, 93]. Constructing large
ultra-pure gas catchers, although possible, is far from trivial [93]. There is, however,
an alternative approach to reach ultra-pure conditions: freezing out the impurities.
An added benefit of cryogenic gas catchers comes from the fact that for a constant
gas density, the mass flow out of a gas cell is proportional to the square-root of
the gas temperature. This means that a cryogenic noble gas cell allows easier dif-
ferential pumping for the same gas density, or, reversing this argument, allows a
higher density for a constant gas load on the extraction system. The latter means
that higher energy ions can be stopped or that, for the same ion energy, the gas cell
can be made shorter.

Chapter 4 is dedicated to describe the setup, the methods and the principles
used for the experimental study and the data analysis.

Chapter 2 gives an overview of the physics involved in the processes and a liter-
ature survey on the available experimental data within the context of cryogenic no-
ble gases. Off-line experiments using recoil ions from a radioactive 223Ra source are
performed to study the feasibility of using a cryogenic noble gas stopping medium
for high-energy ion beams. Based on the off-line result, an on-line experimen-
tal study on the extraction of thermalized 219Rn recoils from an ionized stopping
medium was conducted. Results from both on-line and off-line experiments and a
discussion of the observed properties are reported in chapter 5.

The much larger density (factor 800) of liquid helium relative to room temper-
ature helium gas at 1 bar allows the use of a very small stopping chamber. This
makes the extraction of the ions very fast, thereby also increasing the efficiency
of ion extraction because of a reduction in neutralization and radioactive decay
which is important for short-lived nuclei. Also, the guiding by electric fields can
be very simple. The fact that nuclear polarization is preserved in superfluid helium
[100, 111, 112, 106, 109, 110] could allow the extraction of polarized beams. At the
envisaged temperatures, the low vapour pressure above the superfluid helium sur-
face removes the need for pumping large volumes of helium gas. This new method,
if proven successful, could be implemented in many existing and planned laborato-
ries around the world. Experimental work to produce a cold radioactive ion beam
using superfluid helium was started at the Department of Physics of the University
of Jyväskylä about 7 years ago. 219Rn ions created in the alpha decay of 223Ra and
recoiling out of the source were stopped in superfluid helium and extracted into
the vapour phase as positive ions by means of electric fields. This was the first
ever observation of the extraction of positive ions from the surface of liquid helium
[56, 57, 108].

Different processes, most importantly the dependence of the survival of snow-
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balls on applied electric fields and the dependence of their extraction across the
superfluid-vapor interface on temperature are studied in the framework of this
project. Chapter 3 give an essence of the physics tools necessary to understand the
physical processes involved. The experiments described in chapter 6 aim towards
a better understanding of the ion extraction at the superfluid-vapor interface. Fur-
ther, as a new idea, the possibility to enhance the ion extraction efficiency by second
sound assisted superfluid surface evaporation is also investigated.

Finally chapter 7 gives concluding remarks and discusses some future research
directions.



2
Physics processes in
cryogenic noble gas
ion catchers

T
his chapter presents a brief review of the properties of electrons and positive
ions in cryogenic helium gas. The mobility of electrons and positive ions and

charge recombination processes play a critical role in the efficiency of a cryogenic
helium ion catcher.

2.1 Electrons in low temperature helium gas

In the slowing down and thermalization of energetic heavy ion beams in cryogenic
noble gas ion catchers, helium ion-electron pairs are created, resulting in partial
ionization of the buffer gas. The electrons can be considered as an electron swarm.
Such a swarm consists of a small number density n of electrons in a gas (in our case
helium atoms) of much higher number density N. The most important physical pa-
rameters of an electron swarm within the parameter range of cryogenic noble gas
ion catchers are the electron drift velocity vd, the momentum transfer cross-section
σm, the diffusion coefficient D and the recombination coefficient α. All these param-
eters are determined by the ratio E/N of the system where E is the applied electric
field strength. E/N is often expressed in units of “Townsend” whose magnitude is
defined as 1 Td = 10−17 V cm2. It has been traditional to refer to the ratio of the ionic
drift velocity vd to the electric field strength E as the mobility µ, which is related
to the diffusion coefficient through the Einstein relation (also known as Einstein-
Smoluchowski relation) D = µkBTg/e. Here kB is the Boltzmann constant, Tg is the
gas temperature and e is the electron charge. This section will summarize the avail-
able data of the relevant parameters within the E/N range relevant for cryogenic
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µ
0

Figure 2.1: Density-normalized zero field electron mobilities µ0N in helium as a function of temper-
ature [88].

noble gas ion catchers (10−3 Td 6 E/N 6 1 Td, for E = 1 V cm−1 to 1000 V cm−1

while N = 1020 cm−3 to 1018 cm−3).
At lower densities electrons are quasifree. Their wave function is de-localised

and the system can be treated with classical kinetic theory. This treatment assumes
the conduction of electrons in an array of randomly placed scattering centers. This
classical approach is valid at low densities and at high temperatures. The basic
assumption of the kinetic theory is that the density of scatterers is so low that only
binary collisions take place. This is valid only if the electron mean free path lc =
(Nσm)−1, the electron de Broglie wavelength λT = h/(2πmkBTg)1/2, the atomic
size a and the average inter-atomic distance N−1/3 satisfy both the inequalities lc �
N−1/3 > a and lc � λT . In the limit of vanishingly small electric field (E → 0)
the kinetic theory predicts that the density-normalized zero-field mobility, µ0N, of
electrons is independent of the gas density N [96]

µ0N =
4
3

e
(2πmkBTg)1/2

1
σm0

, (2.1)

where m is the mass, σm0 the zero energy limit of the momentum transfer cross-
section and µ0 the zero field mobility of the electron. Figure 2.1 shows the zero-field
electron mobility at different temperatures for different helium gas densities.

A large deviation from classical behavior is observed at high densities and at
low temperatures. For λT/lc ∼ 1 the electron wave interacts with several scattering
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µ
0 

Figure 2.2: Density-normalized zero-field mobility of electrons (µ0N) vs. gas number density (N)
of helium for various gas temperature values. Solid lines are summarized from many experimental
results [53]. The relevant range for cryogenic noble gas ion catchers is indicated.

centers simultaneously and usual complications associated with a random quantum
mechanical system arise. For gas densities N & 1020 cm−3, density-dependent
effects for a given ratio E/N start to play a role. The deviation of density-normalised
zero-field electron mobilities from the kinetic theory predictions with the increase in
density and decrease in temperature are shown in Figure 2.2. For cryogenic gas ion
catchers, the range of possible E/N and N values are well below the non-classical
regime and the discussions in the following section will hence be restricted to the
classical regime [11].

The most commonly available data on electron swarms is the electron drift veloc-
ity vd. Figure 2.3 represents a compilation of drift velocity and density-normalized
mobility data. At lower gas densities, the electron drift velocity is a function of the
gas temperature Tg, and of the ratio E/N, but not of N independently. At very
low E/N the electrons are in thermal equilibrium with the gas: the distribution of
electron velocities is Maxwellian with a temperature equal to the gas temperature.
Also, vd depends linearly on the ratio E/N and can be described by the kinetic
theory. At intermediate E/N the electron energy distribution is defined by elastic
collisions and the mean electronic energy significantly exceeds the gas temperature.
In this region the velocity distribution function changes from a Maxwellian to a
Druyvesteynian distribution an vd is proportional to (E/N)1/2 because the scatter-
ing rate increases with the electron kinetic energy (see Figure 2.3).
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Figure 2.3: Drift velocity vd and density-normalized mobility µN of electrons in helium as a function of the ratio E/N [28, 82, 88].
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Figure 2.4: Maximum value of the ratio E/N which can define the values of µ0 in inert gases
as a function of temperature. For E/N < (E/N)max the electron energy distribution function is
Maxwellian [53].

This transition occurs where the drift velocity is comparable to the thermal velocity
of the ions.

For E/N > 5 Td, the electron energy distribution is modified by inelastic col-
lisions and excitation of the helium gas limits the mean energy of the electrons
[8].

The density-normalized mobility µN is a parameter often used to describe an
electron swarm. Within the cryogenic noble gas ion catcher parameter range, µN
is a function of E/N and Tg. At small values of E/N, µN is independent of E/N.
From this characteristic, the value of zero-field mobility µ0N can be defined, which
is only a function of Tg (see Figure. 2.1). Figure 2.4 shows the maximum value
of E/N ((E/N)max) for which µN is sill equal to µ0N0, where µ0 is the zero-field
mobility of electrons and N0 is the Loschmidt number. The Loschmidt number is
the molecular number density of an ideal gas at standard temperature 237.15 K
and pressure 1 bar: N0 = 2.687× 1019 cm−3 [53]. In the Druyvesteynian regime,
between 0.01 Td 6 E/N 6 5 Td, µN drops to a value of 2.5× 1022 cm−1 V−1 s−1

and remains constant in the inelastic region 5 Td 6 E/N 6 300 Td due to the near
constancy of the electron energy and the slowly varying electron collision frequency
ν = Nσm(2〈ε〉/m)1/2, where m is the electron mass, 〈ε〉 is the characteristic energy
of the electron swarm in this region (see Figure 2.5) and σm is the momentum
transfer cross-section (see Figure 2.6).
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 !"#

µ

Figure 2.5: Electron temperature Te and characteristic energy 〈ε〉 for electrons in helium as a function
of the ratio E/N for gas temperatures Tg = 300 K, 77 K, and 4.2 K as determined from measurements
of Dt/µ [8, 36].

!

 "#$

Figure 2.6: Momentum transfer cross section σm of electrons in helium as a function of the electron
energy 〈ε〉 [28, 29, 75, 83].
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As an electron swarm drifts with a velocity vd under the influence of an electric
field E, it also diffuses due to the thermal motion of the electrons. At very low
electric field strength diffusion is isotropic; at high electric field strength it acts
as a tensor with components Dl and Dt along and transverse to the direction of
the electric field. Dt/µ is a widely measured parameter of electron swarms, as it
is approximately equal to the average electron energy 〈ε〉 in the elastic collision
region (E/N . 5 × 10−2 Td). 〈ε〉 is of great significance in cryogenic noble gas
ion catcher efficiency calculations as it directly gives the electron temperature Te =
2〈ε〉/3kB, which is an important parameter describing electron-ion recombination.
Te is sensitive to a variation of the momentum transfer cross-section σm. At low
E/N electrons are in thermal equilibrium with the gas, and thus Te = Tg. As E/N
increases, the average value of Te rises well above this value. In the simple case
where only a constant elastic cross-section is involved, Te increases linearly with
E/N for values above Tg. If, however, the elastic collision cross-section increases or
decreases with electron energy, Te varies with E/N correspondingly, less or more
rapidly than linearly. The momentum transfer cross-section of electrons in helium
gas is almost constant up to electron energies of about 2 eV; for energies higher
than 4 eV it decreases rapidly as the electron enters the inelastic collision regime
(see Figure 2.6). In a similar fashion, the onset of inelastic collisions (E/N & 5 Td)
is evident in the Te curve as a sudden decrease in its slope (see Figure 2.5) [4, 83].

2.2 Positive ions in low temperature helium gas

The ion mobility µ is defined as the ratio of the drift velocity vd and the electric
field E such that vd = µE. At low electric fields the diffusion coefficient and the
mobility hold the “Einstein relation” D = µkBTg/q, where q is the ion charge, D
is the scalar diffusion coefficient and Tg is the gas temperature. This relation is
valid only when the ions are close to thermal equilibrium with the neutral helium
atoms. This means that the random thermal velocity is larger than the drift velocity
vd. If the electric field strength is large enough such that the average ion energy
is larger than the thermal energy, the mobility µ is no longer constant but rather a
function of the ratio of the electric field and the gas number density E/N. In this
situation the energy distribution of the ions is non-Maxwellian and the diffusion
coefficient is a tensor rather than a scalar. Viehland and Mason [120, 121] provided
the first rigorous kinetic theory of ion mobility in neutral gases in which the ions
are allowed to have a temperature different from that of the neutral-gas. This is
referred as the two-temperature theory and is known to adequately describe ion
mobility. The mobility µ of an ion according to the two-temperature theory is

µ =
vd
E

=
3
8

q
N

(
π

2m′kBTe f f

)1/2
1 + α

Ω(1,1)(Te f f )
, (2.2)
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m′ = mM/(m + M) (2.3)

were q is the ion charge, vd is the ion drift velocity, N is the gas density, m′ is the
reduced mass, m and M are the ion and neutral gas atomic masses and Ω(1,1)(Te f f )
is an energy-averaged momentum-transfer cross section. Te f f is the effective ion
temperature and represents the total energy of the ions

3
2

kBTe f f =
3
2

kBTg +
1
2

Mv2
d(1 + β) , (2.4)

where 3
2 kBT and 1

2 Mv2
d represent the thermal and the field part of the ion energy.

The parameters α and β are higher order correction terms which depend in a com-
plicated way on Tg, E/N, m, M and the ion-atom interaction potential. Numeri-
cal calculations have shown that in most practical cases α and β are substantially
smaller than 0.01. The results obtained by setting them equal to zero are suffi-
ciently accurate for most practical cases. The energy-averaged momentum transfer
collision integral Ω(1,1)(Te f f ) is given by

Ω(1,1)(Te f f ) =
1

2(kbTe f f )3

∫ ∞

0
ε2σ1exp

(
−ε

kbTe f f

)
dε , (2.5)

where σ1 is the momentum-transfer (diffusion) cross section

σ1 = 2π
∫ π

0
(1− cosθ)σ(ε, θ)sinθdθ (2.6)

and ε and θ are the kinetic energy and scattering angle, respectively, for an ion-
neutral collision in the center-of-mass system, and σ(ε, θ) is the differential cross
section for elastic scattering, a quantity which can be calculated from the ion-neutral
interaction potential. For a fixed value of Tg and the ratio E/N, the mobility µ varies
inversely with N. It is conventional to normalize the mobility to the Loschmidt
number N0 and refer to it as the reduced mobility µred

µred =
vd

(E/N)N0
= µ

(
N
N0

)
. (2.7)

An extensive survey of experimental data on µred, Te f f and Ω(1,1)(Te f f ) for positive
ions in helium gas over a wide range of E/N and Tg can be found in the references
[39, 40, 41, 122]. The central concern of this project is the helium ion mobility in
helium gas, as it plays a key role in the recombination coefficient. The ratio E/N
for a cryogenic noble gas ion catcher is less than 10 Td where the positive ions are
mostly in thermal equilibrium with the neutral helium atoms. A weakly ionized
helium gas contains He+ ions and ionized helium clusters He+

n , where n = 2,3,4
etc. The proportions of different species depend on Tg and E/N. He+, He+

2 and
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He+
3 are the dominant ionic species within the parameter range of cryogenic noble

gas ion catchers and their reduced mobilities µred vary between 10 cm2 V−1 s−1 and
20 cm2 V−1 s−1. A detailed description of the formation of helium ionic species can
be found in Section 2.5 and References [35, 54, 86].

2.3 Charge recombination

Stopping and thermalization of high-energy ion beams in a noble gas ion catcher
causes ionization of the gas. The recombination of electrons and positive ions in
the presence of neutral atoms is an important mechanism which determines the
efficiency of a noble gas ion catcher. In the noble gas ion catcher we are dealing
with a weakly ionized gas rather than a fully stripped plasma. The evolution of the
electron-ion density in the gas cell is of importance as it influences the neutraliza-
tion of the ions of interest, the extent of the penetration of the applied electric field
in the ionization region, which is necessary for the extraction of the ions of interest
and possible space-charge effects. The electron-ion density in a gas cell is deter-
mined by the balance between charge creation by the incoming beam and charge
recombination. Most of the ions present in the gas cell are helium ions and the
recombination process is dominated by the helium recombination coefficient. For
thermalized ions three-body recombination causes neutralization. A detailed dis-
cussion of the recombination process in room temperature noble gas can be found in
articles by Huyse et al. and Facina et al. [43, 44, 60]. This section is dedicated to the
discussion of ion-electron recombination processes within the context of cryogenic
noble gas ion catchers.

2.4 Recombination loss factor

The recombination loss factor f is a useful parameter to represent the figure of
merit of a noble gas ion catcher. The recombination loss factor is the fraction of
ions recombining in the ionization region. The efficiency for ion extraction from the
ionization region is thus (1− f ). The recombination loss factor f in a parallel plate
ionization chamber can be estimated as [27, 60, 98]

f =
Qαd2

6µ+µ−E2 , (2.8)

where Q is the ionization rate density (helium ion-electron pairs cm−3 s−1), d is the
distance between the plates, α is the ion-electron recombination coefficient, µ+ is the
positive ion mobility, µ− is the electron mobility and E is the electric field present
in the ionization region. It is important to note that Equation 2.8 holds true only as
long as f is small [98]. Within the noble gas ion catcher context, d is the lenght of
the ionization region along the direction of applied electric field. The ion-electron
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recombination coefficient α will be discussed in forthcoming sections. Electron and
positive ion mobilities in cryogenic helium gas are discussed in previous sections.
As the mobility of electrons is 3 - 4 orders of magnitude higher than that of positive
ions, a positive ion cloud essentially exists in the ionisation region. The applied
electric field pushes the ions, removing them from the ionization region. The equi-
librium between the ionization of the helium gas and the removal of positive ions
results in a steady state positive charge density. This positive ion cloud induces a
voltage Vind shielding the applied field (i.e. decreasing the effective field)

Vind =

√
eQ

4ε0µ+
d2 , (2.9)

where e is the electric charge and ε0 the permittivity of the vacuum. As the beam
intensity increases, the induced voltage increases. The resulting decrease in the
effective field slows down the removal of ions from the ionisation region, enhancing
the positive charge density and the induced voltage. Due to this positive feedback
mechanism one expects a quick increase in induced voltage with increasing beam
intensity up to the point where the effective field becomes zero. In this situation
ions will drift out of the cloud into a region where the applied field transports
them. Once the effective electric field becomes small enough, electrons are no longer
effectively removed from the ionization region causing an increase in neutralization.
The only way to overcome this bottleneck is to apply higher electric fields.

2.5 Helium ion species

A large fraction of the energy loss of energetic ions in helium gas goes towards
the ionization of helium atoms. On average, 40 eV is needed to create a helium
ion-electron pair; less than twice the ionisation energy of 24 eV. Depending on
temperature, pressure and electric drift field, the He+ ions will be transferred to
ionized helium clusters He+

n . The binding energy of He+
2 is 2.5 eV; that of He+

3 is
0.17(3) eV [85]. He+

4 is considered very unstable. In this sense, He+
2 and He+

3 are
more molecules than clusters, whereas He+

n with n > 4 is a true cluster in the sense
that it is kept together by van der Waals forces. At room temperature, He+ is the
dominant ion below 1 mbar; above 5 mbar, He+

2 is dominant. Patterson [85], shows
in measurements up to a helium pressure of 40 mbar that He+

3 starts to form below
200 K and becomes the main ion at about 120 K. Gerber and Gusinow [49] establish
that He+

3 is dominant at 76 K, 1 ms after an electric discharge for densities above
about 3× 1017 cm−3. Delpech and Gauthier [33] suggest that the dominant ion at
4.2 K is He+

3 .
The temperature dependence of the reaction rate coefficient for the dimerisation

of helium (He+ + 2He→He+
2 + He) is k = 3.53× 10−29 T−1

g cm−6 s−1, measured be-
tween 77 K and 449 K at a helium atomic density of 1.8× 1017 cm−3 and from 5 to
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Figure 2.7: Ion current ratio (iHe+2 )/i(He+3 ) as a function of E/N at 76 K and 1.3 mbar
(1.09× 1017 cm−3)[54].

µ

Figure 2.8: The observed reduced mobility µred corresponding to an equilibrium mixture of He+2 , He+3
and He+4 as a function of E/N at 77 K for four values of neutral densities [54, 86].
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13 mbar at a temperature of 300 K [79]. One should note here that this work [79]
was not aware of the existence of He+

3 ; the results may therefore very well represent
a sum of He+

2 and He+
3 . This gives a dimer formation half-life t1/2 = ln 2/kN2 of 8 ns

at 300 K and of 2 ns at 77 K for a helium atomic density N = 2.71× 1019 cm−3. At
76 K, the conversion He+

2 + 2He→He+
3 + He is faster than He+ + 2He→He+

2 + He
[49]. The conversion frequency of the latter is 1.44(14)× 10−31N2 s−1, causing a
dimerisation life time of 6 ns at N = 2.71× 1019 cm−3, in fair agreement with the
value given above. At 76 K, the intensity ratio i(He+

2 )/i(He+
3 ) is less than 1013 N−1

[54]; He+
3 is thus dominant at all densities relevant for this work.

Helium ion clusters moving at high speed due to an electric drift field can be
destroyed for high E/N. Patterson reports that at 76 K and N = 1.6× 1017 cm−3,
He+

3 ions are mostly intact up to E/N = 6 Td, yet mostly destroyed in collisions
at E/N & 13 Td as they are electrically heated. Figure 2.7 shows the rapid in-
crease in the breakup of He+

3 at about 9 Td at a temperature of 76 K. Figure 2.8
shows the E/N dependence of the observed reduced mobility of molecular he-
lium in helium at 77 K [54]. The same author deduces that He+

2 is dominant for
(E/N)/N > 6× 1017 Td cm3.

2.6 Recombination coefficient of helium ions

Let us first consider the recombination of helium ions in helium gas. A good
overview of this subject is given by Dutton [36]. In general, the recombination coef-
ficient depends on temperature and density of the electrons, of the ions and of the
neutral gas particles. These temperatures and densities are often interrelated. We
focus our discussion here on the situation with low electron density (< 1011 cm−3)
and rather high pressure (> 10 mbar). We look at the recombination of He+

2 and
He+

3 . The main recombination reactions are

2-body: He+
n + e− = He∗n−1 + He

and

3-body: He+
n + e−+ He = He∗n−1 + 2He.

The 2-body reaction is characterised by the recombination coefficient or rate
constant α2 (in cm3 s−1); the 3-body reaction by the recombination coefficient α3 (in
cm6 s−1). The total recombination coefficient is given by

α = α2 + Nα3 (2.10)

where N is the atomic density of the gas. Early work did not take a strong source of
electrons from penning ionization (ionization in metastable-metastable collisions)
into account and thus measured an effective recombination coefficient. If a strong
electron source is present, the recombination coefficient appears smaller. Such
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electrons are driving these reactions involving helium ions and metastable helium
atoms. The true or actual recombination coefficient can be five times larger [61].

R. Deloche et al. [32] measure the recombination of He+
2 at room temperature

and pressures from 7 mbar to 130 mbar. Five different diagnostic tools, i.e. X-band
microwave interferometry, X-band microwave radiometry, mass spectrometry, op-
tical absorption spectrometry and optical emission spectrometry are used to mea-
sure the decay time of attenuation and phase-shift of the wave crossing the plasma
branch, radiation temperature of ionized gas, atomic- and molecular-ion currents,
density of atomic and molecular metastables and decay time of excited atomic and
molecular populations. They interpret the data with a mathematical model includ-
ing all known elementary processes as a set of coupled partial differential equations.
In this way, the rate coefficients of all significant mechanisms are measured simul-
taneously such that the complex correlation between ion, metastable and electron
concentration is taken into account. In Deloches’ work the ion temperature is equal
to the gas temperature, while the electron temperature is not. The resulting recom-
bination coefficient for He+

2 is:

α = (αc + k0N)(Te/293)−x + kene(Te/293)−y , (2.11)

where N is the helium density (cm−3), Te is the electron temperature (K), ne
is the electron density (cm−3), αc < 5× 1010 cm3 s−1, k0 = 5(1)× 10−27 cm6 s−1,
ke = 4.0(5)× 10−20 cm−3 s−1, x = 1(1) and y = 4.0(5). Johnson and Gerardo [62] mea-
sure the recombination coefficient for an electron temperature equal to the gas
temperature of 300 K to be α = 1.1× 10−8 + 1.2× 10−26N cm3 s−1 for 4.8× 1017 <
N < 1.8× 1018 cm−3. Assuming an electron temperature equal to the gas tempera-
ture and an electron density below about 1011 cm−3 (such that the electron-density
dependent term in (Equation. 2.11) can be neglected), we can compare the results of
[32] and [62]: for a helium pressure of 100 mbar to 1000 mbar, the two results agree
within a factor of about 3. Collings et al. [26] measure recombination of He+ at 2.5
and 60 mbar (it is not clear if He+ is singled out, or if in fact He+

2 was measured
at 60 mbar). At 60 mbar, they obtain α = 1.8× 10−20 ne(Te/300)−4.4 cm3 s−1. The
terms depending on the electron density from [32] (see Equation 2.11) and [26] are
the same within a factor of about 2.

As mentioned above He+
3 is the dominant ion at low temperatures. Gerardo and

Deloche [49, 33] show that the recombination coefficient of He+
3 at low temperature

is much higher than that of He+
2 at room temperature. Gerardo and Gusinow mea-

sure the recombination coeffcient for Tg = Te = 80 K to be 3.4±1.4× 10−6 cm3 s−1,
and show an electron temperature dependence T−a

e , with 0.98 < a < 1.60. Delpech
and Gauthier [33] measure at a gas temperature of 4.2 K and a helium density of
1.7× 1017 cm−3 to 28.7× 1017 cm−3, while varying the electron temperature from 10
to 200 K. They obtain a recombination coefficient = 4.0(6)× 10−4/Te cm3 s−1. This
was later verified for Te 6 100 K by [92]. For Te = 80 K, this result agrees with [49],
indicating that not the gas temperature, but the electron temperature is the relevant
parameter. In cryogenic plasmas, hot electrons play thus a dominant role as the
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Figure 2.9: Collisional radiative recombination rate coefficient α for rare gases recombining in helium
as a function of helium density N [129].

electron temperature is often much larger than the gas temperature. Hot electrons
(14 - 20 eV) are created in the formation of He+ and He+

2 ions and the penning ion-
ization of metastable helium atoms. The experimental results are compatible with
an electron temperature dependence of α( He+

3 ) ∝ T−1
e . Ion-electron recombination

in helium as a function of gas temperature and pressure is measured by [118] for
200 K, 235 K, 275 K and 295 K and over a wide pressure range from 50 mbar to
1200 mbar. This pressure range is relevant for our work, contrary to many other
investigations, where pressures are mostly below 50 mbar. The recombination coef-
ficient α2 has a linear temperature dependence in this pressure range. A fit weighted
with the experimental errors of α3 as a function of Tg yields α3 ∝ T−2.94

g , a weighted
fit of ln(α3) as a function of ln(Tg) gives α3 ∝ T−2.54

g , very close to the T−2.5
g de-

pendence predicted by many theoretical approaches [12, 87, 114]. Because of this,
we prefer the latter result. In the fit, the two parameters, scaling and temperature
exponent are strongly correlated. The total recombination coefficient is:

α = −0.73× 10−7 + 6.0× 10−10 Tg + 3.6× 10−21 T−2.5
g N . (2.12)

The experimental error on α2 is ∼ 10% and on α3 is ∼ 10 - 20%, so we assume that
Equation 2.12 has an error of ∼ 20%. For 293 K, assuming Te = Tg and ne is small,
this formula is in excellent agreement with the above mentioned result of [32]. It is
interesting to note that Cao and Johnson [19] measured a T−2.9

g dependence for the
recombination of simple molecular ions (mainly O+

2 , N+
2 ) with electrons in helium



2.7 Recombination of noble gas ions in helium 19

at densities 2.5×1019 to 2.9× 1020 cm−3 and gas temperatures of 77 K, 125 K and
150 K.

2.7 Recombination of noble gas ions in helium

As this work is mostly concerned with the survival and transport of radon ions in
helium, we here summarize the knowledge on the relevant recombination coeffi-
cient. Whitten et al. [129] calculate the recombination coefficient for noble gas ions
X+ recombining in helium, X+ + e− + He→X∗ + He, for a temperature of 300 K and
helium densities from 1018 to 1021 cm−3. The calculations are validated by compar-
ing them with experimental results of He+

2 recombining in helium. The calculation
is within a factor of 3 from the measurements, which amongst themselves show
a variation of the same order. As the values for Ar, Kr and Xe are very close to
each other one can expect that radon will have a very similar value (Figure 2.9) i.e.
α = 2.0× 10−27N cm3 s−1.

2.8 Conclusion

This chapter presents a literature survey on relevant physical processes in a cryo-
genic helium gas ion catcher. Most of the physical processes involved in cryogenic
ion catchers fall within the classical and elastic collision limit. The positive ion mo-
bility is an important parameter determining the efficiency of the extraction of ions
from such a device as it determines the extraction time of ions from the stopping
volume. At the typical helium densities in noble gas ion catchers He+

2 is the dom-
inant ion in ionised helium gas above a temperature of about 200 K. Below this
temperature He+

3 is dominant. The typical electric field to density ratio considered
here is not large enough to induce breakup of He+

3 .
The main ion-loss mechanism in a cryogenic helium gas ion catcher is the recom-

bination loss. Recombination of thermalized ions has a negative impact on the total
extraction efficiency, whereas helium ion recombination acts as a positive factor as
it decreases the space charge problem associated with the ion beam and removes
the electrons that could otherwise neutralize the ions of interest. The recombina-
tion coefficient of helium ions shows a temperature dependence of T−2.5

g which is
characteristic for the 3-body recombination coefficient α3. The same temperature
behaviour is observed for simple molecular ions in helium down to 77 K. Recom-
bination shows an electron temperature dependence of T−1

e which in turn depends
on the ionization method and can be much higher than the gas temperature.





3
Physics processes in
superfluid helium
ion catchers

H
elium has two stable isotopes 4He and 3He. Though 3He has the same chemical
nature as 4He, the lighter mass of 3He and the fact that 3He is a fermion result

in markedly different behavior. Helium was first liquefied by Kamerlingh Onnes in
1908 for which he won a Nobel Prize in 1913. This work deals with the properties
of 4He, and unless specifically stated, it should be assumed that 4He is the isotope
being discussed and that parameters are given at saturated vapor pressure.

When liquid helium is cooled to 2.172 K, it undergoes a phase transition. Be-
cause of the characteristic profile of the heat capacity curve (see Figure 3.1), the
temperature at which the transition takes place is called the lambda temperature
Tλ. There is no specific volume change or latent heat involved in the lambda tran-
sition. In 1938, P. Kapitza [63] and independently J. F. Allen and A. D. Misener [1]
reported the zero viscosity of liquid helium below Tλ. Unlike most fluids, liquid he-
lium below Tλ behaves as a non-Newtonian fluid. It was Kapitza who introduced
the term “superfluid” helium to describe the unusual behavior of helium below
Tλ. The quantum-mechanical nature of the superfluid helium introduces properties
which cannot be explained with a classical treatment.

To account for this unique behavior, F. London [68] suggested that as a single
4He atom is a boson, a large collection of 4He atoms can form a Bose-condensate-
like state. Although London was right, experimentally it was very difficult to prove.
In the mean time another theory known as the two-fluid model was introduced by
L. Tisza [115] and L. Landau [66]. The 2-fluid model postulates that the superfluid
helium is composed of two inseparable inter-penetrating fluids, one component
being referred to as the normal fluid and the other component as the superfluid.
Due to the simplicity and excellent agreement with experimental results, the two-

21
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Figure 3.1: Specific heat capacity cp of liquid helium at saturated vapor pressure as a function of
temperature T [14].

! !

! !

Figure 3.2: Relative density of the normal and superfluid components in superfluid helium as a
function of temperature T [14].
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Figure 3.3: Entropy S of superfluid helium as a function of temperature T [14].

Figure 3.4: Second sound velocity Css as a function of temperature T [14].
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fluid model has dominated the scene for the last 70 years. According to the two-
fluid model the density of the superfluid component is given by

ρs = ρ

(
1− T

Tλ

)5.6
, (3.1)

ρ = ρs + ρn , (3.2)

where ρ is the effective density of the superfluid helium, ρs is the density of the
superfluid component and ρn is the density of the normal component. The effective
superfluid density ρ = ρs at T = 0 K and ρ = ρn at T = Tλ (see Figure 3.2). The
superfluid component is thought to have no entropy and no viscosity. One of the
most interesting characteristics of superfluid helium is the ability to transmit more
than one type of sound. In addition to ordinary or first sound which is a density
variation brought on by a local pressure gradient, there is a second sound which is
the propagation of a thermal wave as a result of fluctuations in the local entropy.
The first sound results in a compression shock wave, whereas the second sound
results in a thermal shock wave. The characteristic feature of these sound waves
can be explained on the basis of the two-fluid model. The velocity of the second
sound is given by the Tisza-Landau thermodynamic expression [31]

C2
ss =

[(
ρn

ρ

)−1
− 1

]
TS2

cp
, (3.3)

where T is the temperature, S the entropy (see Figure 3.3) and cp the specific heat
capacity (see Figure 3.1) of the superfluid helium. Figure 3.4 shows the second
sound velocity Css as a function of temperature. A detailed discussion of the two-
fluid model is outside the scope of this work, however there are excellent references
on the subject [67, 69, 97].

Helium atoms are nonpolar, stable and spherically symmetric. They have a
very low electric polarizability (2.04×10−25 cm3). Charged particles introduced into
superfluid helium will interact with the helium atoms to form various complexes.
This chapter gives an overview of the properties of electrons and positive ions in
superfluid helium which are relevant to this work.

3.1 Positive ions in superfluid helium

Charged particles in superfluid helium will introduce a polarization interaction
with the ambient helium. An ion produces a strong field in its vicinity and the po-
tential energy experienced by the polarizable medium results in an electrostrictive
increase in the local density. A solid layer of helium atoms forms around positive
ions because the pressure produced by the electrostrictive interaction of positive ion
and the ambient medium is larger than the melting pressure for helium.
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Figure 3.5: Schematic representation of a
snowball.

Figure 3.6: Schematic representation of a bub-
ble.

This quasimacroscopic entity of a positive ion and the helium solidification re-
gion around is called a “snowball” (see Figure 3.5). Atkins [7] put forward a simple
model to explain this phenomenon. In this model, the ion complex is taken to be a
solid helium sphere surrounding the positive ion core. This structure arises because
of the induced dipole attraction between the core ion and a helium atom. In Atkins’
model the snowball radius Rsb is given by

Rsb '
Vs

(Vl −Vs)
2σls

(Pm − Pa)
, (3.4)

where Pa is the ambient pressure of the liquid helium far from the ion, Pm
is the melting pressure of solid helium (≈ 25 bar), Vs (= 27.6 cm3 mole−1) and
Vl (= 21 cm3 mole−1) are the molar volume of liquid and solid helium, and σls
(= 1.35×10−4 N m−1) is the solid-liquid surface tension for helium. In Atkins’
model the snowball radius Rsb is a function of the ion charge q and is roughly
0.6 - 0.7 nm for singly charged ions (Figure 3.7). The effective hydrodynamic mass
of a spherical shape of radius Rsb in a fluid of mass density ρ is given by

Mhydro =
2
3

πR3
sbρ . (3.5)

This results in a snowball mass of ion mass plus 40 to 60 helium masses. Deviations
from Atkins’ model have been observed for different ionic species.

A more rigorous model which takes into account the direct interaction with
the central ion’s valance electrons, an interaction associated with the absence or
excess of helium near the core ion and a van der Waals interaction can be found
in later literature [25, 50]. Nevertheless, Atkins’ model retains its significance as a
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Figure 3.7: Variation in the density ρ of liquid helium near a localized point charge [7]. Dotted lines
show the bulk liquid helium densities at corresponding temperatures.

first approximation and can be used to estimate the scale of various effects. It is
important to note that heavy alkali-earth ions form bubbles in contrast to the other
positive ions (see Section 3.3).

3.2 Electrons in superfluid helium

The electron in superfluid helium forms a structure which cannot be described
by Atkins’ model. The helium atom is a stable quantum system, which can-
not accommodate a surplus electron at distances of the order of Bohr’s orbit
(a0 = 0.529×10−10 m) and the interaction between the electron and neighboring he-
lium atoms is of a very strong repulsive nature at short range (Pauli repulsion).
A long-range attractive interaction arising from the electrostrictive polarization of
the atoms is also present. When a free electron is injected into superfluid helium
and forced to move in the interatomic spaces, it experiences a repulsive potential
of about 1 eV and as a result is energetically favorably localized within a spherical
cavity from which the helium atoms are completely excluded, a so-called bubble
(Figure 3.6). In the representation of the bubble-helium interaction, we can treat he-
lium as a continuous medium rather than as discrete atoms. The balance between
the electron zero point energy, the surface energy of the liquid and the pressure-
volume energy determines the bubble size. As a first approximation the bubble
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energy can be expressed as [24]

E =
h2

8mR2
b

+ 4πR2
bσs +

4
3

πR3
bPa , (3.6)

where Rb is the bubble radius, m is the electron mass, σs ∼3.7×10−4 N m−1 is the
surface energy per unit area and h is Planck’s constant. At zero pressure the radius
at which the energy has a minimum is

Rmin
b =

(
h2

32mπσs

)1/4

. (3.7)

This radius is 1.9 nm at 0 K and increases slightly as the temperature goes up. It is
important to note that the polarization-induced electrostrictive forces which lead to
the snowball formation in the case of positive ions will not play a role in electron
bubble formation as Rb � Rsb. As the electron mass is negligible, the effective mass
of an electron bubble is the hydrodynamic mass (Equation 3.5) of 243±5 helium
masses [99]. Similar to electrons, negative ions and heavy alkali earth positive ions
form bubbles [46].

3.3 Snowball and bubble mobility

A direct implication of snowball or bubble formation by charged particles in super-
fluid helium is their smaller mobility compared to expectation for the bare positive
ions or electrons. The mobility of ions in superfluid helium shows a wide variety
of phenomena with strong and striking temperature and electric field dependen-
cies. As the mobility depends mainly on the size of the entity in movement, both
snowballs and bubbles show fairly similar mobility profiles. The differences can be
explained by differences in size and structure, the positive ion being a high den-
sity complex of about 0.6 - 0.7 nm diameter and the electrons being a low density
complex of about three times this dimension. At temperatures below about 0.6 K
the mobility of snowballs and bubbles is limited mainly by collisions with thermal
phonons [95]. At temperatures above about 0.8 K, snowball-roton and bubble-roton
collisions start to play a major role in limiting the mobility. A roughly exponential
temperature dependence of the mobility reflects the exponential population of ro-
ton states. In the “kinetic regime” (0.8 . T . 1.7 K) roton-roton scattering can be
neglected, while above about 2 K, roton-roton scattering is so frequent that the ro-
tons appear to the ions as a viscous fluid [10]. In the “kinetic regime” the zero-field
(E � 1 V cm−1) mobilities of snowballs and bubbles show a temperature depen-
dence of the form

µ0 ∝ e∆±/kBT , (3.8)

where the value of ∆+/kB is around 8.65 - 8.8 K and that of ∆−/kB is around 7.7 -
8.1 K [89] (Figure 3.8). Figure 3.9 gives an overview of the behaviour of the snowball
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Figure 3.8: Zero field mobilities µ0 of positive ions and electrons in liquid helium as a function of
inverse temperature 1/T [89].

and bubble drift velocity vd as function of applied electric field. The drift velocity
vd is proportional to the electric field (i.e. the mobility is constant) up to 200 V cm−1

[73]. At higher velocity, the mobility decreases due to the enhanced density of ro-
tons in the disturbed region near the snowball or bubble, giving rise to an increased
drag force. At an electric field Eg and a drift velocity vg a transition from a bare
snowball or bubble regime to a snowball or bubble-vortex ring regime occurs: the
snowball or the bubble produces vortex rings and is captured by them. A further
increase in vortex energy (by an increase in electric field) results in an increase in its
radius causing vd to fall to a minimum value. The snowball is much smaller than
the electron bubble and therefore much less tightly bound to its vortex ring, thus
the thermally activated escape rate of the snowball from the vortex ring is large.
The electron bubble is strongly bound to the vortex ring up to temperatures of at
least 1.8 K, whereas the escape probability from the vortex ring for the snowball
is already large at a temperature of about 1 K. Because of this, the drift velocities
of bubbles and snowballs show a different behaviour for electric fields above Eg.
As the energy (i.e. electric field) increases further, the vortex will be gradually shed
from the snowball; the drift velocity increases and reaches a saturation value vr
equal to vg within experimental errors (see Figure 3.9). This saturation occurs when
the snowball creates vortex rings continuously without being trapped. The discon-
tinuity in drift velocity above Eg becomes less and less deep with an increase in
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Figure 3.9: Drift velocity vd of positive and negative ions as a function of the electric field E [17].
vg, Eg and vr are indicated for 1.3 K.

! !  

Figure 3.10: The critical velocity vr for the production of vortex rings by positive ions as a fucntion
of normal-to-total density ratio ρn/ρ [17].
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Figure 3.11: Inverse relative mobilities µ−1
rel = µHe+ /µion of positive ions as a function of tempera-

ture T. The lines are drawn to guide the eye [46, 50].

temperature and disappears completely at about 1.35 K. The velocity vr (measured
as vg for T < 1.35 K) is temperature dependent above 1 K (see Figure 3.10). A
detailed study of the phenomena can be found in [17, 16, 20, 84]. In the context of
this thesis, we deal with electric fields well below Eg, concerning both snowballs
and bubbles. The main interest of the current project is the fast transport of positive
ions in superfluid helium so it’s worth to note that the snowball model proposed
by Atkins has its limitation as far as a prediction for the mobility of positive impu-
rities in superfluid helium is concerned. Mobility measurements of K+, Rb+ and
Cs+ ions show a mobility lower than predicted by the snowball model [13, 25, 50].
The heavier alkaline earth ions Ca+, Sr+, Ba+ and Mg+ form bubble-like defects
instead of snowballs whereas the Be+ ion form a snowball-like structures [46]. All
ion mobilities fall within about 25% of the He+ mobility (see Figure 3.11). For most
practical purposes the He+ mobility can thus be used.

3.4 Charge recombination factor in superfluid helium

G. Careri and F. Gaeta [21] measured the volume recombination coefficient αSF of
ions in superfluid helium in a range of 0.87 K to 2.0 K. In their experiment they
sent two ionic beams of opposite charges against each other and calculated the
recombination coefficient from the loss of charge suffered by each beam. They used
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Figure 3.12: Recombination coefficient of ions in superfluid helium αSF as a function of the inverse
temperature 1/T [21].

α particles from a radioactive 210Po source to create a 0.2 mm thick densely ionized
region in liquid helium from which beams of ions are drawn out by means of an
applied electric field. They observed a general behavior of exponential increase in
αSF with the reciprocal of the temperature. This increase is represented by

αSF ∝ exp(∆/kBT) , (3.9)

with ∆/kB = 8.3 K between temperatures 2 K and 1.3 K and ∆/kB = 9.9 K at tem-
peratures lower than 1.3 K. Figure 3.12 shows the recombination coefficient as a
function of inverse temperature.

3.5 Positive ions at the superfluid-vapor interface

The extraction of positive ions (snowballs) from the superfluid helium surface to
the vapor phase is not trivial as is that of electron bubbles [104, 105]. The electric
potential barrier at the superfluid-gas interface is the bottleneck. The image charge
potential model provides a simple way to look at this potential barrier. This model
gives the electric potential distribution of a point charge in front of a dielectric
interface. When a point charge Q is in the vicinity of a dielectric interface, i.e.
of order of a few tens of nanometers, its electric field polarizes the dielectric and
a bound charge density is induced at the dielectric interface. No bound charge
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is created in the bulk of the medium, as the polarizing field is a Coulomb field
of a point charge. The sum of Coulomb forces between the point charge and the
elements of the induced surface charges acts like the Coulomb force between the
point charge and its mirror image Q′ [42]. The image charge potential is attractive
for a charge on the low-dielectric-constant side and repulsive for the charges on the
high-dielectric constant side of the interface, independent of the sign of the charge.
Consider a dielectric interface between two media with the permittivities ε1 and ε2
(Figure 3.13). If the point charge Q is placed at a distance z from the interface, the
induced image charge Q′ is

Q′ = Q
(

ε1 − ε2

ε1 + ε2

)
(3.10)

and the image potential energy of a point charge Q is

φim(z) =
1

4πε(z)
QQ′

4z
. (3.11)

This is half of the electric potential energy of a system of two real point charges due
to the fact that no work is required to bring the image charge Q′ from the infinity
[51].

This project concerns positive ions in superfluid helium and the possibility to
extract them to the vapor phase. If an electric field E is applied across the interface
such that the point charge Q is pushed towards the interface, the total potential
energy φe f f (z) is

φe f f (z) = φim(z) + QEz . (3.12)

Figure 3.14 illustrates the electric potential energy of a unit point charge Q at
the superfluid helium-vapor interface. It is trapped in a potential well created by
the image charge potential in combination with an externally applied electric field
normal to the interface. The divergence and discontinuity of Equation 3.11 at z = 0
shows that the method of calculating the effective potential using a discrete dielec-
tric interface is unphysical. This divergence is removed by considering a gradual
transition of permittivity between superfluid helium and vapor phase [103]. This
transition is associated with the gradual change of the superfluid density to the
vapor density at the interface. This transition layer is a few atomic diameters thick
(Figure 3.15). A mathematical model to represent this transition is a linearly graded
transition with sinusoidally rounded corners as used by Stern [103]. A numeri-
cal solution for the image charge potential energy of a unit point charge Q at an
interface with such a permittivity profile (see Figure 3.15) is given by Stern (see Fig-
ure 3.16) [103]. A more realistic superfluid-vapor density transition profile is found
in the experimental work of Lurio et al. [70, 71]. No significant variation of interfa-
cial width is observed in a temperature range from 1.1 K to 1.8 K. The width of this
interfacial density variation is 0.92(10) nm which is compatible with the 0.68 nm
used in Stern’s model. The main difference is the variation profile (see Figure 3.15).
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(at the superfluid helium-vapor
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Figure 3.14: Electric potential energy φ of a unit point charge Q as a function of the distance z from
an abrupt superfluid- vapor helium interface. The dotted line shows the image charge potential energy
φim of a unit point charge Q as a function of the distance z, the dashed line shows the electric potential
energy of of a unit point charge Q due to the electric field E = 300 V cm−1 applied perpendicular to
the interface and the solid line shows the combination of both (φe f f ).
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Figure 3.15: Spatial variation of the dielectric constant ε and the density ρ at a superfluid-vapor
helium interface. The solid line represents the experimental measurement by Lurio et al. [71]. The
dotted line is the model used in Stern’s potential barrier calculation [103].

3.6 Ion extraction across the superfluid-vapor interface

3.6.1 Extraction of electrons

There has been a lot of experimental and theoretical work on the electron extrac-
tion across the superfluid-vapor interface [94, 101]. An interfacial potential energy
barrier of ∼ 25 - 40 K (depending on the applied electric field) and a characteristic
trapping time of 1 - 100 s have been measured for electrons [94].

Interaction of the electron and superfluid helium constitutes of two factors, the
strong short-range repulsion, which arises from the requirement of the Pauli exclu-
sion principle and a long-range attraction due to the polarization potential, repre-
sented by the classical image charge potential. It is important to note that the large
potential step (∼1 eV) due to the Pauli repulsion is 45 times larger than the image-
charge-induced attractive potential when the electron approaches the interface from
the vapor phase. Thus the Stern image charge model is insufficient to explain the
interaction of electrons with the superfluid-vapor interface.

A theoretical work by F. Ancilotto and F. Toigo [5] showed that if an electric field
is applied such that an electron bubble inside the liquid helium is pushed towards
the superfluid-vapor interface, it is stable up to a distance ∼ 2.3 nm. If it comes
closer to the surface due to thermal motion, the bubble bursts and the electron is
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Figure 3.16: Image charge potential energy φim of a unit point charge calculated for the model interface
demonstrated in Figure 3.15 [103].

ejected into the vapor. They obtained a potential energy barrier of 38 K for the
thermal emission. At distances larger than ∼ 2.3 nm quantum tunneling through
the surface layer dominates the extraction probability [5]. Theoretical works suggest
that the diffusive nature of the superfluid-vapor interface does not play a big role
in electron extraction phenomena [5, 23].

3.6.2 Extraction of snowballs

Contrary to electron bubbles, positive ion extraction is reported to be extremely
weak [15, 104, 105]. There is not much information available on snowball-interface
interactions in the published literature. Extraction of 219Rn ions across the superfluid-
vapor interface is reported by Huang et al. with an extraction efficiency of tens of
percents at 1.6 K [56, 57]. There is no theoretical model available to understand
positive ion extraction. In the case of snowballs, the huge mass compared to the
electron, makes quantum tunneling an improbable candidate for an effective ex-
traction mechanism. It is important to keep in mind that the structure and sizes
of the electron bubbles and snowballs are very different (see section 3). The size
of the snowballs is comparable to the width of the interfacial density variation and
there is no repulsive force between snowballs and the ambient medium; thus in
this case the diffusive nature of the interface may play an important role contrary
to the electron bubble case. Stern’s potential barrier model is to be considered as
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a first approximation in the case of snowballs, this point is elaborated upon is Sec-
tion 6.1.3. A similar potential energy barrier calculation with the interfacial density
transition profile given by Lurio et al. [70, 71] and inclusion of the surface energy
may give a more accurate picture.

As the quantum tunneling effect can be ruled out in the case of snowballs, it’s
more realistic to consider a Maxwell-Boltzmann energy distribution of snowballs
trapped in a potential well created by the image charge potential in combination
with an externally applied electric field normal to the interface. A fraction of ions
have energies higher than the potential energy barrier. These ions will cross the
interface into the vapor phase. Kramer [64] and Chandrasekhar [22] have shown
that the escape rate Pth of particles from a potential well in consequence of Brownian
motion is

Pth ∝ exp(−Eb/kBT). (3.13)

where Eb is the height of the potential energy barrier and T is the temperature
of the system. Measuring the extraction efficiency of positive ions as function of
temperature gives the height of the potential energy barrier (see Section 6.1.2).

3.7 Conclusion

This chapter gives an overview of positive helium ion and electron properties in su-
perfluid helium. In general, postive ions form “snowballs”, i.e. the density around
the ion is increased and electrons form “bubbles”, i.e. a cavity is formed around the
object. The mobility and drift velocity of positive ions in superfluid helium is impor-
tant to understand the experimental results on the snowball efficiencies presented
in Chapter 6. The interaction of snowballs with the superfluid-vapor interface is
not yet well understood. The barrier height and location of the potential minimum
at the superfluid-vapor interface depend strongly on the details of the density pro-
file at the interface. An accurate theoretical description of the extraction of positive
ions and the height of the potential energy barrier is not available yet. Thermal
excitation across a potential energy barrier is the most probable explanation.



4
Experimental
techniques

T
he experimental setup for a cryogenic ion catcher consists mainly of an exper-
imental cell and a cryostat which cools down this cell to the desired temper-

ature. Buffer gas can be let in to the experimental cell independently and it can
be filled with the desired buffer gas in order to thermalize and transport ions. In
our measurements we used helium (in its cryogenic gas phase and its superfluid
phase), argon and neon (in their cryogenic gas phase).

4.1 Cryostat

The cryostat used in this project is of “bath cryostat” type which is designed to
contain a sufficient supply of cryogens for a convenient duration of operation with-
out refilling (see Figure 4.1). The refilling interval is determined mainly by factors
such as the inherent heat load of the cryostat, the heat load from the electric cabling
and the cooling power needed for the experimental cell. The main components of
the cryostat are the outer vacuum chamber, the liquid nitrogen reservoir, the liquid
helium reservoir, the 77 K heat shield, the 4 K heat shield and the 1 K pot. Most
parts of the cryostat except the 1 K pot and the heat shields are made of stainless
steel because of its very low heat conductance. The heat shields and 1 K pot are
made of copper for a good heat conductance with the cryogen reservoirs and are
gold-plated for reflection of heat radiation. The cryostat was custom designed and
constructed by Vacuum Specials B.V. (Woerden, Netherlands).

4.1.1 Outer vacuum chamber

The outer vacuum chamber (see Figure 4.1) is at room temperature and its main pur-
pose is to provide vacuum for thermal insulation of the whole system. A vacuum

37
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of ∼10−7 mbar is reached after filling with cryogens. The outer vacuum chamber
consists of two parts: (1) the top plate which contains the inlet and outlet ports
for the cryogens, the electric cabling ports and the buffer gas port for the experi-
mental cell and (2) the two-piece vacuum chamber, which consists of a cylindrical
upper part and a cup-shaped lower part. It is possible to remove the lower part
of the chamber or the whole chamber. There are four ports welded on the lower
part of the chamber in which three act as vacuum accessory ports (pressure gauges,
pumps, venting valves) and the fourth as accelerator beam inlet. All three parts are
assembled with rubber O-ring seals and clamps.

4.1.2 Liquid nitrogen reservoir

The liquid nitrogen reservoir is an annular stainless steel vessel which can store
7.5 liters (Figure 4.1). This reservoir together with a gold-plated copper heat shield
attached to it acts as a heat shield for the inner 4.2 K region. There are three
stainless steel tubes connecting the liquid nitrogen reservoir and the top plate of the
outer vacuum chamber. These are used as the inlet and outlet ports for the liquid
nitrogen. The liquid nitrogen reservoir is wrapped with 25 layers of aluminum-
coated polyester foil (NCR2) which acts as super-insulator.

4.1.3 Liquid helium reservoir

The liquid helium reservoir is a cylindrical stainless steel chamber which can hold
up to 6 liters (Figure 4.1). It is connected to the top plate of the outer vacuum
chamber with four stainless steel tubes which act as a support for this reservoir.
These tubes are the (1) liquid helium inlet, (2) the exhaust, (3) the needle valve
which controls the liquid helium flow from the liquid helium reservoir to the 1 K
pot and (4) the pumping line to the 1 K pot which passes through the liquid helium
reservoir. These four tubes are heat sunk to the liquid nitrogen reservoir. The
liquid helium reservoir is wrapped with 5 layers of aluminum-coated polyester foil
(NCR2) as super-insulator. A gold-plated copper heat shield is attached to the liquid
helium reservoir to reflect the heat radiation from the 77 K heat shield towards the
experimental cell (Figure 4.1).

4.1.4 1 K pot

The 1 K pot is a gold-plated copper chamber attached to the liquid helium reservoir
with three carbon fiber bars (Figure 4.1). It is the part of the cryostat system where
the lowest temperature is attained. Liquid helium can be let in to the 1 K pot from
the liquid helium reservoir via a needle valve and can be pumped away through a
pumping line which passes through the liquid helium reservoir (Figure 4.1). The
1 K pot is cooled by lowering the vapor pressure inside it. A roots pump with
500 m3 h−1 pumping capacity is employed to pump on the 1 K pot. The pumping
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is controlled by a manual valve on top of the pump. The lowest temperature at-
tained by this cryostat is 0.92 K; the lowest long term stable temperature achieved
is ∼ 1.00 K. The experimental cell is attached to the 1 K pot with an indium seal
and screws (see Figure 4.2a). A steel capillary which acts as buffer gas inlet to the
experimental cell passes alongside the liquid helium reservoir and through the 1 K
pot to pre-cool the buffer gas before it enters the experimental cell (Figure 4.1).

4.1.5 Electric cabling

Twelve cryogenic coaxial cables (Type SR - Lake Shore Cryotronics) and 16 0.1 mm
diameter twisted pair insulated copper wires connect the experimental cell to the
outside world. These cables start from vacuum feed-throughs on the top plate and
are heat sunk on different temperature stages before they reach the low temperature
region. The coaxial cables go all the way to the experimental cell. The twisted pair
insulated copper wires end on sockets attached to the bottom of the liquid helium
reservoir. Connections from these 4.2 K sockets to the 1 K pot sockets are made
with thin twisted pair insulated manganin wires. The temperature sensors and the
heater are connected with the temperature controller using these 1 K pot sockets.

4.1.6 Helium consumption

The liquid helium consumption of the cryostat is due to the evaporation in the
liquid helium reservoir because of the heat load from the 80 K reservoir by radiation
and conduction via ports and because of evaporation in the 1 K pot needed to
maintain the temperature of the experimental cell. The heat load due to radiation
loss Qrad is given by

Qrad = As × qrad × E×
(

1
1 + n

)
, (4.1)

where As is the size of the radiating surface (m2), qrad is the black-body radiation
heat load per unit area (2 W m−2 between 80 K and 4.2 K and 20 µW m−2 between
4.2 K and 1 K), E is the emissivity of the surface 0.1 (for a polished metal surface)
and n is the number of layers of super-insulation. The heat load due to conduction
loss Qcon is

Qcon =
Ac × qcon

L
, (4.2)

where Ac is the cross-sectional area of the conducting material, qcon the conduction
per unit length (0.317 W mm−1 between 80 K and 4.2 K and 0.6×10−3 W mm−1

between 4 K and 1 K, for stainless steel), and L the length of the conducting material.
The total heat load on the liquid helium reservoir due to radiation is 0.033 W

and due to conduction is 0.15 W. The radiation heat load on the 1 K pot and ex-
perimental cell are very small (2 µW) because they are facing the 4.2 K shield. The
conduction heat load is contributed by the helium input line to the experimental
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cell, the pumping line to the 1 K pot and the cryogenic coaxial cables between ex-
perimental cell and the 4.2 K sockets. Together they give a heat loss of 0.034 W.
Another heat source of concern is the 223Ra source. For a 223Ra source of 10 kBq the
heat load from the absorption of decay products is 50 nW, which is negligible. The
total heat load on the helium reservoir is thus 0.22 W. As 1 W evaporates 1.3 liters
of helium per hour, the inherent helium consumption of the cryostat is 0.25 liters
per hour. The helium consumption during the experiments agrees very well with
this number. Evaporation from the 1 K pot thus gives only a small contribution to
the helium consumption.

4.1.7 Temperature control

A temperature controller (Model 340, Lake Shore Cryotronics) is used to control the
experimental temperature. The controller monitors the temperature with two thin-
film resistance temperature sensors (Cernox RTD CX-1030, Lake Shore Cryotronics)
and one Pt100 temperature sensor. The Pt100 sensor and one Cernox temperature
sensor are mounted on the 1 K pot. The other Cernox sensor is attached to the
bottom of the experimental cell. The operating range for the PT-100 sensor is from
873 to 30 K. The calibration for the Cerenox sensors in the range 0.3 K to 40 K was
provided by the manufacturer. We have extended the Cernox sensor calibrations up
to room temperature by comparing them with the Pt100 sensor. The Cernox sensors
have an accuracy of ± 5 mK and a long term-stability of ± 25 mK at 1.4 K. Tempera-
ture control is achieved by tuning the cryostat needle valve and the pumping speed
such that the temperature is below the desired temperature. Then the temperature
controller is used to heat up the 1 K pot to the desired temperature by applying
an electric current through a thin wire heater (manganin) wound around a copper
block and installed on the 1 K pot. The Lake Shore temperature controller uses a
PID (proportional-integral-derivative controller) control algorithm to compute the
control output based on the temperature set-point and feedback from the tempera-
ture sensor. A temperature stable to within 1 mK over a period of many hours was
achieved.

4.2 Experimental cell

The experimental cell is made of a copper cylinder. Its top part is attached to the 1 K
pot. The bottom is closed with a copper plate with an indium seal (see Figure 4.2a).
Electric connections to the experimental cell are made via stycast feed-throughs
in the bottom plate. A steel capillary running from the cryostat top plate to the
experimental cell via the 1 K pot acts as a pumping port and a buffer gas inlet for
the experimental cell. A cernox temperature sensor is attached to the bottom plate
in order to achieve an accurate temperature control of the experimental cell.

Stycast rods and spacers are used to build up the electrode configuration inside
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the experimental cell. A radioactive ion source, ion trajectory manipulation elec-
trodes, an aluminum ion catcher foil and an α-particle detector are assembled in
cylindrical symmetry (see Figures 4.2b and 4.2c).

Once cooled down to the required temperature, helium gas can be let into the
experimental cell to have cryogenic gas or superfluid helium as stopping medium
for high-energy radioactive ions. Thermalised ions can be transported to the alu-
minum catcher foil using an electric field provided by the set of guiding electrodes
(see Figure 4.2d).

4.2.1 Radioactive scource

Many characteristics of ion survival in a stopping medium can be studied using
an “open” α-decaying radioactive source; i.e. a thin source without protective layer
such that α-decay products can recoil out of the source.

Advantages of this type of studies are: (1) no external high-energy ion beam is
required as the α-decay recoil ions simulate an ion beam; (2) absolute efficiencies
can be easily determined as the primary source strength is readily measured.

In this work, 223Ra sources, giving 120 keV 219Rn recoil ions, were used. We
detect the 219Rn ions via their characteristic α decay. This radioactive decay detec-
tion is essentially background-free and sensitive to the decay of a single atom/ion,
resulting in very precise measurements over a large dynamic range. 223Ra sources
are prepared from an open 227Ac source as described in [59]. Details of the decay
chain of 227Ac are given in Figure 4.3 and Table 4.1. A schematic picture of the
source preparation set-up is shown in Figure 4.4. The 227Ac source is placed at the
bottom of a chamber filled with ∼ 30 mbar helium gas. A copper screw is placed a
few centimeters above at a negative potential (-150 to -300 V) relative to the 227Ac
source.

223Ra ions, recoiling from the 227Ac source following the α decay of 227Th, are
stopped in the helium gas and transported by the electric field onto the tip of the
copper screw. In order to confine the deposition of 223Ra, a plastic tape is wrapped
around the side of the copper screw so that only the tip of the copper screw is
visible from the 227Ac source.

In the first phase of this project, 223Ra sources where provided by the Depart-
ment of Physics, University of Jyväskylä, Finland and the Nuclear Physics Institute,
University of Mainz, Germany. In Spring 2007 we obtained a 500 kBq 227Ac source
from the International Research Center for Nuclear Material Science, Tohoku Uni-
versity, Japan and set up our own 223Ra source preparation unit. Taking care of
the cleanliness of the system, the maximum recoil collection efficiency of 30% is
obtained; resulting in a saturated 223Ra activity of 75 kBq and thus a 219Rn recoil
ion source strength of 37 500 s−1.

In our experiments we mainly consider the α-line from the 219Rn decay because
this isotope is the primary recoil ion from the 223Ra source. When using an α-decay
recoil source, the number of recoils entering the stopping volume and the location
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Figure 4.2: (a) Inside view of the cryostat with cell mounted on the 1 K pot. (b) Photograph of the
electrode assembly. (c) Cut-away view of the inside structure of the experimental cell. (d) Cross-
sectional view of the electrode assembly. Decreasing voltages on the bottom electrode/source, guiding
electrodes and catcher foil create the electric field that transports ions from close to the source onto the
catcher foil. Dark gray lines indicate the ion trajectories and light gray lines indicate the equipotential
lines from ion optics simulations with SIMION [30].
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from which they originate is known accurately for the first daughter in the decay
chain only. The measured α particle spectra also contains spectral lines from 215Po
and 211Bi, the other α emitters in the 223Ra decay chain. However, 215Po and 211Bi
are difficult to interpret. Being the granddaughter of the 223Ra source, not all 215Po
nuclei originate from the source, but from all the places where 219Rn has ended up.
Because its half-life of 1.78 ms is comparable to the transport time, it can also decay
along its path. The origin of 211Bi recoil ions, being three α decays away from 223Ra,
is even more uncertain than that of 215Po. Moreover, 211Bi is reached via the β-decay
of 211Pb that has a half-life of 36 min; longer than our typical measurement time
for a certain setting. This prevents us to deduce any relevant information from the
211Bi line intensities.

4.2.2 Electronics and Data Acquisition

The raw data in our experiments are α particle energy spectra. Silicon detectors are
used as α-energy spectrometers. They function perfectly down to ∼ 1 K. The silicon
detector is a thin slice of boron implanted n-type silicon, forming a rectifying p-n
junction. A reverse bias voltage of 50 to 100 V to the p-n junction produces a deple-
tion layer about 100 µm thick. The electron-hole pairs formed by ionisation when
a charged particle traverses the layer are picked up by the electrodes and put in to
a charge sensitive preamplifier. The output of the preamplifier is fed into a linear
amplifier which amplifies and shapes the pulse, increasing the signal-to-noise ratio
in order to optimize the energy resolution. The signal from the linear amplifier is
fed into an ADC (analog to digital converter) and then to a MCA (multichannel an-
alyzer) to convert the analog pulses to digital values and add the numerical values
in corresponding channel of the spectrum.

4.2.3 Spectrum analysis

The experimental data in our measurements are the α-decay spectrum of the daugh-
ter nuclei of 223Ra collected on the aluminum catcher foil and from the superfluid-
vapor interface or the α-recoil source (depending on the experimental situation).
Thus our typical spectra consist of 2 sets of lines, one from decay on the aluminum
catcher foil and an other from the decay at the source or at the interface. Each set
of lines consists of 6 lines, three 219Rn lines, two 211Bi lines and a 215Po lines (see
Table 4.1).

f (x) =


A.exp

[
dx
2

(
2(x−x0)+dx

σ2

)]
if x < (x0 − dx)

A.exp
[
− 1

2

(
x−x0

σ

)2
]

if x > (x0 − dx)
(4.3)

In this representation an individual line is defined by four parameters: the position
of the line maximum x0, the peak height A, the width of the Gaussian σ and the dis-
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Figure 4.3: Decay chain of 227Ac.

Table 4.1: Isotopes in the 223Ra decay chain and their properties.

Isotope Decay Notation Half life Energy Branching Ratio
mode used [keV] [%]

223Ra α 11.435(4) d 5539.8(9) 9.20(20)
α 5606.7(3) 25.7(5
α 5716.2(3) 52.6(13)
α 5747.0(4) 9.20(20)

219Rn α Rn III 3.96(1) s 6425.0(10) 7.5(6)
α Rn II 6552.6(10) 12.9(6)
α Rn I 6819.1(3) 79.4(10)

215Po α Po 1.781(4) ms 7386.1(8) 99.99977(2)

211Pb β− 36.1(1) min 1373 (end-point) 100

211Bi α Bi II 2.14(2) min 6278.2(7) 16.19(14)
α Bi I 6622.9(6) 83.54(14)



46 Experimental techniques

Copper Screw

227Ac source

Pressure gauge

 (20 - 30 mbar)

      PumpHe bottle

Valve Valve

300 V

+-

Insulator

Insulator

5 cm

Figure 4.4: Schematic diagram of 223Rn source preparation setup.

tance from the position of the line maximum x0 to the junction point dx (Figure 4.7)
[91]. The two sets are either mingled or separated depending on the difference
in energy loss between α-emission from the source or the superfluid helium-vapor
interface and the foil. The energy loss depends on the helium gas density and the
distance travelled.

Table 4.2 shows an example of the typical energy loss experienced by alpha
particles in our experiment. Figure 4.5 shows the channel number of identifiable
peaks as function of their emitted energies. A linear relation is observed between
the channel numbers and the α energies of an individual set. Two linear fits are
obtained for the two sets of lines. Thus four parameters, the slope and offset of
each linear fit can describe the positions of all 12 α peaks. The offset of the fit
corresponds to the energy loss in the buffer gas and the aluminum catcher foil. The
slope of the fit corresponds to the energy per channel.

Analyzing an α-decay spectrum involves the deduction of the total number of α
counts contributed by the decay of the individual species. When determining the
areas of the individual lines it is necessary to know the correct line shape. To test
various functional forms, the intense well-isolated 215Po line is used. When fitted
with a Gaussian profile we observe a significant deviation at its low energy side
(Figure 4.6). The line shape is accurately described by a combination of a Gaussian
with a single exponential tail at the low-energy side which joins the gaussian such
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Figure 4.5: A typical energy calibration plot. The channel numbers of identifiable peaks from each
set are plotted as function of the emitted α-energies. A linear relation between the channel numbers
and emitted α-energies is observed for an individual set.

Table 4.2: Example of the typical energy loss experienced by alpha particles in our experiments at
temperatures 1.2 K and 1.6 K. α-particles emitted from the superfluid surface have to travel through
61 mm helium vapor, 0.81 µm aluminum foil and another 3 mm helium vapor. α-particles emitted
from the foil have to travel through 0.81 µm aluminum foil and 3 mm helium vapor. Eα is the emitted
α energy, Es

α is the detected energy of α particles emitted from the superfluid surface, E f
α is the detected

energy of the α particles emitted from the catcher foil and ∆E is the energy difference between α-
particles emitted from catcher foil and superfluid surface. ∆E at 1.6 K is larger than ∆E at 1.2 K due
to the larger vapor pressure at 1.6 K.

1.2 K
α Eα Es

α E f
α ∆E

line [keV] [keV] [keV] [keV]
219Rn 6819 6540 6702 162
219Rn 6553 6258 6432 174
219Rn 6425 6123 6303 180
215Po 7386 7120 7276 156
211Bi 6623 6333 6503 170
211Bi 6279 5972 6155 183

1.6 K
α Eα Es

α E f
α ∆E

line [keV] [keV] [keV] [keV]
219Rn 6819 5416 6654 1238
219Rn 6553 5092 6383 1291
219Rn 6425 4933 6253 1320
215Po 7386 6091 7232 1141
211Bi 6623 5178 6454 1276
211Bi 6279 4751 6104 1353
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Figure 4.6: A 215Po α-decay line fitted with a Gaussian line shape and a Gaussian with low-energy
exponential tail (see Equation 4.3).

!

Figure 4.7: Gaussian with low-energy exponential tail for different distances dx from its center to the
start of its exponential tail. The low-energy tail arises from the energy loss due to multiple scattering.
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Figure 4.8: A typical α-particle energy spectrum and its analysis. The solid line in (a) shows the
measured spectrum and the fitted spectrum is overlayed in gray. The individual components resulting
from the fit for the three α-decaying isotopes originating from both the foil (vertical lines) and the
source (black) are shown in the lower parts. Panel (b) shows the residual/sigma of the fit. Here sigma
is
√

counts. (c) shows the histogram representation of the residual/sigma of the fit; it follows a normal
distribution with a standard deviation ∼ 1 and mean ∼ 0. This shows that our fitting function is a
perfect representation of the spectra.
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that the function and its first derivative are continuous [91]: The total intensity of
such a Gaussian-exponential pulse is

I = A


∫ (x0−dx)

∞
e
[
− dx

2 .
(

2(t−x0)+dx
σ2

)]
dt︸ ︷︷ ︸

Exponential part

+
∫ ∞

(x0−dx)
e

[
− 1

2 .
(

t−x0
σ

)2
]
dt︸ ︷︷ ︸

Gaussian part

 . (4.4)

Figure 4.6 shows the fit of such a function to a single 219Po α-line. We need 48
parameters to describe the total spectrum containing 12 lines (12 for peak positions,
24 for individual line shapes and 12 for individual intensities). As mentioned before
only 4 energy calibration parameters (2 for the interface or source and 2 for the
aluminum foil) can describe all the peak positions. This reduces the number of
free parameters from 48 to 40. Further, by taking the branching ratios of the 219Rn
and 211Bi decays (see Table 4.1) into account, the intensities of 6 lines from the
same location can be represented by 3 parameters. So for two α-decay locations 6
parameters describe the intensities of the 12 α-lines. This reduces the number of
free parameters further from 40 to 34. It is reasonable to assume that the α-lines
belonging to the different decay branches of the same isotope decaying at the same
position have the same line shape, σ and dx. Thus with 12 shape parameters (6 for
the α-particles from source or interface and 6 for the α-particles from the catcher foil)
we can represent the line shapes of all 12 lines and the number of free parameters
is finally reduced to 22.

We use a χ2 minimization technique in our fitting procedure. The IGOR Pro 6
data analyzing program [127] is used to carry out the fitting procedure. The initial
values for different parameters are deduced from strong, well-defined lines in the
spectrum. Some of the parameters are fixed and others let free to iterate until the
χ2 minimized values are attained. The number of fixed parameters is then reduced
in a step by step manner. For low-statistics spectra we have to take the same shape
parameters for every line in each set. Here we assume that the α-particles emitted
from the same region but from different isotopes result in the same line shape. This
is often necessary only for 215Po and 219Rn. A typical example of the result of the
fitting procedure is shown in Figure 4.8.

4.3 Gas density in the experimental cell at low
temperature

For the gas catcher measurements the temperature and density are the relevant
gas parameters. In practice the temperature and pressure are measured and the
density is calculated using the ideal gas law. In the setup used in this work the
temperature of the experimental cell is measured directly with sensors attached to
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the cell and 1 K pot. The pressure in the cell is however not measured directly. A
pressure gauge is mounted at the end of the filling capillary on top of the cryo-
stat. The pressure gauge is thus at room temperature and measures the pressure
of the room-temperature end of the filling capillary. In such a situation, i.e. where
two volumes at different temperatures are connected, one cannot simply combine
the temperature measurement of the volume at one temperature with the pressure
measurement of the volume at the other temperature to obtain the density in either
volume. This situation is investigated as follows. The cell was filled with gas at
room temperature and then closed. The ratio of the pressure of the warm volume
at room temperature Pw to the temperature of the cold volume in the experimental
cell Tc was followed during cooling down. Many such data sets for different gases,
starting pressures and sizes of the warm volume are shown in Figure 4.9, where
the Pw/Tc ratio is normalised to the ratio P0/T0 before cooling down starts. In the
absence of the effect discussed here the ideal gas law predicts that

Pw/Tc

P0/T0
= 1 (4.5)

at all temperatures although pressure and temperature are measured at different
places. We see a clear deviation from this. The effect does not depend on the type
of gas nor the pressure at room temperature within the rather limited range studied
here.

The deviation is larger if the warm volume Vw is bigger relative to the cold
volume Vc. The density in the cold volume can be determined from the measured
Tc and Pw. A cold and a warm volume Vc and Vw are connected with a capillary of
negligible volume. In the setup the capillary to cell volume ratio is a few 10−3. With
everything at room temperature T0, the ideal gas law holds for the whole system

P0(Vc + Vw) = nRT0 , (4.6)

where P0 is the pressure at room temperature, n is the amount of gas (in mole)
in the system and R = 8.31 J mole−1 K−1 is the universal gas constant. During the
experiments the volume Vc is cooled down to a temperature Tc, the volume Vw stays
at room temperature T0. The pressures in both volumes are Pc and Pw respectively.
This gives the ideal gas law equations in the separate volumes

PcVc = ncRTc , (4.7)

PwVw = nwRT0 , (4.8)

with the total amount of gas unchanged

n = nc + nw , (4.9)
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Figure 4.9: Ratio of the warm volume pressure (Pw) to the cold volume temperature (Tc) as a function
of Tc during cooling down, normalised to the ratio before cooling down starts (P0/T0). Data sets for
helium and argon at different starting pressures P0 and warm to cold volume ratios Vw/Vc are shown.

where nc and nw are the amount of gas (in mole) in the cold and warm volumes.
Substituting Equation 4.7 and Equation 4.8 in Equation 4.6 gives

Pc =
TcP0

T0

(
1 +

(
1− Pw

P0

)
Vw

Vc

)
. (4.10)

For Vw → 0, Equation 4.10 reverts to what is expected from the ideal gas law: Pc/Tc
is constant during cooling down. For non-negligeable value of Vw/Vc, both Pw and
Pc are not what is expected from the ideal gas law. Pc can be calculated from Pw, Tc
and Vw/Vc and the density in the cold volume can be determined using the ideal
gas law applied to this volume

nc

Vc
=

Pc

RTc
. (4.11)

The density of the warm volume can be calculated in an analogous manner. Fig-
ure 4.10 shows the densities of the cold and warm volumes relative to the density at
room temperature for the same measurements represented in Figure 4.9. The den-
sity in the warm volume decreases and the density of the cold volume increases.
This relationship is plotted as a function of Vw/Vc for a cold volume temperature
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Figure 4.10: Density relative to the room temperature value in the warm and cold volumes as a
function of the cold volume temperature Tc for different warm to cold volume ratios Vw/Vc. The cold
volume relative density is extrapolated to 5 K.

Figure 4.11: Cold volume density nc/Vc relative to its room temperature value at a cold volume
temperature Tc of 78 K as a function of warm to cold volume ratio Vw/Vc. The result of a linear fit
with a fixed offset of (nc/Vc)rel = 1 is indicated.
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of 78 K in Figure 4.11. Equation 4.11 and 4.10 are used to calculate the density in
the cell from the measured values Tc, Pw and the known volume ratio Vw/Vc.

In summary: when cooling down, the pressure in the warm volume decreases
less than the temperature (see Figure 4.9). At the same time, the higher pressure
in the warm volume causes the cold volume density to increase (see Figure 4.10).
Because these two effects are of similar size, the error made in calculating the cold
volume density using the warm volume pressure is small. For Vw/Vc < 0.5, this
error is less than 5%. In all measurements except the mobility measurements, Vw/Vc
was 0.18 or 0.065 and the effect described in this section is not corrected for. The
correction is performed for the mobility measurements of 219Rn ions in noble gases
where Vw/Vc = 0.55 (see Section 5.3.1).

4.4 Conclusion

An experimental apparatus was designed and constructed in order to perform the
experiments outlined later in this thesis. The apparatus has two major parts, the
cryostat and an experimental cell. The cryostat is able to stabilize the temperature of
the helium cell between 1 K and room temperature. The electrode configuration in
the experimental cell is optimized based on the results from ion-optical simulations.
An α-recoil ion source is an excellent choice to probe the transport and extraction
efficiencies of ions in a stopping medium since radioactive decay detection is sen-
sitive to a single atom or ion. This technique provides a near zero background
level. The line shape of the α-decay is accurately described by a combination of a
Gaussian with a single exponential tail at the low energy side. By considering the
branching ratios of α-decays, assuming the same line shape per isotope and location
and using energy calibrations of the observed lines, the number of free parameters
required to represent the line shapes of all 12 lines is reduced from 48 to 22.
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A
n energetic ion slowed down in a noble gas has a finite probability to be in a
charged state at the time of thermalization. Under suitable conditions these

ions survive long enough to be transported through and extracted from the stop-
ping volume. This is the underlying principle of the use of noble gases to transform
high-energy nuclear reaction products into low-energy ion beams. At high energies
the interaction of the ions with noble gas atoms causes slowing down and may also
lead to neutralization by electron transfer. The neutral atom then can be stripped
of an electron again. Which process dominates depends on the cross section for the
respective processes. Near and at thermal energies, i.e. if the ionization energy of
the ion Ei(ion) is below the ionization energy of the noble gas Ei(noble) by more
than its kinetic energy Ekin(ion),

Ei(ion) < Ei(noble)− Ekin(ion) , (5.1)

the ions cannot neutralize in collisions with noble gas atoms. Due to the high
ionization potential of noble gas elements the probability an ion thermalizes in a
charged state is large. Ions neutralize upon hitting the wall or any structure inside
the gas catcher. Because the electrode structures inside gas catchers are designed to
prevent ions from hitting the walls, neutralization upon colliding with a solid struc-
ture is not considered in the following discussion. What happens to thermalized
ions is influenced by the presence of impurities and ionized noble gas atoms which
are created by the energetic ions and possibly by an accelerator beam or radioactive
decay radiation [6]. Impurities are involved in the neutralization of ions through
3-body recombination involving a free electron to form molecules or adducts with
the ions (see e.g. [65]). It is important to note that the ionizing radiation also plays
a role in re-ionizing neutral atoms. Generally speaking, the nuclide of interest will
appear as four species: atoms and molecules and both of these in neutral or charged
states.

55
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A lot of technical developments over the past 25 years were devoted to remove
impurities from and to prevent ionization of the noble gas. Sub-ppb impurity levels
have been achieved in devices that are built to ultra-high vacuum standards which
are bakeable and filled with ultra-pure noble gas (see e.g. [65]). The construction
of large ultra-pure gas catchers, although possible [93], is far from trivial. There
is however another approach to reach ultra-pure conditions: freezing out of the
impurities. We describe here measurements where this approach is investigated for
the first time. This chapter will discuss on-line and off-line-experiments to study
this approach. Mobility measurements of radon ions in cryogenic noble gases are
also discussed.

5.1 Off-line measurements

The basic idea of an off-line experiment is to check the feasibility of a cryogenic no-
ble gas ion catcher before going on-line which is technically more challenging and
expensive. This experiment has been designed to investigate the slowing down and
transport of energetic 219Rn ions in helium, neon, and argon gas under cryogenic
conditions. The underlying principle is to cool the gas cell to cryogenic temper-
atures (< 77 K) in order to ‘freeze out’ the impurities at the cold surfaces of the
cell.

5.1.1 Experimental setup

The experimental setup is shown in Figures 5.1 and 5.2. A 223Ra source with a
typical source strength of a few thousand Bq is mounted at the bottom of the cell
filled with a noble gas as stopping medium. The ∼ 100 keV α-decay recoil ions will
leave the extremely thin 223Ra source if they are emitted in the “upward” direction.
They are then thermalized in the noble gas near the source, i.e. at about 0.5 mm in
1 bar helium at room temperature (293 K) according to calculations using the TRIM
[131] program package which numerically simulates the passage of charged parti-
cles through matter. Electrodes provide an electric field to guide the thermalized
ions towards a thin (1.7 mg cm−2) aluminum foil in front of a silicon detector which
records α particle energy spectra. Ion optics simulations using the SIMION [30]
program package, which calculates the electrostatic fields by numerical solution of
the Poisson equation and allows to simulate the ion trajectory show that no losses
occur due to the ion transport itself (see Figure 5.2). Ion transport is detected by
the α-decay of ions collected on the aluminum foil. 219Rn ions stick to the cell wall
and electrodes when the temperature is below about 200 K. The silicon detector also
observes with about 10 times lower efficiency α particles directly from the source.
Those α particles transferring through the gas suffer a larger energy loss than those
originating from the foil. Therefore both can be unambiguously identified. Differ-
ent isotopes are identified based on their known α energies. The 223Ra activity is
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Figure 5.1: Photograph of the off-line experimental setup.
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Figure 5.2: Schematic view of the experimental cell. The voltages used with helium and argon gas
filling are indicated. For neon the voltages were reduced to 65% of these values. The detector and
container are grounded. Dark gray lines indicates the ion trajectories and light gray lines indicates the
equipotential lines from ion optics simulations with SIMION [30]; they indicate 100% ion transport
efficiency. In the simulations the presence of the gas is taken into account by a viscous force.
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960 Bq at the start and 550 Bq at the end of the experiments discussed here. The α
particle detection efficiency is equal to the solid angle of the detector seen from the
decay location (either source or foil). The efficiency that 219Rn recoil ions survive the
thermalization and are transported to the aluminum foil can be straightforwardly
obtained by dividing the 219Rn count rate originating from the aluminum foil by
half of the 223Ra source activity and by the detection efficiency. Decay losses during
transport can be neglected because the 219Rn half-life of 4.0 s is long relative to the
transport time of order 1 ms for 1 bar helium at room temperature and the electric
field used.

The experimental cell is attached to the so-called 1 K pot of the cryostat (see
Section 4.1). As the experiments reported here aimed to show the effect of the
freezing out of impurities, we did not use high purity gas in the experimental cell at
room temperature. The experimental cell was not at all designed for good pumping
capability. Moreover, in the case of helium the impurity level at room temperature
was intentionally increased by adding air to the cell before filling it with helium.
If uniformly frozen on all surfaces, 3 mbar of air would form a solid layer on top
of the source thick enough to stop the recoils. To prevent this, we chose a 10 times
lower partial air pressure of 0.3 mbar to be on the safe side. This corresponds to
an impurity level of about 300 ppm or a density of 1.0×1016 atoms cm−3 consisting
mostly of air. For neon and argon, no extra air was added, and we estimate the
impurity content to be around 100 ppm.

At the start of a measurement series the cell is filled at room temperature with
1 bar noble gas and 0.3 mbar of air in the case of helium. The cell is then closed
and cooled down to the lowest temperature, at constant gas density in the cell. For
argon gas, measurements are restricted to above 75 K to avoid its condensation.
The temperature is then increased in steps and the α particle energy spectrum is
measured at each step. At each step thermal equilibrium between cell and the noble
gas is confirmed by consecutive measurements showing the same α line intensities.
Measurements above about 200 K are not useful as radon is not frozen out and the
219Rn atoms are floating through the chamber (this is readily apparent from the α-
energy spectra). Figure 5.2 indicates the voltages applied to the source, the guiding
electrode, and the aluminum foil for helium and argon in the cell. For neon these
voltages were lowered to 65 % to prevent electric discharging. This reduces the
magnitude of the electric field without changing its profile. Thus for neon the ion
tracks are the same as in Figure 5.2, only the ion velocity is reduced.

5.1.2 Results and discussion

The efficiency εgas of 219Rn recoil ion transport to the aluminum foil is measured as
a function of temperature for helium, neon and argon gas. The results are shown in
Figure 5.3. Towards lower temperatures the efficiency is strongly enhanced, starting
at about 120 K for all three noble gases. The efficiencies saturate below about
90 K. In a separate experiment related to a study of ions in superfluid helium, the
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saturation efficiency for helium gas was observed not to change anymore down to
4 K. A least-squares fit of the data using a Hill’s equation was performed. The Hills
equation is a sigmoidal function of the form

εgas = εmin +

 εsat − εmin

1 +
(

T1/2
Tg

)r

 , (5.2)

where the coefficient εmin is the efficiency at high temperatures, εsat is the saturation
value of efficiency at low temperatures, r is the rise rate, Tg is the gas temperature
and T1/2 is the temperature at which εgas is at (εmin − εsat)/2. This function is used
in order to quantify the observed trend. The saturation efficiency εsat is determined
to be 28.7(1) % in helium, 22.1(2) % in neon, and 17.0(2) % in argon. Only the sta-
tistical errors from the measured spectra and the fitting procedure are given. The
overall systematic relative error of about 6 % is due to the uncertainty in deter-
mining the detector solid angle. Qualitatively the 215Po line intensities show the
same temperature dependence as 219Rn but α-lines from 215Po are complicated to
analyze, because the position where the isotopes are created is not known (see Sec-
tion 4.2.1). We believe the high efficiencies and their saturation at low temperatures
are due to the freezing out of impurities, which enhances the survival probability of
thermalized ions. The saturation efficiency is reached once all impurities are frozen
out. In our setup we cannot distinguish between atomic or molecular ions reaching
the aluminum foil in front of the detector. At high temperatures, our measured effi-
ciencies include both variants; although molecular ions should be rather rare since
radon is a noble gas. At low temperatures, however, impurities that could take part
in forming molecules are frozen out first. The measured efficiency is thus solely
due to the 219Rn ions.

In the absence of impurities the fate of the ions can still be affected by the ion-
ization of the noble gas. We checked this qualitatively for helium: the electron-ion
density was altered by changing the gas density and the electric field strength. A
higher electric field separates electrons and ions quicker, resulting in a lower equi-
librium ionization density, while a higher pressure increases the ionization density.
We found that the efficiency at 73 K in the saturation regime does not change if the
electric field is lowered by a factor of 4 or if the gas density is changed by a factor
between 0.25 and 1.6.

We repeated the off-line measurements with a different electrode geometry in
which intermediate guiding electrodes are incorporated between the source and
the collection foil. The survival and transport efficiency of 219Rn ions in helium
gas over a wide range of gas density, temperature and electric field was measured.
Measurements were done with helium gas pressures of 1 to 6 bar room temperature
equivalent in a temperature range of 5 to 30 K (see Figure 5.4). The results show
an almost constant efficiency of close to 30%. If neutralization would occur after
slowing down, the efficiency would not be constant as a function of e.g. electric
field or density.
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Figure 5.3: Measured efficiency εgas as a function of temperature T that∼ 100 keV 219Rn ions survive
thermalization and transportation over about 3 cm in an ionic state through noble gases of densities
equivalent to 1 bar pressure at room temperature. The lines are least-squares fits of a Hill’s equation to
the data. The saturation efficiency (with statistical error) deduced from the fit is indicated. The overall
systematic uncertainty amounts to about 6 % as discussed in the text.

From this we conclude that at thermal energies neutralization due to free elec-
trons is negligible in our experiments. Therefore the observed saturation efficiencies
at low temperatures may well reflect the charge exchange and stripping cross sec-
tions involved in the slowing-down process of the ions. This would represent a
fundamental upper limit for the efficiency of noble gas ion catcher devices. Note
that the efficiencies decrease systematically from helium over neon to argon. This
demonstrates that our results are based on intrinsic properties of the noble gases-
ion system. A similar trend has been observed earlier for the slowing down of
protons and muons in noble gases [2, 102]. Our data have to be compared with
those obtained for ultra-pure helium gas catchers at room temperature. During the
development of such devices by G. Savard and collaborators [72, 93, 116], efficien-
cies of up to 45% for fission fragments from a 252Cf source were reported. Taking
into account the systematic uncertainties involved in the efficiencies determined by
Savard et al. and the fact that some dependence on the specific element is to be
expected, we consider those measurements compatible with our work. A satura-
tion extraction efficiency of 30(2)% for 219Rn ions in helium gas in the SHIPTRAP
stopping cell (at GSI) has been reported recently by Eliseev et al. [38].

Huikari et al. [59] used a room-temperature gas catcher system with modest
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Figure 5.4: Efficiency for 219Rn ion survival and transport in helium gas over a wide range of density,
temperature and electric field in the vicinity of the 223Ra source. For small electric fields at the 223Ra
source, the field in the upper cell becomes so small (a few V cm−1) that it was difficult to control
accurately, causing some transport loss.

purity helium gas (of order several ppm) to also extract 219Rn recoils from a 223Ra
source. They reported a 219Rn efficiency of 75% at a helium pressure of 50 mbar,
decreasing strongly with increasing pressure: down to 20% at the lowest density
used in the present work (equivalent to 250 mbar at room temperature) and down
to an extrapolated value of 0.2% at a density equivalent to 1 bar at room temper-
ature. This latter value is only slightly lower than our detection limit of about
0.3% efficiency. However, the pressure dependence of the efficiency reported in
[59] differs completely from that observed by us and also by Maier et al. [72] for
ultra-pure helium, where the efficiency does not change at all in the investigated
pressure range. One could speculate whether the strong decrease of efficiency with
increasing pressure observed in [59] is due to the presence of impurities, i.e. due
to an increased neutralization via three-body reactions with electrons and impurity
molecules. The fact that efficiencies higher than our low-temperature saturation
values are obtained at pressures below about 200 mbar would indicate a higher ion
survival probability during slowing down in the presence of impurities. This would
happen, if charge exchange and stripping cross sections on impurity molecules are
more favourable towards ion survival than those on helium atoms. The fact that in
the system used by Huikari et al. [59] molecular ions are broken up in the extraction
region of the gas catcher and contribute to the measured efficiency may be relevant
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in this respect. Dedicated work is needed to understand this issue in detail. Since
gas catchers have to operate at a rather high pressure to provide sufficient stopping
power, there is no question that ultra-pure conditions need to be employed.

5.2 On-line measurements

The feasibility of cryogenic noble gases as stopping media was demonstrated earlier
using α-decay recoil ions from a 223Ra source. In their main prospected application,
gas catchers are employed to stop an ion beam from an accelerator or energetic
recoil ions from a target. On-line operation of a gas catcher differs from its off-
line counterpart by the plasma created by the projectile beam. This will introduce
an additional complication which we didn’t encounter in off-line measurements.
A detailed theoretical discussion of this phenomenon is outside of the scope of
this work but some basic ideas are discussed in section 2.3. Here we investigated
the effect of ionization of helium gas because this determines the maximum beam
intensity the system can handle. A 13 MeV proton beam was used to ionize the
helium gas just above the 223Ra source. The combined efficiency of survival and
transport of the recoil ions over several centimeters was measured as a function
of the ionization density, i.e. beam intensity, the electric field strength, the helium
pressure and the temperature.

5.2.1 Experimental setup

A 223Ra source is placed near the bottom of a closed cylindrical cell. The cell is filled
with the desired amount of helium gas and cooled down to the required tempera-
ture. The 223Ra source is part of an electrode system guiding the thermalized ions
over a distance of about 6 cm to a thin aluminum foil in front of a silicon detector.

In helium gas with a density equal to 1 bar pressure at room temperature, i.e.
0.18 mg cm−3, α-decay recoil ions from a 223Ra source are stopped within about
0.5 mm. At this location the ionization rate density due to both recoil ions and the
α activity from the 223Ra source with a typical activity of 5 kBq over a diameter
of 4 mm is about 109 ion-electron pairs cm−3 s−1. In the presence of a moderate
electric field no influence of this ionization on the behaviour of the ions is expected.
In order to study the effect of the gas ionization we have used a proton beam to
ionize the region in which the recoil ions are stopped.

Apart from the presence of the proton beam the experimental setup is similar
to that used in the off-line experiment (see Section 5.1.1). Therefore, only the new
features are described in detail here. A photograph of the setup is shown in Fig-
ure 5.5 and a schematic view is shown in Figure 5.6. The most important difference
is that the beam line is coupled to the cryostat and that the beam is let in to the
cell. A copper window of 60 µm thickness through which the beam enters and a
Faraday cup are incorporated. The electrode geometry is modified by adding three
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Figure 5.5: Photograph of the on-line setup.
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Figure 5.6: Schematic view of helium gas ionization by a proton beam just above the 223Ra source.
Voltages on the electrodes produce an electric field which guides recoil ions stopped within about
0.5 mm from the source through the 5 mm diameter ionization region to the foil in front of the detector.
(Inset) Top view of the Rutherford scattering beam monitor.
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guiding electrodes. To position the ion beam just above the top of the 223Ra source,
two diametrically opposite holes are drilled into the well-shaped bottom electrode.
The proton beam enters the cell via the copper window, passes through the holes
in the bottom electrode and is stopped in the Faraday cup. This Faraday cup was
installed for the real time monitoring of the beam, but it gave a negative current
when we admitted the beam to the gas-filled cell. Apparently a negative charge
was collected on the Faraday cup. This charge collection is due to the large number
of electrons knocked out by the protons when they pass through the helium gas.
The Faraday cup was however very useful to align the beam when the cell was
pumped to vacuum.

A 13 MeV proton beam from the cyclotron at the University of Jyväskylä was
used to ionize the helium gas just above the 223Ra source. A collimator restricted
the beam diameter to 5 mm and care was taken to have a rather uniform beam
intensity distribution over this diameter. A beam intensity of 1 pA corresponds
to a helium ionization rate density within the volume of the beam of 5 ×109 ion-
electron pairs cm−3 s−1 for 1 bar room temperature equivalent of helium. The beam
intensity was measured by Rutherford scattering on a 12.4 mg cm−2 tungsten foil
at ∼60 degree backward angle with respect to the beam, thus having an effective
thickness of 14.3 mg cm−2. Scattered protons were detected with silicon detectors
at forward and backward angles (52 and 128 degrees) with respect to the beam axis,
resulting in a large dynamic range. Voltages were put on the electrodes such that
the electric field in the region illuminated by the beam was much higher than that
in the bulk of the cell. The cell is pumped to vacuum and then the beam is aligned
with the help of two collimators and Faraday cup.

The α-particle energy spectra recorded with the detector give the intensity and
identity of the transported α-decaying nuclides. Because only the information from
α-decay of 219Rn can be interpreted in a straightforward way (see Section 4.2.1), we
restrict our analysis to the behaviour of 219Rn ions.

5.2.2 Results and discussion

The combined recoil ion survival and transport efficiency from close to the source
to the aluminum foil was measured for three temperature and density combina-
tions: Tg = 77 K and ρ = 0.18 mg cm−3, Tg = 10 K and ρ = 0.18 mg cm−3 and Tg = 10 K,
ρ = 0.54 mg cm−3. The electric field in the ionization region at the bottom of the
cell was varied from about 20 to 160 V cm−1 by scaling all voltages with the same
factor, thus avoiding any change in the ion paths through the cell. The ionization
rate density was varied from 3 × 109 cm−3 s−1 to 9 × 1012 cm−3 s−1; the lower limit
is chosen such that the maximum efficiency of 30 % was still obtained at the lowest
electric field, the upper limit is imposed by the radiation level limit in the experi-
mental area. Up to now, room temperature gas catchers have been investigated at
smaller electric fields (typically 5 - 25 V cm−1) and mostly at lower densities (0.02 -
0.18 mg cm−3) [38, 78, 93, 113, 116, 128]. Figures 5.7 and 5.8 show a representative
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Figure 5.7: The combined efficiency of ion survival and transport as a function of ionization rate
density for different electric fields in the ionization region for temperatures 77 and 10 K and helium
gas density 0.18 mg cm−3.

Figure 5.8: The combined efficiency of ion survival and transport as a function of ionization rate den-
sity for different electric fields in the ionization region for temperature 10 K and helium gas densities
0.18 and 0.54 mg cm−3.
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selection of results. At low ionization rate density, the efficiency saturates at a max-
imum of 28.7(17)%. This is exactly the same as in the experiments without ionizing
beam, thus strengthening the conclusions from Section 5.1. Another important ob-
servation is the steep increase in the tolerable ionization rate density with electric
field and its decrease with increasing helium density. Because the mobility of elec-
trons is 2 - 3 orders of magnitude higher than that of positive ions, a positive ion
cloud exists essentially in the ionization region (see sections 2.1 and 2.2). The ap-
plied electric field pushes the ions up and removes them from the ionization region.
The equilibrium between ionization of the gas and removal of positive ions results
in a steady state positive charge density. This positive ion cloud induces a shielding
voltage Vind for the applied field (see Equation 2.9). The induced shielding voltage
increases as the beam intensity increases. The resulting decrease in the effective
field slows down the removal of ions from the ionization region and enhances the
increase in the positive charge density and induced voltage. Due to this positive
feedback mechanism with increasing beam intensity one expects a quick increase
in induced voltage up to the point where the effective field is zero. In this situation
ions will diffuse out of the cloud into a region where the applied field transports
them to the aluminum foil in front of the silicon detector. With the beam intensity
increasing the positively charged cloud swells. For gas catchers this leads to a loss
of ions as the ions hit the wall [113, 128] except if an RF barrier is present [125]. In
our system there is room to accommodate such an expansion because only a small
fraction of the ions may be pushed against the bottom electrode, neutralise and be
lost for transport. It does not lead to a loss of ions. However, as the effective electric
field is zero, electrons are no longer removed from the ionization region and a neu-
tral low-density plasma results in which ions recombine with electrons. We believe
this neutralisation is the main loss mechanism in our setup.

Figure 5.9 shows the combined ion survival and transport efficiency as a func-
tion of the ratio of induced to applied voltage (taken as the applied field multiplied
with the beam diameter of 5 mm). For all data sets the efficiency drops to 1/10 of
the maximum value for a ratio Vind/Vappl between 0.8 and 2. This shows that the
drop in efficiency relates to the screening of the applied field by the induced voltage.
Other than the left-most and right-most curves (they show anomalous behavior), the
curves in Figure 5.9 are split into two groups with respect to temperature. A reason
for this behavior is not immediately apparent from Equation 2.9.

Our data show a baseline for the efficiency at about 0.1%. The reason for this
is not clear. It is more than 2 orders of magnitude below the maximum efficiency
and we can consider it therefore irrelevant for our discussion of the primary effects.
The actual loss mechanism is considered to be the recombination of ions and elec-
trons once the effective electric field becomes small enough to no longer remove
the electrons effectively from the ionization region. We quantify this phenomenon
using recombination losses. This concept succesfully describes the behaviour of
ionization chambers [27] and was more recently applied to gas catchers [60].

The recombination loss for a parallel plate ionization chamber is given by Equa-
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Figure 5.9: The combined efficiency of ion survival and transport as a function of the ratio of induced
to applied voltage. Data points taken for the same ionization rate density by varying the applied field
are connected.

Figure 5.10: The combined efficiency of ion survival and transport as a function of the relative
recombination loss as calculated by Equation 5.3.
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tion 2.8. Using the fact that the ion mobility scales with the ratio of temperature
and pressure Tg/P we define the following relative recombination loss

frel =
Qα

E2(Tg/P)µ−
, (5.3)

where Q is the ionization rate (cm−3 s−1), α is the ion-electron recombination co-
efficient, µ− the electron mobility and E the applied electric. The charge density
is dominated by helium ions and thus governed by helium ion recombination. As
we measure the transport efficiency of radon ions, the recombination coefficient of
radon is needed, which is yet unknown. One might assume radon to be similar in
its behaviour to helium because both are noble gases. For the helium gas densi-
ties and temperatures used in this experiment 3-body recombination dominates the
2-body recombination by an order of magnitude (see section 2.5).

In the following analysis we only consider the 3-body recombination coefficient
α3 is considered for α. The 3-body recombination coefficient α3 shows a temperature
dependence of T−2.5

g between 200 K and 295 K (see Reference [118] and Section 2.6).
We extrapolate the results of [118] down to 10 K and include a T−2.5

g dependence for
the α3 coefficient in the calculation of frel . It is also well documented that recombi-
nation depends strongly on the electron temperature (see Section 2.6), which in turn
depends on the ionization method and can be much higher than the gas tempera-
ture. The temperature or more generally the energy distribution of the electrons, is
not known in our case of ionization by a fast proton beam. We therefore do not take
this effect into account. If the electron temperature is much different from the gas
temperature, it is conceivable that any modification of the recombination coefficient
would be independent of the gas temperature. Thus it would not affect the relative
recombination loss. The electron mobility µ− is taken from [88]. The 219Rn ion
extraction efficiency εextr from the ionization region is given by

εextr = εmax(1− f ) , (5.4)

where εmax is the maximum efficiency obtained in off-line conditions (∼ 30%) and
f is the absolute recombination loss factor (see Equation 2.8). The absolute recom-
bination loss can be expressed as

f = K frel , (5.5)

where K is a constant within our measurements. Figure 5.10 shows the efficiency
as a function of the relative recombination loss as calculated with Equation 5.3. The
data at 1 bar room temperature equivalent density show a rather weak temperature
dependence; the measurements at 10 K show a strong density dependence. Curves
of the form εextr = 30(1− K frel) are shown as guide to the eye. The sharp drop
in efficiency indicates that as soon as recombination sets in due to the incomplete
separation of ions and electrons, there is a positive feedback accelerating the recom-
bination. The fact that for a certain temperature and density a typical dependence
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of the form Equation 5.4, shows that the tolerable ionization rate density increases
with the square of the applied electric field. Maximizing the electric field is there-
fore a major design consideration for gas ion catchers.

5.3 Mobility measurements of 219Rn ions in cryogenic
noble gases

The feasibility of a noble gas catcher depends on the extraction efficiency and on
how fast an ion can be extracted from the stopping volume. The extraction time
should be shorter than the lifetime of the exotic nucleus. The mobility of positive
ions is a factor which determines its extraction time from a noble gas ion catcher.

5.3.1 219Rn mobility experiment

The experimental setup used for the mobility measurements is identical to that in
Figure 6.1b. The voltages on the electrodes are set to have an electric field as uniform
as possible throughout the transport region. The SIMION software is used to find
an optimum voltage configuration (see Figure 5.11). Within the first 0.15 cm of the
ion trajectory, the electric field varies drastically. Along the rest of the trajectory
the electric field is constant within 4.5%. Fluctuations of the electric field E are not
important as the drift velocity vd ∝ E. In the analysis the average E is used. The
voltages of the electrodes are lowered proportionately to have lower field strengths.
The 219Rn ion transport time through helium, argon and neon gases at different
densities are measured. An ion transport time window is set by pulsing the voltages
applied to the 223Ra source and the collection foil. The schematic of the electronics
for the pulsed measurements is given in Figure 5.12. Pulsing is applied in such
a way that the ion transport is blocked by increasing the foil voltage to a high
positive value, and decreasing the source and bottom electrode voltage to zero.
The repetition rate is 1 Hz. The square pulse is fed into the TTL triggered voltage
sources which are connected to the foil and the source plus bottom electrode. This
square pulse from the pulse generator provides the transport window for the ions.

The width of the transport window is the time during which the electric field is
favorable for the ion transport from the source to the collection foil. The number
of ions transported is measured as a function of transport window width. If the
transport window is larger than the transport time the ions that survived after the
thermalization are transported to the collection foil. The fraction of the ions that
arrives at the collection foil increases linearly with increasing transport window
width. No ions will be transported to the collection foil if the transport window
width is smaller than the ion transport time t0. Thus t0 is the maximum transport
window width for which the ion intensity is zero. The value of t0 can be found
by extrapolating the data points in the plot of the ion intensity versus transport
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Figure 5.11: Electric field profile along the ion transport trajectory. Electrode positions and the
maximum voltages applied are marked on the top axis.

window width to the zero intensity value (see Figure 5.14). We can find the mobility
µ of the ions for the applied field from the relation

µ =
L

Et0
, (5.6)

where L (= 56 cm) is the distance between the source and the collection foil and E
is the applied electric field (calculated using the SMION, Figure 5.11). Figure 5.13
shows the pulsing scheme applied in this experiment. A pulse of 1 µs width from a
pulser is used to trigger the pulse generator which produces a square pulse of 5 V
height and adjustable width.

5.3.2 Results

The electric fields used in these experiments are 115 V cm−1, 58 V cm−1 and
29 V cm−1. The 219Rn ion transport time for 1, 2 and 3 bar room temperature
equivalent density helium at 77 K and 1 bar room temperature equivalent density
argon and neon at 77 K are measured. The buffer gas pressure is measured at the
room temperature side of the setup and the experimental cell is at 77 K. The ratio
of the volumes at room temperature (where the pressure is measured) and cryo-
genic temperature for this experimental setup is Vw/Vc = 0.55. Equation 4.10 yields
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Figure 5.12: Schematic diagram of the electronics setup used for the mobility measurement.
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Figure 5.13: Pulsing scheme used for the mobility measurement.
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Figure 5.14: Transported ion intensity as function of transport window width measured for the
helium, neon and argon at 77 K at a density of 2.57×1019 cm−3. Extrapolating the data to an ion
intensity equal to zero gives the ion transport time t0.

a 4.4 % lower density inside the experimental cell than what would be expected
from the pressure measured at the room temperature side. Figure 5.14 shows the
219Rn ion intensity as a function of the transport window width for a number of ex-
perimental conditions. Extrapolation of the data points to zero ion intensity yields
the ion transport time t0. With this ion transport time t0 deduced, the ion mobility
for the given experimental conditions can be found from Equation 5.6.

Conventionally, mobility data are quoted in terms of the reduced mobility µred
(see Equation 2.7) as a function of the ratio of the electric field to the gas density
E/N. Figure 5.15 shows the reduced mobilities of 219Rn ions in helium, argon and
neon at 77 K. The experimental results are also tabulated in Table 5.1.

The reduced mobility of ions in the limit of vanishing electric field strength
E/N → 0 is referred to as the zero field reduced mobility µred(0). This value is
obtained by extrapolating the reduced mobility values back to the E/N = 0 point.
The values of E/N in these experiments are so low that the values µred obtained
directly give µred(0). For 1 bar room temperature equivalent density the results are
compatible with the reduced mobility of ions with comparable masses to 219Rn (see
Table 5.2) and other noble gas ions in helium, neon and argon gases (see Table 5.3).
The reduced mobility of 219Rn ions at 2 and 3 bar are rather the same and are less
than that at 1 bar room temperature equivalent density helium gas at 77 K (see
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µ

Figure 5.15: Measured reduced mobilities µred of 219Rn ions in helium, neon and argon gases as a
function of the ratio E/N. The buffer gas densities and temperatures used for the measurements are
indicated in the legend.

Table 5.1: Reduced mobility of 219Rn ion in helium, neon and argon gases.

Buffer gas Buffer gas density µred E/N Tg
[cm−3] [cm2 V−1 s−1] [Td] [K]

helium 2.57×1019 18.6(21) 0.45 77
21.6(56) 0.22 77
16.6(8) 0.11 77

helium 5.14×1019 10.6(2) 0.22 77
10.3(2) 0.11 77
11.9(2) 0.06 77

7.79(28) 0.07 100
helium 7.71×1019 8.2(2) 0.15 77

13.6(3) 0.07 77
13.1(2) 0.04 77

neon 2.57×1019 3.9(6) 0.45 77
4.8(8) 0.22 77

3.55(15) 0.11 77
argon 2.57×1019 1.10(3) 0.45 77

4.7(6) 0.22 77
2(1) 0.11 77
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Table 5.2: Reduced mobility in the limit of vanishing electric field strength (E/N → 0) µred(0) of
ions with comparable masses to 219Rn in helium, neon and argon gases.

Buffer Ion Tg µred(0) Reference
gas [K] [cm2V−1s−1]
He Hg+ 300 19.7(8) [41]
He U+ 300 15.8(6) [41]
He Tl+ 300 19.1(8) [40]
Ne Hg+ 300 5.96(24) [41]
Ne Tl+ 300 5.92(24) [40]
Ar Hg+ 300 1.85(7) [41]
Ar Tl+ 300 1.91(8) [40]

Figure 5.15). One may speculate that polarization interaction induced clustering of
helium atoms around 219Rn ions in high-density, low-temperature helium gas may
be the reason. There are insufficient data to draw definite conclusions regarding the
observed density dependence.

5.4 Conclusion

We have demonstrated large stopping and transport efficiencies of ions in noble gas
stopping media of low purity in a container that is not ultra-high vacuum compat-
ible by in-situ purification of the noble gas upon cooling to below 90 K. The mea-
sured efficiencies at low temperature are comparable to those achieved with ultra-
high purity gas catchers at room temperature. However, constructing a cryogenic
noble gas ion catcher operated at liquid nitrogen temperature is technically easier.
To reach the required purity level of less than 1 ppb, room temperature gas cells
have to be pumped to ultra high vacuum and baked for a long time before being
operational. In cryogenic gas cells this is achieved without long pre-preparations
and it is in this sense more reliable. It may therefore be a more practical choice.

In off-line measurements the combined ion survival and transport efficiency for
219Rn ions saturated below about 90 K, reaching 28.7(17)% in helium, 22.1(13)%
in neon, and 17.0(10)% in argon gases. The main result of these measurements
is that nothing happens after the ions are slowed down. The measured efficiency
is the result of charge exchange during slowing down and as such represents a
fundamental upper limit to the efficiency of noble gas ion catcher devices. This
upper limit depends on the chemical nature and the atomic structure of both the
ion and the gas.

On-line results demonstrate the importance of a high electric field to pull ions
and electrons quickly apart and as such reduce the neutralisation probability in
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the ionization region. Both on-line and off-line measurements demonstrate that
cryogenic helium at high density and high electric field is a promising medium for
an ion catcher.

The mobility measurements of 219Rn ions in helium, neon and argon at 77 K
gave values comparable to those obtained earlier for xenon in the same gases.
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Table 5.3: Reduced mobility in the limit of vanishing electric field strength (E/N → 0) µred(0) of noble gas ions in helium, neon and argon gases
at different temperatures T [39, 40, 41, 122]

helium
Ion Tg µred(0)

[K] [cm2 V−1 s−1]
He+ 300 10.3(1)
He+ 77 14.7
He+ 4.35 22.2(4)
He+

2 300 16.7(2)
Ne+ 300 20.0(4)
Ne+ 82 19.0(8)
Ne+ 4.35 17.5
Ne2+ 300 17.8(9)
Ar+ 293 20.3(10)
Ar+ 170 20.5(10)
Ar+ 82 18.8(8)
Ar+ 4.35 16.8(3)
Ar2+ 300 18.9(9)
Kr+ 300 18.6(4)
Kr+ 82 17.7
Kr+ 4.35 16.4(3)
Kr2+ 300 16.7 (8)
Kr2+ 82 17.4
Xe+ 295 16.5(8)
Xe+ 82 17.5
Xe2+ 300 17.7(9)
Xe2+ 82 17.2(7)

neon
Ion Tg µred(0)

[K] [cm2 V−1 s−1]
Ne+ 300 4.07(04)
Ne+ 216 2.95(03)
Ne+

2 300 6.16(06)
Ne+

3 77 5.40(54)
Ne+(2P1/2) 78 5.3(1)
Ne+(2P3/2) 78 5.64(06)
Ne2+(3P) 306 6.95(31)
Ne2+(1D) 306 6.25(19)
Ne2+(1S) 306 8.21(25)
Ar+ 77 6.39(13)
Xe+ 300 5.75(29)
Xe2+ 300 5.47(28)

argon
Ion Tg µred(0)

[K] [cm2 V−1 s−1]
Ne+ 294 3.29(23)
Ar+ 77 2.1(1)
Ar+

3 77 1.65(17)
Ar+ 300 1.53(02)
Ar2+ 300 2.49(03)
Ar2+(3P) 300 2.64(08)
Ar2+(1D) 300 2.29(07)
Ar+

2 77 1.77(09)
Ar+

2 300 1.83(02)
Kr+ 300 2.16(04)
Xe+ 294 2.07(15)
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A
series of off-line experiments was carried out at the Department of Physics,
University of Jyväskylä (JYFL), Finland in 2001-2002 to investigate the possibil-

ity to use liquid helium as ion catcher stopping medium. The measurements em-
ployed 219Rn ions recoiling from 223Ra (see Section 4.2.1) as an ion source. Among
the reported results was the first observation of the extraction of heavy positive
ions across the superfluid helium surface [56, 57, 108]. The efficiency for extrac-
tion across the liquid surface was 23(4)% at 1.60 K, the release time was 90(10) ms
at 1.50 K and the barrier for positive ions moving through a free superfluid-
helium surface was 19.4(45) K. Earlier experiments which tried to extract positive
ions/snowballs from liquid helium were unsuccessful [15]. A difference is that
in earlier works mostly helium ions were investigated. The electronic structure
of heavy ions may have a relation to the different behavior observed in the JYFL
experiments.

The experiments described in this section aim towards a better understanding of
the ion extraction at the superfluid-vapor interface. Further, as a new idea the pos-
sibility to enhance the ion extraction efficiency by second sound assisted superfluid
surface evaporation is also investigated.

6.1 Extraction of 219Rn ions across the superfluid-vapor
interface

6.1.1 Experimental setup

The experiments were carried out inside a helium bath-cryostat working in the
temperature range of 1.0 K to 1.8 K (see Chapter 4).

The principle of this experiment consists of five consecutive steps:

77
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1. Thermalization of 219Rn recoil ions in superfluid helium where they sponta-
neously form snowballs (see Section 3.1).

2. An electric field pushes the snowballs towards the superfluid-vapor interface.

3. Ions are extracted across the superfluid-vapor interface (see Section 3.5).

4. The extracted ions are transported by an electric field to an aluminum catcher
foil, from where

5. α-particles are detected with a surface barrier spectrometer.

An open 223Ra α-decay-recoil source was mounted at the bottom of the exper-
imental cell. Several ring electrodes are used to provide a favorable static electric
field to transport the ions from the source to a thin aluminum catcher foil. The ex-
perimental cell is cooled down to superfluid temperature and then helium gas from
a room temperature buffer volume is let in to be condensed. The buffer volume
filled with 1 bar helium gas at room temperature gives 23 cm3 superfluid helium
on condensation. The volume profile of the experimental cell is known, therefore
the height of the superfluid helium can be controlled with an accuracy of ∼ 0.5 mm
by admitting the appropriate amount of buffer volume fillings to the cold cell. In
the experiments described here the 223Ra source was covered by 6 mm of liquid
helium.

As long as the source is above the superfluid helium surface, α-particles from
the source can be recorded by the α-particle detector. Once the α-particles from the
source can no longer be recorded by the detector, an amount of superfluid helium
sufficient to cover the source with about 0.4 mm (the range of α-particles in liquid
helium) is condensed. An applied electric field has been designed with a small
radially focusing component at the superfluid helium surface in order to achieve
radial confinement of the ions. Displacement of ions more than a few millimeters
away from the cell axis would lead to transport loss. If an electric field is applied
to guide positive ions from the source to the foil two sets of α-lines can be detected.
One set corresponds to the ions which decay at the superfluid-vapor interface; the
second set originates from the ions which are extracted across the superfluid-vapor
interface and are transported to the aluminum foil and decay there. As explained
in Section 4.2.3 both sets can be unambiguously identified because of the different
energy loss. Different isotopes are identified based on their known α energies. The
223Ra α-lines are not seen in either of these sets since 223Ra is the mother nucleus
and as such does not recoil out of the source. With this setup two sets of experi-
ments were carried out to measure the snowball efficiency and investigate the ion
extraction across the superfluid-vapor interface.

Both experiments were performed with similar setups; they are referred to as
experiment A (see Figure 6.1a) and experiment B (see Figure 6.1b). The differences
between experiment A and B are the shape of the 219Rn recoil open ion source, the
source strength, the number of intermediate guiding electrodes and the distance
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Figure 6.1: Cross-sectional view of the experimental cells used in experiments A and B.
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Figure 6.2: Schematic representation of the 219Rn ion open source used in experiments A and B.
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between the source and the aluminum catcher foil. The open source in experiment
A is deposited on a flat copper tip (see Figure 6.2a) and in experiment B on a cone-
shaped copper tip (see Figure 6.2b). The cone-shaped source was used in order
to avoid deposition of 223Ra on the lateral side of the copper screw during the
source preparation. The strength of the 223Ra source was 21000 Bq in experiment
A and 5000 Bq in experiment B at the start of the experiment. Experiment A is
equipped with four guiding electrodes whereas B is equipped with three. The
source-foil distances in the experiments A and B are 70 mm and 62 mm respectively.
The number of guiding electrodes and the distance between the recoil ion source
and the catcher foil have no effect on any of the results because once the ions are
extracted out of the superfluid helium they are transported with 100% effiiciency to
the catcher foil by a static electric field.

The main objective of experiment A was to find the effect of the applied electric
field on the snowball efficiency which is the fraction of 219Rn recoil ions transported
to the superfluid-vapor interface after thermalization. Experiment B was performed
to investigate the temperature dependence of the extraction efficiency of ions across
the superfluid-vapor interface.

6.1.2 Results

A fraction of the recoil ions is neutralized due to charge-exchange processes during
slowing down and thermalization. The surviving thermalized ions are transported
to the superfluid-vapor interface by the electric field.

A fraction of the ions reaching the superfluid-vapor interface can be extracted
into the vapor phase; the remaining ions decay at the interface. Because there are
few electrons present at the interface, we assume there is no neutralization at the
interface. The extracted ions are transported to the aluminum catcher foil and decay
there. The snowball efficiency εsb is determined as the ratio of the sum of 219Rn ion
decays at the catcher foil N f oil and 219Rn ion decays at the superfluid-vapor interface
Nsur f to the total 219Rn recoil ions emitted from the source Nrecoils:

εsb =
Nsur f + N f oil

Nrecoils
= εsur f + ε f oil (6.1)

where εsur f is the fraction of total 219Rn recoils that decay at the superfluid-vapor
interface and ε f oil is the fraction of total 219Rn recoils that decay at the foil. The frac-
tion ε f oil is the total efficiency of the system. These efficiencies are directly deduced
from the observed α-line intensities. The extraction efficiency εextr is the fraction of
the snowballs arriving at the surface that are extracted across the superfluid-vapor
interface, i.e. the ratio of total efficiency ε f oil to the snowball efficiency εsb,

εextr =
ε f oil

εsb
=

ε f oil

εsur f + ε f oil
. (6.2)
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(a) Experiment A.

Figure 6.3: Snowball efficiency as a function of electric field at 1.15K.

Figure 6.3 shows the 219Rn snowball efficiency as a function of the electric field in
the vicinity of the recoil ion source obtained with the experimental configuration A.
A gradual increase and saturation of the snowball efficiency with increasing electric
field is observed. The saturation of the snowball efficiency occurs for electric field
strengths above about 180 V cm−1. A measurement series was performed within
the temperature range 1.15 to 1.6 K. Figure 6.4a shows the snowball efficiency as
a function of inverse temperature from experiment A. No significant temperature
dependency is observed. An average snowball efficiency of 5.36(13)% is observed
for temperatures between 1.15 and 1.6 K with an electric field of 180 V cm−1 in
all the measurements. A similar measurement in experimental condition B yields
an average snowball efficiency of 1.04(6)% for temperatures between 1.2 and 1.6 K
(see Figure 6.4b). Experiment B was performed within the temperature range 1.15
to 1.8 K. The snowball efficiency at 1.8 K could not be extracted because of low
statistics and the large low-energy tail of the α spectral lines.

Figure 6.5b shows the total efficiency ε f oil as a function of inverse temperature
obtained in experimental configuration B. Measurements were performed within
the temperature range 1.2 K to 1.8 K with an applied electric field of 180 V cm−1.
Figure 6.5a shows results from similar measurements in experimental configuration
A. An increase in total efficiency with increasing temperature is observed.

Figures 6.6a and 6.6b show the extraction efficiency εextr as function of inverse
temperature obtained from experiments A and B. The point at 1.8 K in experiment
B is calculated using the average snowball efficiency of 1.05%. It clearly shows an
increase in extraction efficiency with increasing temperature.
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(a) Experiment A.
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(b) Experiment B.

Figure 6.4: Snowball efficiency εsb as a function of the inverse temperature 1/T. The experiments
were performed with an electric field of 180 V cm−1 at the source.
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(a) Experiment A.

!

(b) Experiment B.

Figure 6.5: Total efficiency ε f oil as a function of inverse temperature 1/T. The experiments were
performed with an electric field of 180 V cm−1 at the source.
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(a) Experiment A.

!

(b) Experiment B.

Figure 6.6: Extraction εextr efficiency as a function of inverse temperature 1/T. The experiments
were performed with an electric field of 180 V cm−1 at the source.

6.1.3 Discussion

The growth and saturation of the snowball efficiency as a function of electric field
observed in Figure 6.3 can be explained in terms of recombination losses. The ions
undergo neutralization during the slowing down due to charge exchange processes.
The region around the ion source is rich in excess electrons due to the ionization of
helium atoms by recoil ions and the α-particles emitted from the recoil ion source.
The range of the recoil ions and the α-particles in the liquid helium are about
0.55 µm and 0.4 mm respectively. If the 219Rn snowballs are not transported out
of this region fast enough they will neutralize as a result of electron-ion recombina-
tion. Once the ions are out of the electron-rich region, the neutralization is unlikely
along the rest of the transport due to the very low electron density. The drift ve-
locity of snowballs is proportional to the applied electric field (see Section 3.3). The
snowball efficiency εsb can be represented in terms of the recombination loss factor
f as

εsb = εsat
sb (1− f ) , (6.3)

where εsat
sb is the saturation value of the snowball efficiency as a function of electric

field. The recombination loss factor for a parallel plate ionization chamber is used
as f (see Section 2.4, Equation 2.8). At a constant temperature and ionization rate, f
is proportional to E−2, where E is the applied electric field at the ionization region.
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Figure 6.7: Snowball efficiency εsb as a function of electric field E at the source. The function
εsat

sb (1− KE−2) is fitted to the data. The snowball efficiency reaches a saturation value of 7.0% at
electric fields above about 180 V cm−1 at the source.

Using this result the snowball efficiency can be expressed as

εsb = εsat
sb (1− KE−2) , (6.4)

where K is given by

K =
QαSFd2

6µ+µ− , (6.5)

where Q is the ionization rate desnity (helium ion-electron pairs cm−3 s−1), αSF
is the recombination coefficient of ions in superfluid helium (see Section 3.4), µ+
and µ− are the positive ion and electron mobility (see Section 3.3) and d is the
size of the ionization region along the applied electric field. As the range of the
ionizing particles (recoils and alphas) is much smaller than the diameter of the
source, we consider a cylindrical ionization region above the source with a radius
equal to that of the source (4 mm). This ionization region consists of two parts: (1) a
region of height 0.55 µm where the recoil ions with an energy of about 100 keV are
thermalized, (2) a region of height 0.4 mm being the volume where the α-particles
with an average energy of about 6.5 MeV are stopped. Recoiled 219Rn ions are
thermalized in the first region and transported through the second region. The
223Ra source strength at the time of the experiment was about 5000 Bq. The Q
associated with recoil ions, i.e. in the region 1 is about 1.3× 1012 cm−3 s−1 and the Q
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Table 6.1: Saturation value of snowball efficiency εsat
sb for different ions in superfluid helium.

Ion εsat
sb [%] T [K] Reference

219Rn 6.95(7) 1.15 This work
12B 30(3) 1.7 [107]
12N 10(3) 1.7 [107]
8Li 30(3) 1.7 [107]

associated with the α-particle range, i.e. in the region 2 is about 0.2× 1012 cm−3 s−1.
In this calculation, we assumed on average 40 eV is needed for the creation of a
helium ion-electron pair (the same as in gaseous helium) and estimated the total
number of recoils entering the superfluid helium to be 0.65 times the 223Ra source
strength and the total number of α-particles causing ionization of the helium to be
1.1 times the 223Ra source strength. Although Q in region 1 is an order of magnitude
larger than in region 2 the α-particle range is about 3 orders of magnitude larger
than the recoil range. The factor Qd2 in Equation 6.5 is thus about 5 orders of
magnitude larger in region 2 than in region 1. The ionization by the recoils is thus
irrelevant for the recombination loss and the parameters of region 2 are used in
the calculation. The recombination coefficient αSF of ions in superfluid helium at
a temperature of 1.15 K is about 2.7×10−6 cm3 s−1 (see Section 3.4). The positive
ion mobility µ+ and electron mobility µ− in superfluid helium at 1.15 K are about
1.25 cm2 V−1 s−1 and 2.2 cm2 V−1 s−1 respectively (see Section 3.3). Using these
values, K is calculated to be 436 V cm2. Thus the value of f for an electric field of
50 V is 0.17. As the value K in region 2 and region 1 differ only by the values of Q
and d, f in region 1 is five orders of magnitude less than in region 2. This shows
that the condition for Equation 6.4, i.e. f < 1 is satisfied here.

Figure 6.7 shows the best fit of Equation 6.4 to the snowball efficiency vs. electric
field data. εsat

sb and K obtained from the fit are 6.95(7)% and 1465(22) respectively.
The value of εsat

sb from the fit is in good agreement with the experimental values
obtained at electric fields higher than about 180 V cm−1 (5.4%, see Figure 6.4a). K
obtained form the fit is about 4 times larger than the calculated value. There should
be no error on αSF and µ−. There is a chance for a 25% error on µ+ as we used
the 4He ion mobility instead of the 219Rn ion mobility. The largest error may arise
form the calculation of the ionization rate Q as we considered a uniform energy
loss of the α particles throughout the ionization region. Given these uncertainties,
the calculated and experimentally determined value of K are in good agreement.

The saturation of the snowball efficiency indicates that all the thermalized snow-
balls are moved out of the electron-rich region before recombination-neutralization.
The saturation value of 6.95(7)% shows the charge exchange cross section limit of
219Rn ion thermalization in superfluid helium. The charge exchange cross section
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Figure 6.8: Extraction efficiency εextr as a function of inverse temperature 1/T. The lines represent
a constant plus an exponential function obtained by fitting to the data points.

limit of 219Rn ion survival in helium gas is about 30% (see Section 5.1.2).
Takahashi et al. [109, 107] measured snowball efficiencies of 12B, 12N and 8Li

ions in superfluid helium (see Table 6.1). Positively charged impurities were created
through the injection of fast nuclear beams into superfluid helium. The snowballs
involving a radioactive core ion were transported under a static electric field and
were traced through the measurement of the radioactive decay of the impurity ions.
Electric fields of 100 V cm−1 to 500 V cm−1 were used to transport the snowballs out
of the stopping region. This shows that the snowball efficiencies are different for
different species of impurity ions.

The offset in snowball efficiency observed at electric fields lower than about
40 V cm−1 may be due to the shielding of the applied electric field by an induced
field created by the charge polarization at the ionization region. A similar effect
was observed in weakly ionized helium gas (see section 2.4). The main difference
between the superfluid and gas cases is the different nature of the electron and ion
mobility. The electron mobility in helium gas is several orders of magnitude higher
than that of positive ions, whereas in superfluid helium they are very similar (see
Sections 2.1, 2.2 and 3.3). Therefore in helium gas even a very small applied electric
field will drive the ionized gas into a positive ion cloud. But in superfluid helium
the ions and the electrons are removed at roughly the same rate and comparatively
higher electric fields are necessary to quench the counter-balancing polarization
field.
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Both experiment A and B show a temperature independent snowball efficiency
at high electric fields (see Figures 6.4a and 6.4b). The average snowball efficiency
observed in experiment B is 5 times smaller than that in experiment A. No explana-
tion of this difference is apparent. It may be due to a problem with the recoil source
strength determination.

The total efficiency obtained in both experiments A and B shows a similar be-
havior as a function of temperature. An increase in total efficiency with increasing
temperature is observed in both experimental configurations. This indicates that an
increase in temperature favors the extraction process as the snowball efficiency is
temperature independent. The values of total efficiency ε f oil as a function of temper-
ature obtained in experiment A are higher than in experiment B (see Figures 6.5a
and 6.5b). This is due to the high snowball efficiency observed in experiment A
compared to experiment B.

Figure 6.8 shows the extraction efficiency as a function of inverse temperature
from this experiment and the JYFL experiment [57]. εextr data from both experiment
A and B are combined as εextr is independent of the experimental setup. The trend
observed in both experiments is similiar. Above ∼1.3 K, εextr is compatible with the
thermally activated crossing of particles across a potential barrier with height Eb

εextr ∝ e−Eb/kBT . (6.6)

The fact that εextr below ∼1.3 K is much larger than the extrapolation of the ther-
mally activated extraction towards lower temperature, points to another mechanism
being dominant below ∼1.3 K. The nature of this mechanism is at the moment un-
known. The role of quantum tunneling in the extraction can be ruled out due to
large mass of the ions as compared to the electron. This mechanism may very well
also be present above 1.3 K but it is dominated by the thermal crossing of the bar-
rier. In the absence of evidence to the contrary, we assume this mechanism to be
temperature independent with efficiency ε0 and Figure 6.8 shows the best fit of the
function

εextr = ε0 + Aexp
(
−Eb
kBT

)
(6.7)

to the data. ε0 is similar for both experiments, i.e. 0.70(4)% in JYFL work and
0.79(27)% in this work. The function gives a perfect fit for JYFL data because the
number of data points is equal to the number of fit parameters. The errors on the fit
parameters come from the fact that it is a weighted fit with the experimental errors
as weights.

Although the trend observed above ∼1.3 K in both experiments is compatible
with the thermally activated crossing of particles across a potential barrier (see
Section 3.6.2), there is quite some difference in εextr and Eb. The reason for this is
not clear; over-estimation of transport losses in the analysis of the JYFL experiment
may be part of the answer. Given the quality of the temperature sensors used, an
inaccuracy in temperature measurement can not explain the difference.
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No theoretical model has yet been developed which adequately describes pos-
itive ion extraction across the superfluid-vapor interface. The most realistic model
for the potential energy barrier was proposed by Stern [103]. According to this
model the image charge potential barrier experienced by a unit charge at the
superfluid-vapor interface is about 300 K. This is about 15 times higher than our
measured result (taking an average barrier height from the data sets shown in Fig-
ure 6.8 to be 20 K). This difference may arise from the fact that Stern’s model lacks
some important physical features of the real situation. Most important is the den-
sity profile at the superfluid-vapor interface assumed in the calculation. The width
of the interface used in Sterns’ calculation is 0.68 nm and the experimentally mea-
sured value by Lurio et al. is 0.92(10) nm [71]. For the density variation across
the interface, Stern considers a linearly graded transition and sinusoidally rounded
corners. A later experimental study by Lurio et al. [70, 71] showed that the ac-
tual rate of density change at the superfluid side of the interface is much slower
than sinusoidal (see Figure 3.15). Stern’s calculation for a Si - SiO2 interface in the
same paper [103] showed that the resulting barrier height strongly depends on the
density variation rate. Thus for a more realistic image charge potential barrier cal-
culation one should include the density profile obtained by Lurio et al. If we believe
that the potential barrier present is purely of image charge character, there should
be no change in barrier height with respect to temperature because the permittivity
of the superfluid helium has a temperature dependence of only about 10−3 K−1.
One more important aspect that is missing in Stern’s model is the actual size and
structure of the charge carrier. Stern considered a point charge for his calculation,
however in reality the size of the snowball is comparable to the width of the inter-
face. We consider it likely that a snowball will deform the liquid helium surface as
it comes close enough. Given the fact that image charge potential is very sensitive
to the surface density profile, such deformation is expected to have an influence
on the image charge potential barrier and thus influence the extraction process. A
detailed theoretical study is necessary to understand the mechanism of positive ion
extraction across the superfluid-vapor interface.

6.2 Second sound assisted superfluid surface
evaporation

Second sound is a quantum mechanical phenomenon exclusively known from the
superfluid phase. It is a heat transfer mechanism by an entropy (or temperature)
wave (see Chapter 3). A single second sound pulse can maintain an extremely
sharp wavefront in temperature rise. T. Furukawa et al. [47] reported transient
evaporation of helium at the superfluid helium surface if a second sound thermal
pulse impinges onto the superfluid-vapor interface. This result triggered interest
to investigate the possibilities to use this phenomenon to release the ions trapped
below the superfluid helium surface.
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Figure 6.9: (a) Schematic side view of the bottom electrode incorporated with the second sound heater
and top view of the second sound heater. (b) Photograph of the bottom electrode incorporated with the
second sound heater from the top.

6.2.1 Experimental setup

In an ion catcher device ions are continuously accumulated below the superfluid
surface in a potential well, which is formed by the image charge potential and an
external electric field normal to the interface. Above a temperature of about 1.6 K,
an extraction efficiency of 10-20% is achieved due to thermal excitation of trapped
ions. The new idea is to enhance the extraction efficiency in the present setup by
evaporating the superfluid helium layer containing the trapped ions and thus re-
lease them to the vapor phase. Having second sound pulses at a high enough rep-
etition rate might also reduce the average delay time due to the thermal crossing of
the barrier. The second sound thus acts as a pulsed heat source for evaporation. A
heat pulse is generated by resistive heating of a planar thin-film heater surrounding
the radioactive source. This heat pulse evolves into a shock wavefront and prop-
agates upwards in the superfluid helium and impinges on the surface. The only
modification in the experimental setup (see section 6.1) is the addition of a heater to
produce second sound pulses (see Figure 6.9). A nickel-chromium thin-film acts as
heater to generate second-sound waves. Nickel-chromium was chosen because of
its constant electric resistance down to superfluid helium temperatures. The thin-
film heater is prepared at the KVI target laboratory by evaporative deposition of
nickel-chromium on an annular quartz plate of 27 mm outer diameter, 7 mm inner
diameter and 1 mm thickness which has a narrow radial gap. The film is deposited
with a uniform thickness across the quartz substrate. A narrow copper thin-film
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Figure 6.10: Net evaporation mass flux as a function of the temperature variation ∆TW at the second
sound wave front for the bulk helium temperatures 1.74 K and 2.04 K (from [47]).

strip is deposited on the nickel chromium edge along the radial gap to provide a
uniform electrical contact. The thickness of the deposition is adjusted to obtain a
resistance of about 100 Ω across the copper electrical contacts. The thin-film heater
is placed at the same height as the 223Ra source. The second sound heater is kept
at the same electric potential as the source and the bottom electrode, which all are
connected in series. In order to create a second sound pulse, the bias voltage of
one of the thin-film heater contacts is pulsed with a rectangular voltage pulse from
a floating power supply. The resulting current pulse creates a heat pulse with the
same width and period as the driving voltage pulse. Its amplitude is proportional
to the voltage amplitude. The generated second sound pulse travels along the ion
transport trajectory. A pulse width of at least an order of magnitude less than the
pulse period is used to avoid any significant effect on the ion transport. A pulse
height of 150 V and a pulse width of 10 µs were chosen for all the measurements
at 1.6 K and 1.15 K. The energy produced per pulse is 2.25 mJ. The heat input into
the cell by the second sound pulse could be observed by a drop in the temperature
controller heater power output. The power input by second sound pulses and the
drop in temperature controller heater power are in agreement within about 10%,
giving confidence in the proper operation of the second sound heater.

From the experimental results of Furukawa et al. [47] it is possible to calculate
the thickness of the superfluid helium surface layer evaporated by a second sound
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pulse. Heating of the nickel chromium heater creates a thermal pulse with a tem-
perature amplitude ∆Ti given by linear acoustic theory as [47]

∆Ti =
q

ρ0,LCsscp
, (6.8)

where q is the peak value of the heat flux supplied by the nickel chromium-heater,
ρ0,L and cp are the density and the heat capacity of superfluid helium and Css is
the velocity of the second sound at the corresponding helium temperature T (see
Figure 3.4). The heat flux q (W cm−2) is given by

q =
V2

p

AhRh
, (6.9)

where Vp is the amplitude of the voltage pulse and Rh and Ah are the resistance and
area of the nickel-chromium heater. The thermal pulse emitted by the heater travels
upwards and impinges onto the superfluid surface. The thermal pulse is partially
reflected. The resulting temperature variation is give by

∆TW = ∆Ti + ∆Tr, (6.10)

where ∆Ti and ∆Tr are the temperature rise at the impinging and reflected wave
fronts. The reflection coefficient of a thermal pulse at normal incidence R22 =
∆Tr/∆Ti was measured by Murakami et al. [77] as 0.8. For superfluid helium R22 is
a temperature independent quantity [77]. Thus the ∆TW can be expressed as 1.8 ∆Ti.
In this experiment the temperature rise at the superfluid surface at the incidence of
the second sound pulse can be calculated and is about 125 mK and about 900 mK
for 1.6 K and 1.15 K respectively. Figure 6.10 [47] shows the net evaporation mass
flux as a function of the temperature variation ∆TW at the second sound wave front
for bulk helium temperatures of 1.74 K and of 2.04 K. The net evaporation mass
flux is the mass of the superfluid helium evaporated from unit area of superfluid
surface per second. The thickness of the superfluid surface layer evaporated by the
heat pulse used in this experiment is larger than 100 nm, which should be sufficient
to evaporate the surface layer containing the trapped ions.

6.2.2 Results

Contrary to expectation, the evaporation of the superfluid helium surface by second
sound gave no enhancement but rather a negative effect on the extraction efficiency.
Figure 6.11 shows the extraction efficiencies at 1.60 K and 1.15 K as a function of
second sound pulse period. At long pulse periods the extraction efficiency remains
the same as that obtained in measurements without second sound pulses. The
extraction efficiency shows an exponential fall-off with decreasing pulse period.
Figure 6.12 shows the snowball efficiency at 1.60 K and 1.15 K as a function of
second sound pulse period. No significant change in the snowball efficiency as a
function of second sound pulse period is observed.
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Figure 6.11: Extraction efficiency εextr as a function of second sound pulse period Pss for the tem-
peratures 1.15 K and 1.60 K. The lines represent a fit with an exponential plus a constant.
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Figure 6.12: Snowball efficiency εsb as a function of second sound pulse period Pss for the tempera-
tures 1.15 and 1.60 K. Rather similiar and constant snowball efficiencies are obtained at 1.60 K and
1.15 K.
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6.2.3 Discussion

Figure 6.11 shows the extraction efficiency as a function of the second sound pulse
period. The extraction efficiency decreases with decreasing pulse period; for large
pulse periods, the extraction efficiency saturates at the value measured without sec-
ond sound pulses. Data points without second sound pulses are from experiment A
(see section 6.1.2). Once the second sound pulse hits the superfluid helium surface
the extraction process is apparently disturbed, and it recovers during the time gap
between the pulses. Figure 6.11 shows the best fit of the function

εss
extr = ε0

extr − Ae−Pss/τ , (6.11)

to the data, where εss
extr is the extraction efficiency with second sound pulsing, ε0

extr
is the extraction efficiency in the absence of second sound pulsing, Pss is the second
sound pulse period and τ is the “recovery time” of the extraction after the creation
of a second sound pulse. The recovery times τ for the measurements at 1.60 and
1.15 K are 3.2(6) s and 15(6) s respectively, and the extraction efficiencies ε0

extr are
1.7(1) and 0.73(14)% respectively.

Figure 6.12 shows the snowball efficiency εss
sb at 1.6 and 1.15 K as a function

of the second sound pulse period. No considerable difference in the snowball effi-
ciencies between the 1.6 and 1.15 K data is observed. The snowball efficiency rather
remains constant with respect to the second sound pulse period. This indicates
that the number of ions trapped below the surface layer remains constant regard-
less of the destruction of the extraction efficiency. This result also seems to indicate
that the trapped ions move downwards follow the superfluid surface during the
evaporation.

No explanation for the observed destruction of extraction phenomenon is yet
available as the physical processes involved are unknown. A detailed theoretical
study is necessary to help understand the results. One may speculate that snowballs
attach themselves to vortices created by the second sound pulse. It is known that
second sound pulses create quatum turbulence (see e.g. [55]), which in a simple
picture is represented as a tangle of vortex lines (see [123] for a review on quantum
turbulence). It is well-known that snowballs attach themselves to vortices [18] and
under certain conditions, quantum turbulence has a long decay time (e.g. Milliken
et al. measure a decay time of 1.7 s at 1.45 K [74]). The assumption that 219Rn
snowballs attach themselves to vortices created by the second sounce pulse and as
while being attached cannot be extracted from superfluid helium together with a
long turbulence decay time can explain our experimental observations.

6.3 Conclusion

The survival of thermalized snowballs in superfluid helium depends strongly on
how fast they are transported out of the electron-rich region where they are pro-
duced from slowed-down recoil ions. The snowball efficiency reaches a saturation
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value at sufficiently high electric fields. The electric field strength needed to reach
the saturation depends strongly on the ionization density. The saturation value of
the snowball efficiency is independent of the superfluid helium temperature.

The exponential increase in the extraction efficiency of positive ions across the
superfluid-vapor interface with increasing temperature indicates that the extraction
is a thermally activated process. Our data between 1.4 and 1.8 K yield a potential
barrier of about 20 K. The extraction efficiency below about 1.3 K is much larger than
the extrapolation of thermally activated extraction and points to another mechanism
being dominant below 1.3 K. This mechanism may very well also be present above
1.3 K but it is dominated by the thermal crossing of the barrier. It is interesting
to note that the extraction efficiency below 1.3 K is quite similar in all experiments
(0.5-0.8%).

The evaporation of the superfluid surface by second sound heat pulses has a
lasting negative impact on the ion extraction efficiency. It takes 3.2(6) s at 1.60 K
and 15(6) s at 1.15 K for the extraction process to recover from a disturbed state of
yet unknown nature. One may speculate the trapping of ions in the vortex tangle
created by the second sound induced turbulence.
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Conclusion and outlook

T
he purpose of this thesis project was to investigate the possibility of using cryo-
genic noble gases and superfluid helium as stopping media for ion catchers.

Cryogenic noble gas ion stopping medium

Underlying physics and mechanisms

Based on the literature survey of physical processes in ionized cryogenic helium
gas, the following conclusions are drawn:

• Most physical processes involved in the cryogenic ion catcher fall within the
classical and elastic collision limit. The positive ion mobility is an important
parameter determining the efficiency as it determines the extraction time of
ions from the stopping volume.

• Given the helium densities used in noble gas ion catchers, He+
2 is the domi-

nant ion in ionised helium gas above a temperature of about 200 K. Below this
temperature, He+

3 is dominant. The electric field to density ratios considered
here are not large enough to induce the breakup of He+

3 .

• The main ion-loss mechanism in a cryogenic helium gas ion catcher is recom-
bination loss. Recombination of thermalized high-energy ions obviously has
a negative impact on the total efficiency whereas helium ion recombination
is a positive factor. Recombination of helium ions decreases the space charge
problem associated with the ion beam and removes the free electrons from the
ionization region.

• For the helium gas densities and temperatures relevant for the cryogenic he-
lium gas ion catchers, 3-body recombination dominates the 2-body recombi-
nation by an order of magnitude.

95
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• The recombination coefficient of helium ions shows a temperature depen-
dence of T−2.5

g for the 3-body recombination coefficient α3. The same tem-
perature dependence is observed for simple molecular ions in helium down
to 77 K. Recombination also depends strongly on the electron temperature
which in turn depends on the ionization method and can be much higher
than the gas temperature.

• Most of the available data on the recombination mechanism is restricted to
helium gas densities less than 1018 cm−3 at room temperature. A detailed the-
oretical and experimental study dedicated to understand the recombination
process in low-temperature high-density helium gas is necessary for a deeper
understanding of the physical processes involved.

Key experimental observations

Off-line experiments on cryogenic helium gas as a stopping medium demonstrated
large stopping and transport efficiencies of 219Rn ions in noble gas stopping media
of low purity in a container that is not ultra-high vacuum compatible by in-situ
purification of the noble gas upon cooling to below 90 K. In an on-line experiment
we have investigated the survival and transport efficiency of 219Rn ions in high-
density cryogenic helium gas, with ionisation of the gas induced by a proton beam.
The combined efficiency of ion survival and transport by an applied electric field
was measured as a function of ionisation rate density for electric fields and for
three temperature and density combinations. The main results from the off-line
and on-line measurements are:

• For high enough electric field, no neutralization takes place after slowing
down. The measured efficiency is the result of charge exchange during slow-
ing down and as such represents a fundamental upper limit to the efficiency
of noble gas ion catcher devices. This upper limit depends on the chemical
nature and the atomic structure of both ion and gas.

• In a separate experiment the mobility of 219Rn ions in helium, neon and argon
at 77 K is measured. The results are comparable to those of xenon in the
respective gases.

• On-line results demonstrate the importance of a high electric field to quickly
pull ions and electrons apart and as such reduce the neutralisation probability
in the ionization region. Both on-line and off-line measurements demonstrate
that the cryogenic helium at high density and high electric field is a promising
medium for an ion catcher.

• The main conclusion of the studies on cryogenic noble gas ion stopping media
is that helium is the most ideal among noble gases to be used as stopping
medium for high-energy ion beams due to its high ionization potential.
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• The measured efficiencies at low temperature are comparable to those achieved
with ultra-high purity gas catchers at room temperature. However, construct-
ing a cryogenic noble gas ion catcher operating at liquid nitrogen temperature
is technically easier. To reach the required purity levels of less than 1 ppb,
room temperature gas cells have to be pumped to high vacuum and baked
for a long time before being operational, whereas in cryogenic gas cells this is
achieved without long pre-preparations. It may therefore be a more reliable
and practical choice.

• The idea of freezing out the impurities in a helium gas catcher has caught the
attention of several groups in recent years. Unknown to us at the time of our
experiments, M. Wada at RIKEN tested a cold trap at liquid nitrogen temper-
ature placed inside the gas cell in order to purify the helium gas. Although
this system did not maintain a low temperature in the helium gas, an increase
in efficiency of a factor of 10 was reported [125, 124]. Wada et al. are planning
a fully cryogenic gas cell to be installed at the universal slow RI-beam facility
(SLOWRI) at the RIBF at RIKEN [126]. New gas catchers being developed at
the National Superconducting Cyclotron Laboratory at Michigan State Uni-
versity are planned to be cryogenic [52]. Plans to replace the gas cell at the
SHIPTRAP facility at GSI with a cryogenic version have been presented [37].

Superfluid helium ion stopping medium

Underlying physics and mechanisms

The possibility of superfluid helium as stopping medium for ion catchers is inves-
tigated. An overview of the properties of positive ions and electrons in superfluid
helium shows strikingly different behavior due to the different nature of their in-
teractions with the ambient medium. This project concentrated on properties of
snowballs such as their survival and extraction efficiencies. On the basis of the lit-
erature survey on underlying physical processes the following observations could
be made:

• The interaction of snowballs with the superfluid-vapor interface is not well
understood. If we believe that the potential barrier present is purely image
charge character, there should be no change in barrier height with respect to
temperature.

• The barrier height and location of the potential minimum at the superfluid-
vapor interface depend strongly on the density profile of the interface. An
accurate theoretical description of the extraction of positive ions and the size
of the potential barrier is not available yet. For a more realistic image charge
potential barrier calculation one should include the actual density profile of
the superfluid-vapor interface.
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• The size of the snowball is comparable to the width of the interface. This
may very well influence the extraction process. A detailed theoretical study is
necessary to understand the mechanism of positive ion extraction across the
superfluid-vapor interface.

• When pushed towards the superfluid-vapor interface, electron bubbles ex-
plode as a result of the combination of thermal motion and quantum tunnel-
ing and release the bare electron into the vapor phase. This indicates that the
structure of the charged complex plays a key role in the extraction mechanism.

• An experimental study on extraction of alkaline earth metal ions from su-
perfluid helium will give a more clear picture of the ion extraction process
across the superfluid-vapor interface. The role of quantum tunneling in the
extraction can be ruled out due to large mass of the ions as compared to the
electron.

Key experimental observations

The main objective of the off-line experiments on superfluid helium was to study
the dependence of the survival of snowballs on applied electric fields and the de-
pendence of their extraction across the superfluid-vapor interface on temperature.
A new idea to enhance the extraction by evaporating the superfluid helium layer
containing the trapped ions and thus release them to the vapor phase is also ex-
perimentally investigated. Key results from our experimental studies on superfluid
helium as ion stopping medium are:

• The survival of thermalized snowballs in superfluid helium depends strongly
on how fast they are transported out of the electron-rich region where they
are produced from slowed-down recoil ions. The snowball efficiency reaches
a saturation value at sufficiently high electric fields. The electric field strength
needed to reach saturation depends strongly on the ionization density.

• The exponential increase in the extraction efficiency of positive ions across
the superfluid-vapor interface above about 1.3 K with increasing temperature
indicates that the extraction is a thermally activated process. Our data yields
a potential barrier of about 20 K.

• The extraction efficiency below about 1.3 K is constant and much larger than
the extrapolation of the thermally activated extraction. This points to another
mechanism being dominant below 1.3 K.

• No clear explanation for the observed phenomenon related to second sound
assisted evaporation of the superfluid surface layer is yet available as the phys-
ical processes involved are unknown. One may speculate the trapping of ions
in the vortex tangle created by the second sound induced turbulence. A de-
tailed theoretical study is necessary to help understand the results.
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• The constant snowball efficiency for superfluid surface evaporation assisted
by second sound pulses indicates that the number of ions trapped below the
surface layer remains constant regardless of the destruction of the extraction
efficiency.

• Given extraction efficiencies of positive ions across the superfluid-vapor inter-
face, superfluid helium can be used as a stopping medium for ions with high
snowball efficiencies. Snowball efficiencies between 5 to 30% observed for
different ionic species and an extraction efficiency of about 30% at 2 K gives
a total efficiency between 1 to 10%. The high vapor density at higher tem-
peratures is however not favorable for the fast transport of ions in the vapor
phase.





Summary

Superfluid helium and cryogenic noble gases as
stopping media for high-energy ions

M
any scientific disciplines make use of radioactive ions in the form of a low-

energy ion beam or a cold ion or atom cloud. Since radioactive isotopes
are often best produced at very high energy, techniques to transform high-energy
ions efficiently and quickly into low-energy ones are essential. In this context, the
usefulness of superfluid helium and cryogenic noble gases was investigated.

The extreme purity of cryogenic noble gases allowed to demonstrate for the
first time that the maximum efficiency in this kind of systems is determined by
the chance of survival of ions during slowing down. This principal limit, a few
tens of percent, is high enough to make the method of practical use. Experiments
in which high-density cryogenic helium was ionized by a proton beam show the
importance of a large electric field; a field that quickly pulls ions and electrons
apart and thus prevents neutralization. We demonstrated that at high fields, the
maximum efficiency is maintained at ionization densities many times larger than
achieved up to now with other systems.

Two mechanisms play a role in the extraction of ions out of superfluid helium:
thermal excitation, which is strongly temperature dependent, and an as yet un-
known temperature independent mechanism. The transition between these two lies
at a temperature of about 1.3 Kelvin. The combined efficiency for ion survival in
and extraction out of superfluid helium lies between 1 and 10 percent; high enough
for practical applications.

101





Samenvatting

Supervloeibaar helium en cryogene edelgassen voor het
afremmen van hoogenergetische ionen

V
eel wetenschappelijke disciplines maken gebruik van radioactieve isotopen in
de vorm van een laagenergetische ionenbundel of een koude ionen- of ato-

menwolk. Omdat radioactieve isotopen vaak optimaal geproduceerd worden bij
zeer hoge energieën zijn technieken om hoogenergetische ionen efficiënt en snel
om te zetten in ionen met lage energie essentieel. In dit verband werd het nut van
supervloeibaar helium en cryogene edelgassen als afremmedia onderzocht.

Door de extreme zuiverheid van cryogene edelgassen kon voor het eerst worden
aangetoond dat de maximale efficiëntie in dit soort systemen bepaald wordt door
de overlevingskans van de ionen tijdens het afremmen. Deze principiële limiet
is met enkele tientallen procenten zo hoog dat de methode praktisch nut heeft.
Experimenten waarbij cryogeen helium met hoge dichtheid wordt geïoniseerd door
een protonenbundel tonen het belang van een hoog elektrisch veld aan; een veld
dat ionen en elektronen snel uit elkaar trekt en zodoende neutralisatie belemmert.
Er werd aangetoond dat bij hoge velden de maximale efficiëntie behouden blijft bij
ionisatiedichtheden die vele malen hoger zijn dan tot nu toe met andere systemen
werd bereikt.

Bij de extractie van ionen uit supervloeibaar helium blijken twee mechanismen
een rol te spelen: thermische excitatie die sterk temperatuursafhankelijk is en een
nog onbekend temperatuursonafhankelijk mechanisme. Het omslagpunt tussen
deze twee ligt bij een temperatuur van ongeveer 1.3 Kelvin. De gecombineerde
efficientie voor het overleven van ionen in en extractie uit supervloeibaar helium
ligt tussen 1 en 10 procent; hoog genoeg voor praktische toepassingen.
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