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All truths are easy to understand once

they are discovered; the point is to dis-

cover them.

Galileo Galilei (1564-1642) 1
The Why, What and How

Radioactive Ion-Beam (RIB) allows to broaden our understanding of the nuclear
landscape and phenomena which occur in nuclei outside the valley of stability.

This chapter gives an overview of physics with radioactive beams as well as tech-
niques for RIB production, focusing on in-flight beam production and separation
and the ion catcher technique.

1.1 Physics with radioactive ion beams

RIBs are used in the study of nuclear structure, fundamental interactions and nu-
clear astrophysics. There are also possibilities for applied studies e.g. solid-state
physics and nuclear medicine. These uses are summarized in Figure 1.1 and briefly
explained below:

• Nuclear Structure far from stability : RIBs allow to explore the structure and
dynamics of nuclei in the regions of the nuclear chart (see Figure 1.2) far away
from the valley of stability (exotic nuclei). Both the increasing proton-neutron
asymmetry and the decreasing binding when approaching the limits of stabil-
ity lead to exotic nuclear properties. One expects to encounter novel types of
shell structures, new collective modes, new pairing phases, or regions of nu-
clei with special deformations and symmetries. Loosely-bound neutron-rich
nuclei, for instance, exhibit rather extended surface zones of low nuclear den-
sity, the skins or halos, which are occupied essentially by neutrons alone. The
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Chapter 1

Figure 1.1: An overview of physics with radioactive ion beams.

structure, the dynamics and the spectral response of these loosely-bound quan-
tum systems could be very different from those of stable nuclei. Theoretical
concepts have to be developed further in order to achieve a profound under-
standing of the expected new data on exotic nuclei.

• Fundamental interactions and symmetries : nuclear decay plays a crucial role
in determining the specific properties of fundamental interactions in particle
physics. Radioactive nuclei provide a test bench for crucial aspects of the stan-
dard model of particle physics. For example, β-decay transitions provide rel-
evant information about different hypotheses related to the weak interaction.
Also, violation of fundamental symmetries such as parity and time reversal can
be inspected by precision experiments using low-energy or trapped radioactive
ions/atoms.

• Nuclear astrophysics: nuclear physics and gravity play a vital role in cosmo-
logical processes such as stellar explosions, e.g. novae, supernovae, and x-ray
bursts. These explosions are some of the most cataclysmic events in the uni-
verse, generating enormous amounts of energy. These spectacular explosions
either involve, or are driven by, reactions where the atomic nuclei of hydrogen
(protons) and helium (alpha particles) fuse with (are captured by) radioactive

4



1.1 Physics with radioactive ion beams

Figure 1.2: Chart of nuclides. Stable nuclei, as found on earth, are marked by black symbols.
The yellow area covers unstable nuclei already produced in laboratories. Many
more unstable but bound nuclei exist, the region of these exotic nuclei is given in
green. Red areas cover specific stellar nucleosynthesis pathways, the r- and rp-
processes. Magic proton and neutron numbers are indicated. The insets itemize
some of the key questions to be addressed at next generation exotic-beam facili-
ties [1].

isotopes of heavier elements to form new elements. Beams of radioactive nu-
clei allow direct measurements of these reactions, providing crucial informa-
tion needed to theoretically model cataclysmic stellar events and to understand
the origin of many chemical elements.

• Applications: radioactive isotopes from RIB facilities are used in a variety of
applied scientific fields. A few examples are given here. Radioactive nuclei im-
planted in materials provide information on their neighborhood at the atomic
scale and allow diffusion processes to be studied. RIB facilities allow the pro-
duction of radioactive isotopes that can be used to develop new medical diag-
nostics and disease treatments. Understanding some detailed nuclear proper-
ties is essential to the design of a new generation of safer nuclear reactors.

Detailed overviews of the physics goals for RIBs are given in [1, 2]. Many physics
experiments need low-energy ion beams (energy below a few tens of keV). This the-
sis work is related to the low-energy ion-beam production.

5



Chapter 1

1.2 Low-energy radioactive ion-beam production
techniques

Various RIB facilities provide low-energy beams for precision experiments. The main
challenge for them is to supply pure and high-quality beams. The latter refers to a
small angular divergence, momentum spread and size of the beam.

There are two main approaches for radioactive-beam production, traditionally
called the Isotope Separator On-Line (ISOL) and the in-flight technique. In the ISOL
method, a high-energy beam hits a thick target in which nuclear reactions create ra-
dioactive nuclei. The schematic of the ISOL technique is represented in Figure 1.3.
An ISOL target is thick in the sense that the recoiling radioactive nuclei are stopped
in the target. Thermal diffusion releases the radioactive species in atomic form from
the target. These are transported to an ion source where they are ionized and from
which they are subsequently extracted as a low-energy RIB. The radioactive ions of
interest are then separated from the other ions and sent to an experimental setup.
The ISOL technique can produce very high beam qualities, purities, and intensities.
However, the processes of diffusion and ionization make this technique dependent
on the chemical nature of the element. For example, the need for diffusion out of a
solid target makes the production of the RIBs of isotopes from refractory elements
very difficult or even impossible. For the same reasons of chemical dependence of
the method, a certain target/ion-source combination can only deliver a limited num-
ber of different chemical elements. Also, beams with short lifetimes (less than about
1 s) are difficult to produce because thermal diffusion out of the target and the ion-
ization take time.

The second main method for RIB production is the in-flight method. In this
method, a high-energy beam of stable heavy ions (typically from 100 to 1000 MeV/u)

Figure 1.3: Radioactive ion-beam production and separation with the ISOL method. Nuclear
reaction products are thermalized and released as atoms by diffusion out of the
target. These atoms are transported to an ion source where they are ionized and
from which they are extracted as a low-energy RIB. The radioactive ions of interest
are then separated from the other ions and sent to an experimental setup.
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1.2 Low-energy radioactive ion-beam production
techniques

passes through a thin target causing some of the beam particles (projectiles) to break
up into fragments, most of which are radioactive isotopes. An in-flight target is thin
in the sense that the projectile fragments fly out of the target. Desired fragments
are then separated from other ions in a so-called fragment separator and sent to an
experimental setup. A very nice overview on in-flight separation is given by Mor-
rissey [3]. This technique can produce beams of very short lifetimes, limited by the
flight time of the ions through the separator (10−6 s or less). The same beam-target-
separator combination can be used to produce many different beam species (up to
1000).

The separated beam is sent to different experimental setups, e.g., a secondary
target with spectrometer or a storage ring (see Figure 1.4). This separated beam
has a high energy with an emittance and energy spread much larger than required
for low-energy experiments. Providing ions from an in-flight RIB facility to low-
energy experiments, an essential capability of present and future RIB facilities, thus
requires the transformation of the in-flight beam into a suitable low-energy one. This
transformation is performed by a so-called ion catcher device.

Figure 1.4: Production and separation of radioactive ion beams with the in-flight method. In-
flight separators are combined with different experimental setups, e.g., spectrom-
eter, storage ring and ion trap [4]. The figure on the right illustrates the concept of
a stopping cell from which low-energy beams are extracted; the topic of this thesis
work.
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Chapter 1

The ion-catcher technique is a hybrid concept which combines the benefits of fast
in-flight separation with the high-quality beam from the ISOL method. An impor-
tant ion catcher technique is based on the stopping of energetic ions in a noble gas
(see Figure 1.4). This thesis describes novel developments of such stopping cell capa-
bilities, mainly the performance at high gas density and at cryogenic temperatures.

1.3 In-flight RIB production and selection

In in-flight RIB production and selection, the separation of reaction products from
primary beam particles and the isotopic separation among reaction products are re-
quired. For this purpose separators are used. As the kinematic properties (momen-
tum, momentum spread, and angular divergence) of the reaction products depend
on the reaction mechanism, different separator settings are needed for different re-
action mechanisms. These nuclear reaction mechanisms are mainly projectile frag-
mentation, projectile fission and nuclear fusion. Münzenberg [5] describes the solid
angle and momentum spread of products from different reactions (Figure 1.5). The
role of these reaction mechanisms are discussed as follows:

• in the center-of-mass-frame, fission products are emitted into the full solid an-
gle with wide momentum distribution. The latter is due to the fact that fission
fragments gain a large energy (up to about 1 MeV/u) from the Coulomb repul-
sion of the fragments during fission;

• the momentum distribution of projectile fragments is determined by the Fermi
motion (internal motion of the nucleons inside the nucleus) of the nucleons
removed from the projectile in the reaction; as such the momentum spread of
the fragments is independent of the projectile energy. The projectile fragments
keep the velocity of the projectile, thus at high projectile energy the fragments
are strongly forward peaked. This results in a small solid angle and relative
momentum spread;

• in heavy-ion fusion reactions, the momentum and solid angle spread of the
reaction products are determined by the recoil momentum from the particles
evaporated from the hot compound nucleus. In this respect, heavy-ion fusion
lies in between fission and fragmentation.

The acceptance of a typical separator is indicated in Figure 1.5. The kinematic
properties of projectile fragments show a much larger overlap with the separator
acceptance than those of fission fragments. Separation of projectile fragments will,
therefore, be more efficient.

In the late 1970s-early 1980s separation methods for high-energy ions were devel-
oped [6–8]. Most in-flight RIB facilities adopted the method based on the combina-
tion of magnetic separation and energy loss in a degrader, the so-called “Bρ-∆E-Bρ”

8



1.3 In-flight RIB production and selection

Figure 1.5: Solid angle and momentum spread of the products of different reaction mecha-
nisms [5].

method. A schematic representation of this in-flight separation technique is illus-
trated in Figure 1.6.

A high-energy primary beam travels through a production target. This target
allows the fragments produced via projectile fragmentation or fission reactions to
escape the target material at a very high kinetic energy, typically ∼ 90% or more
of the initial kinetic energy. In the first magnetic stage the fragments are dispersed

Beam Target 

First stage Slit Degrader Second stage 

Final plane 

Primary 
beam 

Intermediate 
plane 

Figure 1.6: Principle of the “Bρ-∆E-Bρ” in-flight separation technique [9]. See text for expla-
nation.
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Chapter 1

according to their magnetic rigidity Bρ = mv/q, where m, v and q are the mass, ve-
locity and charge of the ion, respectively. As all fragments have the same velocity,
namely the projectile velocity, the fragments are dispersed according to their mass-
over-charge ratio. Slits after the first stage can thus select a narrow mass-over-charge
region. The primary beam is also removed at this stage of the separator. Assuming
all ions are fully stripped, this selection represents a band of isotopes along a line
A/Z = constant in the nuclear chart, see Figure 1.7. Because many different isotope

Figure 1.7: The “Bρ-∆E-Bρ” separation method illustrated in the chart of the nuclides. Full
line: first stage Bρ selection, representing a constant A/Z. Dashed line: second
stage Bρ selection after energy loss in a degrader, basically representing selection
according to Z. The width of the hatched areas illustrates the slit settings at the
intermediate and final planes [10].

species are produced in one beam-target combination, this selection still contains a
sizable amount of species. Further selection is possible by placing a solid degrader
in the beam path at the intermediate plane. The energy loss in the degrader scales
with the atomic number Z as:

dE
dx

∝ Z2 (1.1)

Thus, after the degrader the different isotope species selected in the first stage now
have a different magnetic rigidity. A second magnetic stage, usually identical to the
first, now puts a second cut in the nuclear chart (see Figure 1.7). As a result a few
isotopes are selected. This method in which a degrader is used with a dual-stage
electromagnetic separator is appropriately called the “Bρ-∆E-Bρ” method.

Depending on the desired phase-space imaging in the final plane, different de-
grader shapes are used, see Figure 1.8 [11]. The homogeneous degrader is a de-
grader with constant thickness along the intermediate plane of the separator and

10



1.3 In-flight RIB production and selection

Figure 1.8: Phase-space imaging of differently-shaped degraders. The X-axis represents the
horizontal distance from the optical axis in the final plane. All degraders have the
same thickness on the optical axis, equal to half the range of the ions. This figure
is adopted from [11].

gives large, but correlated, position and energy distributions. Achromatism is pre-
served by the slope of an achromatic degrader. Here, “achromatic” means that the
final position and angle of the ions do not depend on momentum. Thus the achro-
matic degraders are superior for spatial isotopic separation. The monoenergetic de-
grader delivers a beam with a narrow kinetic-energy spread. Hence, it provides a
narrow implantation distribution. The ion optics of the achromatic mode is illus-
trated in Figure 1.9.

This “Bρ-∆E-Bρ” method works best in a limited energy domain, indicated in
Figure 1.10. The lower limit comes from the fact that below a certain energy the frag-
ments exit the target and degrader in a range of charge states, creating ambiguity in
the magnetic separation. To avoid this, the energy must be sufficiently high such that
fragments are fully stripped. The high-energy limit is related to secondary nuclear
reactions in the degrader. The secondary nuclear reactions cause contamination at
the exit of the separator and reduce the intensity of selected isotopes. The upper
limit for fragments is roughly speaking 1 GeV per nucleon.

The main advantages of in-flight separation are listed as follows [1]:

• efficient separation, up to 100% efficiency in favorable cases, and then focussing
to a small spot;

• chemistry-independent;
• production of beams of very short lifetimes, limited by the flight time of the

ions through the separator (10−6 s or less);
• very sensitive; the detection of 1 atom produced per ∼1018 collisions between

beam and target is possible [12–14];
• allows both mono-isotopic beams or mixed beams of isotopes with similar A/Z;

11



Chapter 1

Figure 1.9: Ion optics of fragment separation in a “Bρ-∆E-Bρ” achromatic mode. The lines in
the figure represent the ion trajectories for three initial scattering angles (0, +θ,
−θ) each at three different momenta of the same isotopes. As the system is achro-
matic, the ions are focussed to a small spot at the final focal plane of the device
[3]. The quadrupole triplets are used to conform the beam shape to the ion-optical
elements.

• with a synchrotron as the driver accelerator, quasi-continuous secondary beams
or intense short-pulsed beams for injection into storage rings can be provided;

• high energies allow the use of thick secondary-reaction targets and thus high
luminosities even for rare exotic species.

In the 1980s, the “Bρ-∆E-Bρ” separation technique was implemented in several
laboratories around the world that provide a wide variety of relatively high-energy
primary beams. There are separators operating in France (LISE spectrometer at
GANIL) [7], Germany (FRS at GSI) [15], Japan (RIPS at RIKEN) [16] and USA (A1200/
A1900 at NSCL) [17, 18]. The next generation of devices that use multiple stages of
separation are in operation (BigRIPS at RIKEN), under construction (Super-FRS at
GSI) or planned (FRIB at NSCL) ∗.

∗LISE = Ligne d’Ions Super Épluchés (highly-stripped-ion beam line, FRS = FRagment Separator, RIPS
= RIKEN Projectile fragment Separator, FRIB = Facility for Rare Isotope Beams, GSI = Gesellschaft für
SchwerIonenforschung, NSCL= National Superconducting Cyclotron Laboratory.
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1.4 Ion-catcher device & range bunching

Figure 1.10: The energy domain for the “Bρ-∆E-Bρ” separation method as a function of the
fragment nuclear charge. The Y-axis is the energy per nucleon of the fragment af-
ter the target. The lines shown correspond to a 50% fraction of not fully-stripped
ions and to a 50% loss due to secondary reactions in a lead degrader in the inter-
mediate plane. The thickness of the intermediate degrader is assumed to be equal
to half the range of the selected fragment [9].

1.4 Ion-catcher device & range bunching

The ion-catcher technique is a hybrid concept which combines in-flight and ISOL
techniques. Radioactive ions produced and separated by the in-flight technique are
stopped, usually in a noble gas (most often helium), in a so-called stopping cell. The
thermalized ions remain ionized due to the high ionization potential of noble gases.
To have a fast and efficient extraction, electric fields are used inside the stopping
cell. The extracted low-energy beam is then sent to the experiments. Such systems
are universal and efficient.

After in-flight separation, the fragment beams have a broad energy distribution,
determined by the formation process, the energy loss straggling in the production
target and the degrader, and the acceptance of the fragment separator. In practice,
the high-energy beam is slowed down in solid degraders as much as possible before
the stopping cell such that the stopping cell only has to handle the residual energy
spread (i.e. the cell length is determined by the residual range straggling).

Using simple, uniform slabs of degrader material results in a huge residual range
straggling. For example, a 700 MeV/u uranium beam with a relative momentum
spread of 1.6% has, after flying through a uniform degrader, a range straggling of
10 m when stopped in helium gas at normal temperature and pressure, which is very

13
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Figure 1.11: Schematic of an energy buncher [3]. The lines in the figure represent the ion tra-
jectories for three initial scattering angles each at five different energies of the
same isotopes. The dispersive element, a magnetic dipole, together with the
quadrupole triplet guide ions such that the ions with the same energy hit the de-
grader at the same location. Using a wedge-shaped degrader, the higher-energy
ions loose more energy in such a way that all ions exit with the same energy.
A quadrupole doublet then focuses the monoenergetic ions into the stopping
cell. The low-energy ions extracted from the stopping cell are often guided via
an Radio Frequency Quadrupole (RFQ) cooler and buncher.

large for practical devices. Thus it is necessary to reduce the energy/range straggling
[20], which is possible by an energy or range-buncher device. The schematic of an
energy-buncher is shown in Figure 1.11. It combines a dispersive magnetic dipole
with a wedge-shaped monoenergetic degrader.

Detailed simulations show that this technique makes the residual straggling al-
most independent of the energy spread of the incoming beam (see Figure 1.12).

1.5 An ion-catcher for the Super-FRS at FAIR

The Facility for Antiproton and Ion Research (FAIR) (see Figure 1.13) is being built
at the GSI Helmholtz Center for Heavy Ion Research in Darmstadt, Germany. The
research at FAIR will cover a wide range of topics [21]:

• the study of short-lived nuclei, revealing the properties of exotic nuclei and
providing information relevant for explosive processes, creation of the ele-
ments and tests of fundamental symmetries;

14



1.5 An ion-catcher for the Super-FRS at FAIR

Figure 1.12: Range bunching of 500 MeV/u 78Ni fragments in aluminum as a function of the
incident relative momentum spread (∆p/p). σR/σR0 represents the range strag-
gling normalized by the corresponding distribution of an incident monoenergetic
beam. The huge improvement of a monoenergetic degrader over a homogeneous
degrader is clearly seen [19].

• the study of hadronic matter at the subnuclear level with beams of antiprotons.
This study includes the confinement of quarks in hadrons, the generation of
hadron masses by spontaneous breaking of chiral symmetry, the origin of the
spins of nucleons, and the search for exotic hadrons such as charmed hybrid
mesons and glueballs;

• the study of compressed, dense hadronic matter through nucleus-nucleus col-
lisions at high energies;

• the study of bulk matter in the high density plasma state, a state of matter of
interest for inertial confinement fusion and for various astrophysical sites;

• studies of quantum electrodynamics (QED), extremely strong electromagnetic
field effects and ion-matter interactions.

FAIR will produce high-intensity secondary beams of anti-protons and exotic
(short-lived) radioactive nuclei. An unprecedented beam quality will be achieved by
cooler and storage rings. For this facility a large number of experiments are being de-
signed by different collaborations. Among these the NUSTAR (NUclear STructure,
Astrophysics and Reactions) collaboration will study nuclei at the limits of their ex-
istence. For this purpose a secondary beam of exotic nuclei is needed.

15
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Figure 1.13: Layout of the present GSI Helmholtz Centre for Heavy Ions (left side of the
dashed line) with the upcoming FAIR facility (right side of the dashed line). The
low-energy branch is indicated.

In general, to produce secondary ion beams, the following requirements can be
enumerated:

• high primary beam intensity as most of the desired secondary beams are beams
of exotic nuclei with extremely low production cross section (nano- to pico-
barn);

• high transmission of secondary nuclides;
• selectivity (and sensitivity) for the separation of ions of all masses and sensi-

tivity to even one single ion.

The present FRagment Separator (FRS) at GSI is limited in momentum and an-
gular acceptance. The momentum acceptance of the FRS is ±1%. The angular ac-
ceptance limits the transmission of the produced fragments through the FRS. These
two form the main constraints in the beam intensity. In order to gain in intensity and
to improve the method considerably, the new large-acceptance SUPERconducting
FRagment Separator (Super-FRS) facility is being constructed. The layout of the

16



1.5 An ion-catcher for the Super-FRS at FAIR

Figure 1.14: Layout of the Superconducting Fragment Separator (Super-FRS) facility at FAIR.
Rare-isotope beams are delivered to the experimental areas via three different
branches: ring, high-energy and low-energy branch [22].

Super-FRS facility is shown in Figure 1.14. For this facility, the above-mentioned
requirements (high intensity, high transmission, selectivity and sensitivity) are con-
sidered as upgrades. The Super-FRS is the heart of the NUSTAR collaboration. It will
be the most powerful in-flight separator for exotic nuclei up to relativistic energies.
Rare isotopes of all elements up to uranium can be produced and spatially separated
within some hundreds of nanoseconds, thus very short-lived nuclei can be studied
efficiently.

The Super-FRS is followed by different experimental branches: the ring branch,
the high-energy branch, and the low-energy branch. At the Low Energy Branch
(LEB) [24], the main experimental setups [23] are HISPEC (High resolution In-flight
SPECtroscopy), DESPEC (DEcay SPECtroscopy), MATS (Precision Measurements
on very short-lived nuclei using an Advanced Trapping System) and LaSpec (Laser
Spectroscopy). Layout and ion-optics of the LEB are represented in Figure 1.15 and
Figure 1.16, respectively. The operation of MATS and LaSpec requires an ISOL type
of beam which will be delivered by the stopping cell. This thesis describes the de-
velopment of a full-scale prototype of this stopping cell. Its innovative features are
high gas-density operation and operation at cryogenic temperatures. This device is
called the Cryogenic Stopping Cell.
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Figure 1.15: Layout of the Low Energy Branch [23].

Figure 1.16: Ion-optics of the Low-Energy Branch at the Super-FRS. The lines show the ion
trajectories through energy-buncher, wedge-shaped monoenergetic degrader and
ultimately to the stopping cell. Bottom figure: vertical cut through the optical axis.
The stopping cell provides the low-energy beams to the MATS/LaSpec hall [22].
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1.6 Thesis outline

This thesis describes the development and characterization of a universal Cryogenic
Stopping Cell for the LEB of the Super-FRS, that slows down high-energy RIBs in a
noble gas and provides low-energy radioactive ions for nuclear, particle and astro-
physics experiments. It is divided into seven chapters:

• Chapter 2 describes the physics processes inside a stopping cell, based on a
literature survey on the available theories involved in these processes.

• Chapter 3 focuses on the Cryogenic Ion Guide, a precursor to the Cryogenic
Stopping Cell. The Cryogenic Ion Guide was tested on-line at the IGISOL fa-
cility, University of Jyväskylä, Finland.

• Chapter 4 is dedicated to the detailed description of the stopping cell. De-
sign parameter analysis, simulations, expected performance and required ion-
guiding systems and cooling system are reported in this chapter.

• Chapter 5 discusses the first demonstration of the stopping cell. Using a 223Ra
source, the stopping cell was tested off-line at KVI.

• Chapter 6 contains information about the first on-line test performed at GSI.
• Chapter 7 summarizes the thesis and provides some outlook.
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It is the theory that decides what we can

observe.

Albert Einstein (1879-1955) 2
Physical Processes Inside

the Stopping Cell

During slowing down of an energetic ion, charge-exchange processes gradually
reduce the average charge state. In the context of a stopping cell at an in-flight

radioactive beam facility, the factors determining the charge-state distribution at any
point in the slowing down process (ion velocity and atomic number and the nature
of the stopping medium) can not be controlled. We therefore focus in this chap-
ter on what happens to ions after thermalisation. The presence of impurities and
electrons inside the gas-filled cell reduces the total ion extraction yield. Cryogenic
operation and electric fields are techniques to prevent this reduction: cryogenic op-
eration freezes the impurities, while a proper arrangement of electric fields provides
efficient transportation and prevents neutralization. These techniques boost the ex-
traction efficiency and minimize the extraction time. In this chapter the fundamental
physics processes that occur when thermalized ions are transported with the help of
electric fields inside a stopping cell filled with a noble gas are discussed.

2.1 Stopping cell principles

The stopping cell technique is based on the stopping of energetic ions in a noble gas.
During the transportation period, i.e., from entrance to extraction, ions go through
many physics processes (see Figure 2.1). The probability that an ion is in an ionic
state after slowing-down is tens of percents and hence large enough to be of practical
use. Near and at thermal energies, ions cannot neutralize in collisions with noble
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Figure 2.1: Processes inside the Stopping Cell. Here RI stands for Radioactive Ion.

gas atoms due to the high ionization potential of the latter. Thus, provided that
the conditions are suitable, these ions can survive long enough to be transported
through an exit-hole out of the stopping volume and subsequently be shaped into a
low-energy ion beam. This technique was pioneered in the early 1980s in Ion Guide
Isotope Separator On-Line (IGISOL) systems [25].

There is a practical limit to the mass flow of the noble gas through the exit-hole
that can be handled. The mass flow is determined by the size of the exit-hole and the
gas density inside the stopping cell. As the volume flow only depends on the size
of the exit-hole and not on the gas density, the average extraction time, relying on
gas flow only, of ions stopped throughout a stopping cell increases with decreasing
size of the exit-hole and with increasing volume of the cell. From experience, this
means that a small stopping cell (up to about 100 cm3) with relatively low gas density
(pressure below a few 100 mbar) allows a large enough exit-hole (1-1.5 mm diameter)
for extraction times to be short enough for most experiments (below 100 ms). Such
IGISOL systems are in use for ion energies up to about 1 MeV/u, although at this
energy the stopping efficiency is rather poor (see [26, 27] for an overview).

For the large stopping volumes dictated by the higher energies at in-flight RIB
facilities (up to 0.5-1×105 cm3, [28, 29], this work), extraction via gas flow is too slow.
For example: let’s consider an exit-hole diameter of 1 mm. This gives a conductance
of 0.45 l/s for helium gas at room temperature. In this work the volume of the cold
chamber filled with stopping gas is about 190 liter, giving a helium gas refresh rate
of once per 7 minutes. Thus the gas flow is too slow for efficient ion extraction. In
this case electric-field guidance of the ions is needed for fast and efficient extraction.

Ion motion under the influence of gas flow and electric fields is depicted in Fig-
ure 2.2. A static electric field can be used to push ions to the exit hole. However,
ion extraction using a static field is problematic: in a high-density gas, ions follow
the electric field lines and will thus eventually hit an electrode and not be extracted.
One can however use static electric fields to bring the ions sufficiently close to the
exit-hole where the gas flow becomes the dominant force acting on the ions and

22



2.1 Stopping cell principles

Figure 2.2: Working principle of an Ion Stopping Cell. Arrows show the direction of the forces.
(a) gas flow, (b) DC field, (c) RF field (here an RF structure is being used only at
the extraction side), (d) radial DC field along the RF carpet structure (here an RF
carpet is considered), and (e) combined influence of gas flow, DC and RF fields.
This combination guides the ions towards the exit hole where gas flow takes over
and sweeps the ions into the extraction region.

sweeps them out of the stopping cell. In order to realize this, a complicated elec-
trode structure is required (see e.g., the NSCL gas cell [30]). An alternative is to
use an inhomogeneous Radio Frequency (RF) oscillating electric field, which pro-
vides a time-averaged focusing or repelling force, depending on the purpose and
the RF structure, towards decreasing field strength. This method was introduced by
W. Paul in 1953 for ion trapping. Therefore, a careful selection of electrode structure
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can guide the ions efficiently towards extraction. Depending on the shape, the elec-
trode structures using RF field are named as RF carpet or RF funnel. Such structures
were pionered by Masuda et al. [31–33].

In all stopping cells at in-flight RIB facilities, a DC electric field pushes the ions
towards the exit side. Radial focusing towards the exit-hole is done via DC fields
only [30] or via an RF funnel or carpet [28, 34, 35] in which an RF field is superim-
posed on a radial DC field. In all cases, very close to the exit-hole, the gas flow takes
over and sweeps the ions out of the stopping cell. In the case of a large ionization
density, an RF wall along the body of the cell can be added to contain the ion cloud
blown up by space-charge forces [36, 37].

The stopping of energetic ions creates a large number of ion-electron pairs (one
for every 41 eV of energy loss in helium and 26.4 eV in argon). Ions and electrons
move in opposite directions under the influence of the applied DC field. As the
electrons have a mobility typically 3 orders of magnitude larger than that of the
positive ions, the electron density is the same factor smaller than that of the positive
ions; recombination of the thermalized ions with electrons is thus of no concern. This
is not the case if the ionization density is so high as to create a plasma that shields the
applied DC field; electrons and ions are then not pulled apart and, in addition to the
fact that the ions are not transported by the DC field, neutralization will occur [37–
39]. For low ionization densities, ions will form undesired molecules/adducts with
impurity atoms/molecules. To limit this process to an acceptable level, a stopping
gas impurity concentration better than about 1 ppb is needed (see e.g., [40]).

An added advantage of ultra-pure systems is that most ions may actually be ex-
tracted in a doubly-charged state. When ions slow down in a 100% pure stopping
gas, they can only reach a 2+ charge state in collisions with helium atoms because,
for most elements, the second ionization potential is below the first ionization po-
tential of helium. In argon, a 1+ charge state can be reached for many elements.
However, impurities such as H2, N2, O2 and H2O at the sub-ppm level can easily
reduce the charge state of an ion to 1+. Having doubly-charged ions in an ultra-pure
system doubles the electric force on the ions. Although ion mobility is not directly
related to the charge state, the larger force may allow both faster extraction and the
operation of RF funnels/carpets/walls at a smaller RF amplitude or the same ion
transport properties at a higher gas density. It is also advantageous for some ex-
periments using the extracted ion beams, e.g., mass measurements in an ion trap
[41]. As an example, the ability of stopping cells to deliver doubly-charged ions was
employed in recent measurements of the masses of superheavy elements [42].
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2.2 Ion motion inside a stopping cell

2.2.1 General

Let’s consider a weakly-ionized gaseous medium and thus a distribution of ions and
electrons in a dense background of neutral atoms such that the charged particles
collide primarily with neutral atoms rather than with one another. We neglect the
influence of magnetic fields. In this picture, the ion/electron motion is determined
by collisions and the presence of an electric field and a pressure gradient. Thus, for
any charged species (electron or ion), the fluid equation of motion is,

mn
dv
dt

= mn
[

∂v
∂t

+ (v · ∇)v
]

= ±enE−∇p−mn f v
(2.1)

where m, n, and v are respectively mass, particle density and velocity of the parti-
cles. f represents the collision frequency averaged over particles of all velocities in a
Maxwellian distribution and± indicates the sign of the charge. E is the electric field,
p represents the pressure and ∇p is the pressure-gradient (force). The first line in
Eq. 2.1 writes the full time derivative in terms of the partial derivatives with respect
to time and spatial coordinates (the velocity depends on both time and location in
space); the second line represents the physical forces. If the motion of the fluid is
sufficiently slow compared to the collision time and the steady state is considered,
the left hand side of the equation of motion Eq. 2.1 can be set to zero. Thus,

0 = ±enE−∇p−mn f v (2.2)

Solving this equation with respect to v gives,

v =
1

mn f
(±enE−∇p) (2.3)

In isothermal conditions, the above equation can be written as,

v =
1

mn f
(±enE− kT∇n)

= ± e
m f

E− kT
m f
∇n
n

(2.4)

Ion motion is thus driven by electric fields and density gradients. The coefficients of
E and ∇n

n are called mobility (µ) and diffusion coefficient (D), respectively:

µ ≡ e
m f

[cm2/Vs], D ≡ kT
m f

[cm2/s] (2.5)
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These transport coefficients (µ and D) are connected by the Nernst-Einstein relation,

µ =
eD
kT

(2.6)

By using the values of the elementary charge (e) and Boltzmann constant (k), the
mobility can be expressed as,

µ = 1.1605× 104 D
T

(2.7)

In general the mobility is inversely proportional to the number density of the par-
ticles, so also to the mass density. Therefore, usually, the reduced mobility (µ0) is
cited; it is the mobility at normal density ρ0 or normal temperature T0 (293 K) and
pressure P0 (1013 mbar),

µ = µ0
ρ0

ρ
= µ0

P0

P
T
T0

(2.8)

Table 2.1 gives the reduced mobility of noble gas ions in helium gas at different
temperatures. The mobility is mostly just under 20 cm2/Vs and depends weakly
upon temperature.

Table 2.1: Reduced mobility of noble gas ions extrapolated to zero field strength in helium gas
at different temperatures [43–45].

Ion Gas Reduced
temperature mobility (µ0)
K cm2V−1s−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)

Ion Gas Reduced
temperature mobility (µ0)
K cm2V−1s−1

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)

The mobility and diffusion coefficients contribute to the total flux of charged species
such as electrons and ions. The total flux (j) can be given as,

j = ±µnE− D∇n (2.9)
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2.2 Ion motion inside a stopping cell

In the case when E = 0 or the particles are neutral, i.e., µ = 0,

j = −D∇n (2.10)

This is Fick‘s law of diffusion. It describes a random-walk type of diffusion: the
motion along the density gradient (∇n) occurs only because there are more particles
of the species considered in regions with larger density. The minus sign indicates
that the flow occurs in the direction of decreasing concentration.

2.2.2 Ambipolar diffusion

Consider a situation in which electrons and ions are present simultaneously. This is
relevant for a stopping cell as the buffer gas medium is ionized by the energy loss of
the incoming ions. With higher mobility, electrons diffuse faster, leaving behind the
positive ions. This creates an electric field that counteracts the charge separation. If
the ion and electron densities can be taken to be equal, ne = ni = n, then this electric
field can be written as,

E =
Di − De

µi + µe

∇n
n

(2.11)

where Di, De are the ion, electron diffusion coefficients and µi, µe are the ion, elec-
tron mobilities, respectively. Substituting the field from Eq. 2.11 into the electron or
ion flux equations (Eq. 2.9) gives an identical expression for the flux in terms of the
density. Hence, the common flux ends up being proportional to ∇n:

je = ji = −µiDe + µeDi
µi + µe

∇n (2.12)

Thus, an expression is obtained in which the flux j of charged species is simply pro-
portional to the negative gradient of the charged species density: a simple diffusion
equation, but with a new “ambipolar” diffusion coefficient Da,

Da =
µiDe + µeDi

µi + µe
(2.13)

In gases, µe � µi, thus,

Da ≈ Di +
µi
µe

De

= Di +
Te

Ti
Di

(2.14)

for Ti = Te,
Da ≈ 2Di (2.15)

Under the influence of the ambipolar electric field, electrons and ions diffuse at the
same rate with a diffusion coefficient double the ion diffusion coefficient. So the
slower species primarily controls the diffusion rate of the two species together. A
detailed description of diffusion phenomena can be found in [46, 47].
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2.2.3 Motion under DC field

For a particle with charge q in an electric field E, the resulting force is given by the
fundamental equation,

F = qE (2.16)

In high-pressure gas, the ions moving under the influence of an electric field will
interact with the gas atoms via a long-range interaction due to atoms being polarized
by the ions and a short-range interaction including collisions between atoms and
ions. This interaction represents a viscous drag force. With the ion mass m and
velocity v, this drag force can be described by [48, 49],

Fdrag = − f mv (2.17)

where f, same as in Eq. 2.1, is expressed in terms of charge q and mobility µ of the
ions as,

f =
q

mµ
(2.18)

The average time between collisions, called the velocity relaxation time τv, in terms
of f can be defined as,

τv =
1
f

=
mµ

q
(2.19)

In a high-pressure gas, the drag force is so large that the ion trajectories follow the
electric field lines,

v = µE (2.20)

Inside a stopping cell, the ion mobility influences mostly the extraction time of the
ions. At a certain gas pressure, the extraction time can only be affected by the applied
electric fields. The size of these electric fields is limited by the breakdown voltage
(Paschen’s Law). The Paschen limit relevant for the present work is investigated in
the following section.

2.2.4 Paschen limit

Any system where voltages are applied will show a discharge above a certain volt-
age, the so-called breakdown voltage. In 1889, Friedrich Paschen studied the break-
down voltage of parallel plates in a gas as a function of pressure p and distance d
between the plates and showed that the breakdown voltage Vb depends on the prod-
uct of these two: Vb = f(pd). This so-called Paschen curve for helium gas is shown
in Figure 2.3. We aim to operate the Cryogenic Stopping Cell at helium densities
between 0.020 and 0.20 mg/cm3, equivalent to an atomic density Nv from 3 × 1024

to 3 × 1025 atoms/m3. The distance between DC electrodes is of the order of 1 cm,
the distance from the electrodes to the grounded stopping cell wall is of the order of
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2.2 Ion motion inside a stopping cell

Figure 2.3: Paschen curve for helium. The solid line represents a fit curve for room and low
temperature data. The dotted lines represent an envelope containing most ex-
perimental results. Open and solid circles are data points for discharges in semi-
vacuum at room and low temperatures, respectively [50]. The two hatched areas
represent the regions relevant for the Cryogenic Stopping Cell.

10 cm. Combining these values results in the hatched areas in Figure 2.3. From the
lowest to the highest gas densities considered in this work, the inter-electrode break-
down voltage thus ranges from about 300 V to 1 kV and the electrode-wall voltage
from about 1 kV to 8 kV.

2.2.5 Motion under RF field

RF funnels/carpets/walls used in stopping cells have a basic electrode structure as
shown in Figure 2.4. Locally, i.e., on the scale of the electrode spacing, and as far
as the ion motion is concerned, the electrodes can be considered to be straight. The
phase of the applied RF voltage on adjacent electrodes alternates by π.

An ion moving in a uniform (i.e., space-independent) harmonic RF field does not
experience a time-averaged force because the positive and negative forces within one
RF period cancel each other. In a non-uniform RF field, this cancellation is not com-
plete and thus a net time-averaged force results. This is the fundamental principle
behind the repelling force of an RF electrode structure. An example of non-uniform
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Figure 2.4: Basic electrode structure of RF funnels/carpets/walls as used in stopping cells.

Figure 2.5: Equipotential lines at the RF carpet electrode [51]. The non-uniform field is seen
here as the equipotential lines are not equidistant.

field is shown in Figure 2.5.

The equation of motion for ions under the influence of an RF field in the presence
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2.2 Ion motion inside a stopping cell

of a buffer gas is,

m
d2r
dt2 +

q
µ

dr
dt

= qE0cosΩt (2.21)

where r is the spatial coordinate and m, q µ are respectively mass, charge and mobil-
ity of the ion, E0 is the amplitude and Ω the angular frequency of the RF field.

In the pseudopotential approach, the RF electric field is averaged over a cycle to
deduce the effective field felt by the ions. This approach was developed by Dehmelt
[52, 53]. The resulting effective field is,

Ee f f =
qV2

RFτ2
v

mr3
0(1 + Ω2τ2

v )
(2.22)

where VRF is the RF amplitude (zero-to-peak), r0 is half the electrode spacing and τv

is the velocity relaxation time (see Eq. 2.19).
At high pressures, where the stopping efficiency for stopping cells will be larger,

the velocity relaxation time is much shorter than the RF period (Ω2τ2
v � 1), hence,

using Eq. 2.19, the effective field can be written as,

Ee f f =
mµ2

q
V2

RF
r3

0
(2.23)

Therefore, the effective or average RF repelling force at high pressure is,

Favg
hp = mµ2 V2

RF
r3

0
(2.24)

As the mobility varies inversely with the density (see Eq. 2.8), a large RF amplitude
and/or small electrode spacing are needed in the high-density stopping gas envi-
ronment.

It should be noted that the effective force does not provide any information on
the stability of the ion trajectory, i.e., whether or not an ion will be repelled by the
RF electrode structure. The general criterion for stable ion motion is that the RF
field changes polarity before the ion hits the electrode structure. Stable ion motion
thus requires a threshold RF frequency. When using the pseudopotential approach
it is thus implicitly assumed that this condition is fulfilled. A detailed analysis of
the equations of motion or Monte Carlo ion-trajectory simulations are needed to
determine the motion stability.

2.2.6 Motion along an RF electrode structure

In this section, motion along an RF carpet/funnel is considered. The high-energy
ions entering the stopping cell are guided towards the extraction side where the RF
electrode structure is situated. In the operation of such an RF electrode structure, the
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Figure 2.6: Ion trajectory close to an RF carpet structure in the presence of push field (EP, the
DC field in the bulk of the cell) and RF repelling field. Under the influence of the
push field, ions move close to the RF carpet. Shown is a typical ion trajectory in the
presence of strong damping and if the push field is large enough to move the ion
to just touch the carpet. In this case the ion is likely to hit the carpet in the center
of one of the electrodes. A superimposed radial DC field (ER) along the RF carpet
then guides the floating ions towards the exit hole. (Figure adopted from [54].)

important factors are the radial DC field along the RF structure and the RF field. The
ion trajectory close to an RF carpet is shown in Figure 2.6. The DC field in the bulk
of the cell pushes the ions towards the RF electrodes. When the ions move closer to
the RF structure, they come under the influence of the RF repelling field (Eq. 2.23).
By tuning the RF field and push field (DC field in the bulk of the stopping cell), ions
float on the surface of the RF structure. A radial DC field along the RF structure then
guides the ions towards the exit hole, where the gas flow takes over and the ions are
extracted.

Recently, Schwarz did an analytical study for the electric field of an RF carpet
structure [54]. He investigated the operational conditions such as the average dis-
tance of ions from the carpet in the presence of a push field. Figure 2.7 illustrates
the effective potential for a pressure of 200 mbar, relevant for our work. It is seen
that close to the carpet surface the effective potential shows a minimum, a potential
well, in the presence of a push field. In the case of stable ion motion, ions surf above
the surface of the carpet. While the effective potential cannot tell if an ion motion
will be stable, the location of the minimum can give some guidance: an operating
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2.2 Ion motion inside a stopping cell

Figure 2.7: Effective electric potential, the potential that ions feel, as a function of distance
from the carpet surface at 200 mbar pressure [54]. Curves for six positions be-
tween two RF electrodes (see schematic on the right) are shown. A push field of
20 V/cm, RF amplitude of 200 (0-peak), RF frequency of 1 MHz, mass 40, mobility
22 cm2/Vs, and 1 mm pitch are assumed here.

point with a calculated minimum in the effective potential too close to the carpet
will be unlikely to yield stable conditions because thermal motion of the ions will
cause them to hit a carpet electrode before they can be transported to the exit-hole.
Schwarz indicates that for the same electrode spacing a smaller electrode gap keeps
the ions further away from the carpet. However, this is not a big effect and thus a
carpet design with minimum electrode gap is not important. A larger gap is to be
preferred as it allows a larger RF amplitude before breakdown. We have chosen this
in our design.

2.2.7 Diffusion during extraction

During transport through the bulk of the stopping cell towards the exit hole, ions
diffuse radially. This may cause them to leave the push field region after which they
are lost for extraction.

Let’s consider a three-dimensional coordinate system filled with gas, where a
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number of ions, S, is located at the origin. Now, at time t = 0, the ions are allowed
to diffuse in the gas-filled region. Then at time t and radius r from the origin, the
number density of ions is given by the Einstein relation [46],

n =
S

4πDt3/2 exp
[
− r2

4Dt

]
(2.25)

From this distribution function, the mean (r) and root-mean-square displacement
(rrms) can be calculated as,

r =
(

16Dt
π

)1/2

√
r2 = rrms =

√
6Dt

(2.26)

Using the above equations, one can calculate the average diffusion time (τD) of ions
before they leave the push field region. Considering a stopping cell as an infinitely
long cylinder with radius r0, the average time for an ion starting on the axis to reach
r0 is,

τD =
1
D

( r0

2.405

)2
(2.27)

For the stopping cell presented in this work, with a stopping volume radius of
12.5 cm, containing helium gas and kept at a temperature of 60 K and a density
range of 0.20 to 0.02 mg/cm3 (diffusion coefficient 0.092 to 0.92 cm2/s as calculated
by Eq. 2.7), the average diffusion time to the electrode structure for these values is
294 s and 29 s, respectively. We conclude that diffusion is not a serious issue. A more
detailed calculation is presented in Section 4.3.3.

2.3 Neutralisation reactions

The purpose of a stopping cell is to extract atomic ions. Inside a gas-filled stopping
cell, a number of reactions can occur during transportation to the exit-hole. On the
way these atomic ions collide many times with the neutrals, impurity molecules and
electrons (in case the buffer gas is partially ionized) such that atomic ions either
neutralize or form molecular ions, leading to a loss of atomic ion extraction yield.
A detailed overview of such reactions can be found in many works (for example
[38, 55–60].). The relevant reactions and their effect on the performance of a stopping
cell are briefly discussed below.

2.3.1 Molecule formation

In the case of a relatively low degree of ionization, e.g., in off-line operation with a
radioactive source, where electrons are unimportant, molecule formation is the most
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probable ion-loss process. The most important reaction between thermalized recoil
ions and impurities in the presence of helium buffer gas is the following two-body
reaction:

R(+) + M↔ R(+)M∗

R(+)M∗ + He→ RM(+) + He
(2.28)

where R is the atom of interest and M is an impurity atom/molecule. ∗ indicates a
monomer molecule. The rate of the above reaction in terms of the number density of
atoms/ions of interest n (cm−3) and the impurity concentration [M] (cm−3) is,

dn
dt

= −nα2[M] (2.29)

where α2 (cm3 s−1) is the (two-body) reaction-rate coefficient. The time constant
corresponding to the formation of the molecular ion is thus,

τ =
1

α2[M]
(2.30)

Taking an example of yttrium ions, a rather reactive element, in an ion guide system
filled with helium gas, one can calculate the role of oxygen impurities in the perfor-
mance of an ion guide. Yttrium ions easily make an yttrium oxide molecule in the
presence of oxygen via the following reaction,

Y+ + O2 → YO+ + O (2.31)

The reaction rate constant for this reaction is 4.1 × 10−10 cm3 s−1 [61]. Thus, the
presence of an oxygen impurity level of 1 ppm at a helium gas pressure of 150 mbar
gives a reaction time τ of 600 µs. This is very short in comparison to the typical ion
extraction time from an ion guide, which ranges from 1 ms up to about 100 ms. Thus,
impurities are a major concern in ion guide/stopping cell operations. The above
example shows that an impurity level of the order of 1 ppb needs to be achieved to
avoid molecule formation.

2.3.2 Recombination involving free electrons

In the case of a relatively large degree of ionization, such as is often encountered in
on-line conditions, free electrons are available and the level of complexity becomes
higher. The main neutralization reaction in this situation is the three-body recombi-
nation,

R+ + e− + He→ R + He (2.32)

where R+ is the ion of interest and He is the buffer gas atom. The loss of positive
ions via three-body recombination takes place according to,

dni
dt

= −α3neninHe (2.33)
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where α3 (cm6/s) is the three-body recombination coefficient and ne, ni, nHe are the
electron, ion and helium number densities, respectively. The time constant corre-
sponding to the three-body neutralization is thus,

τ =
1

α3nenHe
(2.34)

The electron density is estimated as follows. Ionization of the buffer gas creates an
equal amount of electrons and helium ions. The combination of constant ionization
and recombination processes leads to a steady state electron/helium ion number
density (cm−3) given by,

n =

√
Q

αHe
(2.35)

where Q is the ionization density rate (ion-electron pairs cm−3 s−1), see Section 2.3.4,
and αHe is the total recombination coefficient related to the helium-ion recombina-
tion.

In 500 mbar helium, the helium-ion recombination coefficient is 1.67× 10−7 cm3 s−1

[62]. For an ionization density rate of 1013 ion-electron pairs cm−3 s−1 (a value at
which most experiments show a reduced efficiency, see Section 3.3.4), the saturation
electron number density is thus 8 ×109 cm−3.

Three-body recombination coefficients for most elements in helium are poorly
known. Some information can be found in Bates & Khare [63]. They calculate the
total recombination coefficient for Na+ ions in helium as 2 × 10−8 cm3 s−1 for a
helium number density of 3 × 1019 cm−3, giving a three-body recombination co-
efficient of about 10−27 cm6 s−1. They suggest that recombination rates may vary
inversely with the reduced mass of the ion and the neutral atom, therefore all atomic
ions much heavier than He+ would exhibit recombination rates about 25% of that
of He+ ions. This is compatible with the three-body recombination coefficient of
helium ions, which is 2.2× 10−27 cm6 s−1 at 295 K [64].

Using the above estimated three-body recombination coefficient (10−27 cm6 s−1)
and electron density (8 ×109 cm−3), the survival time of ions can be estimated to be
about 20 ms in 200 mbar helium at room temperature (nHe = 5.4 × 1018 cm−3). This
survival time is compared to the ion extraction time from a large stopping cell, see
Section 4.3.2, and thus three-body recombination is potentially a serious problem.
However, the bulk DC field applied to have fast extraction pulls the electrons and
ions apart (see Section 2.3.4). As the electron mobility is much larger than the ion
mobility, the electron density will be much reduced and three-body recombination
will no longer be a problem, at least in case there are no space-charge effects (see
Section 2.4).
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2.3.3 Temperature dependence of recombination

In the case of buffer gas ionization, recombination rates do not only depend on the
gas temperature but also on the temperature of the electron cloud. The latter, de-
pending on experimental conditions, can be many times higher than the gas tem-
perature. Only the temperature dependence of the recombination of helium ions
in helium gas has been studied in detail, so we rely on these studies to draw some
general conclusions. A difficulty is that, at room temperature, the helium dimer ion
(He+

2 ) is the dominant ion and, below about 120 K, the helium trimer ion (He+
3 )

dominates and most elements have no dimer and trimer analogues. The helium
dimer and trimer predominately neutralize via dissociative recombination (a two-
body process),

He+
2 + e− → He∗ + He

He+
3 + e− → He+∗

2 + He
(2.36)

Van Sonsbeek et al. [65] measured the rates of recombination of electrons with He+
2

ions in helium gas over a wide pressure range (50 - 1200 mbar) and at temperatures
of 200, 235, 275, and 295 K. No mention was made of the electron temperature, so
we assume that in these experiments the electron temperature was equal to the gas
temperature. For example, at 295 K the total recombination coefficient is,

αtotal = α2 + α3nHe

αtotal = (1.12± 0.05)× 10−7 + (2.20± 0.25)× 10−27nHe
(2.37)

This shows that, at 295 K gas temperature and 1 atm pressure, the contribution of
two-body recombination is 70% whereas the three-body reaction has only a 30%
part in the total recombination rate. These numbers change as the temperature goes
down, e.g., at 235 K, the α2 part becomes 45% and α3nHe ramps up to 55%.

The temperature dependence of the three-body recombination coefficient α3 may
be written as,

α3 = cTx (2.38)

where c is a constant and x is the temperature exponent. In [65], for helium buffer
gas, a temperature exponent of (−2.9 ± 1.2) is observed. In 1924, Thomson [66] sug-
gested a temperature exponent of −2.5 and later this value was predicted as well. A
detailed overview of the value of the temperature exponent from different works is
presented in Table 2.2. The electron temperature dependence of ion neutralization
has also been mostly studied for helium ions in helium gas. Deloche [64] discusses
the electron temperature dependence of the main two-body and three-body recom-
bination reactions for helium ions in room temperature helium gas:

He+
2 + e− → He∗2 + hν radiative recombination (2.39a)
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Table 2.2: Value of the temperature exponent for the three-body recombination coefficient for
helium ions in helium gas from different works [63, 65–69].

x Reference Remark

−2.9±1.2 Van Sonsbeek [65] Measured over pressure range of about
50 - 1200 mbar and at temperatures of
200, 235, 275, and 295 K

−2.5 Thomson [66]
−2.5 Bates [67] From modified theory of Thomson
−2.5 Pitaevskii [68] From a theory based on the diffusion of

electron energy in energy space
−1.5 Bates [63] Semiquantal approach to recombination
−2.9 Cao [69] Recombination in presence of molecular

impurities

He+
2 + e− → He∗2 → He∗ + He dissociative recombination (2.39b)

He+
2 + e− + e− → He∗2 + e− (2.40a)

He+
2 + e− + He→ He∗2 + He (2.40b)

The resulting recombination coefficient for He+
2 is,

α = (αc + k0nHe)
(

Te

293

)−x
+ kene

(
Te

293

)−y
(2.41)

where nHe (cm−3) is the helium density, Te(K) is the electron temperature, ne (cm−3)
is the electron density, αc < 5 × 1010 (cm3 s−1), k0 = 5(1) × 10−27 (cm6 s−1), ke
= 4.0(5) × 10−20 (cm6 s−1), x = 1 ± 0.1 and y = 4.0 ± 0.5. We conclude that there
is a strong electron temperature dependence of the three-body recombination in-
volving two electrons. However, for proper operation of a stopping cell, the electron
density needs to be much smaller than the helium atom density. Therefore, the re-
action given by Eq. 2.40a will not be important and the overall electron temperature
dependence of the total recombination rate will be rather small.

Assuming the temperature dependencies of helium ion recombination rates are
valid for other elements as well, we can conclude that recombination is faster at low
temperature and that the gas temperature dependence is larger than the electron
temperature dependence. This is not necessarily a drawback for cryogenic stopping
cells because helium recombination may very well increase faster than the recom-
bination of the ion of interest. This means that helium ions are removing electrons
such that recombination of the other ions is slowed down.
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2.4 Space-charge effect in a gas-filled cell

2.3.4 Recombination in the presence of a drift field

When a high-energy beam passes through the gas, it produces ion-electron pairs.
This production rate or in other words the ionization density rate Q (ion-electron
pairs cm−3 s−1) can be calculated as follows,

Q = 6.25× 1012 I
A

S
W

(2.42)

where I is the beam current (pµA), S is the linear energy loss (eV/cm), A is the beam
spot area (cm2) and W is the mean energy needed for the production of one ion-
electron pair (41 eV for He and 26.4 eV for Ar).

Consider the situation of ionization happening in the region between two parallel
plates. If an electric potential difference is applied between the plates, the ions and
electrons will drift towards opposite plates under the influence of the applied electric
field. During this transport, ion-electron recombination can take place. The relative
recombination loss (f) is given by [38, 70, 71],

f =
Qαd2

6v+v−
(2.43)

with d the separation between the plates, α the recombination coefficient, Q the ion-
ization density rate and v+, v− the ion and electron velocities, respectively. This
expression is valid only for small recombination loss. In the context of stopping
cells, d is the length of the ionization region along the direction of the applied field.
Substituting v = µ E with electric field E, µ+ ion and µ− electron mobilities,

f =
Qαd2

6µ+µ−E2 (2.44)

Purushothaman et al. have shown that the concept of recombination loss applies
well to the transport of ions in high-density and cryogenic helium gas [72]. It is
clear from Eq. 2.44 that a large electric field is key to prevent neutralization and thus
allowing one to operate at higher ionization density rates. If electrons and positive
ions are pulled apart efficiently, recombination is strongly suppressed.

2.4 Space-charge effect in a gas-filled cell

In the stopping process of energetic ions inside a helium-filled cell (the stopping cell
of this work), one He+ ion-electron pair is created for every 41 eV energy loss of
primary ions. In the presence of an applied electric field, electrons move about three
orders of magnitude faster than ions because the electron mobility is about three
orders of magnitude higher than that of positive ions. Therefore, positive ions are
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left behind, resulting in a positive ion cloud in the cell. This space-charge distribu-
tion in the case of a stopping cell was calculated by [37] and [73]. Assume that the
incoming high-energy ions create a constant ionization density rate Q0 (C/cm3/s)
within a cylindrical volume with radius r0. The stopping gas ions that leave the
region of highest space-charge density form a space-charge halo surrounding this
volume. Neglecting the axial dependence of the space-charge density ρ one finds in
the stationary state [37]:

ρ0 =

√
ε0

Q0

µ
∝
√

N0 (2.45a)

ρ(r) =



ρ0 r ≤ r0

ρ0√
2r2

r2
0
− 1

r ≥ r0 (2.45b)

Er =



ρ0r
2ε0

r ≤ r0

ρ0

√
2r2

r2
0
− 1

(
r2

0
2rε0

)
r ≥ r0

(2.45c)

where ε0 is the electric permittivity of the vacuum and µ is the ion mobility. Er is the
radial electric field resulting from the space-charge density. The radial dependence
of the space-charge density and related electric field, for different values of Q0, is
shown in Figure 2.8. As stopping cells are typically 10 times longer than their radius,
serious problems with space-charge blow-up of the positive ion cloud (i.e., a large
number of ions being pushed into the wall) are to be expected when the radial space-
charge field reaches about 1/10 of the value of the applied push field. So for a typical
push field of 10 V/cm, an ionization density rate of about 106 ions/cm3/s could
be handled. This estimate is in line with a detailed simulation of Takamine et al.
[37]. They calculated the combination of the space-charge generated and the applied
electric field (push field) and its effect on ion motion for their experimental situation
in which 8Li ions are stopped in a helium-filled stopping cell with a pressure of
133 mbar. Figure 2.9 shows the DC potential distributions and ion trajectories for 8Li
ion beam intensities of N0 = 104, 106, 108 s−1. With increasing ion intensity, a drastic
change in the potential distribution and the resulting ion trajectories is seen. The
combination of the space-charge generated and the applied electric field pushes the
ions towards the stopping cell wall. At the highest beam intensity considered, only
ions from a small volume close to the exit hole are effectively evacuated. An RF wall
along the stopping cell can prevent the ions from hitting the wall of the stopping cell
due to the space-charge blow-up of the ion cloud. In this thesis work, such an RF
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Figure 2.8: The space-charge density ρ(r) and related electric field are plotted as a function
of the distance from the axis of the incoming ions. The calculations are done for
ionization density rates equal to 103, 105, 107 and 109 ions/cm3/s within a radius
r0 of 5 cm. These calculations go out to a radius of 15 cm, which is about the inner
radius of the DC cage ring electrodes of the Cryogenic Stopping Cell developed in
this work. The mobility of 16.7 cm2/V/s, for helium dimer ions in helium at 300 K
(see Table 2.1), is used.

Figure 2.9: The distribution of DC potential and the 8Li ion trajectories (in black) in a 200 cm
long and 30 cm diameter cell filled with 133 mbar helium gas [37]. Results for an
8 cm diameter 8Li ion beam with intensities N0 = 104, 106, 108 s−1 are shown (from
top to bottom). The space-charge densities near the cell axis ρ0 are 4 × 10−15,
4 × 10−14, and 4 × 10−13 C/cm3, corresponding to ion densities of 2.5 × 104,
2.5 × 105, and 2.5 × 106 /cm3. These correspond to the ionization density rates of
105, 107, and 109 ions/cm3/s.
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wall is not implemented (see Section 4.2).

2.5 Benefit of operation at cryogenic temperature

The justification for cryogenic operation comes from the freezing out of impurities at
sufficiently low temperatures. This plays an important role in minimizing the losses
due to impurities inside a large stopping cell. The impurities can be handled at room
temperature as well: ultra-high purity stopping cells, aiming at sub-ppb impurity
levels, have been constructed employing ultra-high-vacuum technology [29, 34]. Al-
though possible, this is far from trivial. Ultra-high vacuum and ultra-high purity
buffer gas measures are essential for room temperature stopping cell devices. We
consider cryogenic operation to be technically easier. From an operational point of
view, reaching ultra-pure conditions by cooling down is faster and more reliable than
by the baking procedure required to reach ultra-high-vacuum conditions at room
temperature, an important point for accelerator-based experiments.

Dendooven et al. [72, 74, 75], investigating ion survival and transport in a closed
cell, demonstrated that a sufficient purity level can be achieved by in-situ purifica-
tion of the noble gas upon cooling the stopping cell to below about 90 K. 219Rn recoils
from a 223Ra source were stopped in 1 bar noble gases (helium, neon, and argon) at
low temperatures and transported over a distance of several centimeters. The result-
ing transport efficiency versus temperature is shown in Figure 2.10. The efficiency
increases sharply with decreasing temperature around 110 K. The low-temperature
saturation efficiencies are comparable to those achieved with ultra-high purity gas
catchers at room temperature. The temperature behavior is understood to be the
result of impurities being frozen out.

2.6 Conclusion

After high-energy ions thermalize in a noble-gas-filled cell, they are subject to a num-
ber of phenomena and processes which are relevant for fast and efficient extraction.
This chapter has described these processes in the context of the Cryogenic Stopping
Cell developed in this work, resulting in the following practical conclusions:

• a DC electric field in the bulk of the stopping cell is needed in order to:

– provide fast enough ion extraction;
– prevent neutralization due to three-body recombination.

• Paschen breakdown of the DC field is not expected to affect proper operation
of the stopping cell;
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Figure 2.10: Cryogenic operation ensures the purity of the buffer gas, as investigated by Den-
dooven et al. [74]. The results show an increasing efficiency with decreasing tem-
perature, indicating the freezing of impurities.

• for high-density operation, an RF structure with the smallest electrode spacing
is to be preferred;

• radial diffusion to the electrode walls during ion transportation is not a prob-
lem;

• an impurity concentration of less than about 1 ppb is needed to prevent the
loss of atomic ions due to molecule formation;

• a high beam intensity can be responsible for space-charge problems leading to
ion loss due to hitting the wall of the stopping cell. This can be prevented by
using an RF wall along the stopping cell.
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The important thing in science is not so

much to obtain new facts as to discover

new ways of thinking about them.

William L. Bragg (1890-1971) 3
A Cryogenic Ion Guide

as Precursor

Both the high-density and cryogenic operation of the stopping cell aimed for in
this work have never been demonstrated before. A stopping cell is based on the

general ion guide technique. Therefore, before finalizing the design of a full scale
prototype Cryogenic Stopping Cell, a Cryogenic Ion Guide was designed and tested
to verify whether there are any obstacles to the use of high-density cryogenic helium
gas for the stopping and extraction of high-energy ions. In this chapter the general
ion-guide technique, the design of the Cryogenic Ion Guide and the results from
on-line experiments are discussed.

3.1 The Cryogenic Ion Guide

3.1.1 Principle of the ion-guide technique

A schematic diagram of the ion guide technique is depicted in Figure 3.1. In the ion
guide technique, nuclear reaction products recoiling out of a target are stopped in
noble gases (most often helium) and transported by the gas flow through a differ-
ential pumping system directly into the acceleration stage of a mass separator. The
high ionization potential of the noble gas atoms prevents charge-exchange processes
between the ions of interest and the buffer gas atoms, resulting in ion survival times
that are long enough to transport the ions by gas flow through an exit hole out of the
stopping volume [25]. In practice, a small stopping cell (up to about 100 cm3) with
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Figure 3.1: Illustration of the ion guide technique in its most basic form. The beam (1) from an
accelerator hits the target (2), creating radioactive isotopes via nuclear reactions.
Reaction products fly out of the target into a helium-filled chamber (3) due to the
momentum given to them in the nuclear reaction. After thermalization, some re-
action products are in an ionic state (light circles) and some have been neutralized
(dark circles). Subsequently, they are transported by the helium flow through an
exit hole. A SPIG/skimmer (4) is placed between the ion guide and the isotope
separator to prevent most of the helium gas from entering the isotope separator
via extraction electrodes (5). Reaction products which were neutralized inside the
helium gas are pumped away with the helium. Typical pressure values in the dif-
ferent regions and electric potentials are indicated.

relatively low gas density (pressure below a few 100 mbar) allows a large enough
exit-hole (1-1.5 mm diameter) for extraction times to be short enough for most exper-
iments (below 100 ms). Such IGISOL (Ion Guide Isotope Separator On-Line) systems
are in use for ion energies up to about 1 MeV/u, although at this energy the stopping
efficiency is rather poor (see [26, 27] for an overview). This practical limit in stopping
volume has limited the ion guide technique to fusion-evaporation and fission reac-
tions. The need for reaction products to recoil out of the target limits the target thick-
ness to the order of 1-10 mg/cm2 for fusion evaporation residues and 15 mg/cm2 for
fission fragments. For the large stopping volumes dictated by the higher energies at
in-flight RIB facilities (up to 0.5-1×105 cm3, [28, 29], this thesis work), extraction via
gas flow is too slow; electric-field guidance of the ions is needed for fast and efficient
extraction. However, ion survival processes are the same irrespective of the size of
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the stopping volume. A Cryogenic Ion Guide is thus an ideal setup to verify ion
survival at high density and cryogenic temperatures.

When ions slow down in the gas their charge state is constantly reset in charge-
exchange collisions defined by their velocity. At thermalization, a large fraction (of
the order of 50%) will be in an ionic state, mostly singly and doubly charged. Be-
cause for most elements the second ionization potential is below the first ionization
potential of helium (24.6 eV) even doubly-charged ions will survive. Because of the
poor stopping power of helium, argon is also used as a stopping gas as its stopping
power is much higher than that of helium. Argon gas can ensure an efficient stop-
ping of nuclear reaction products in a relatively small-volume stopping cell. As a
drawback, the lower first ionization potential of argon (15.8 eV) however reduces
the efficiency of the ion guide [76].

3.1.2 Design of the Cryogenic Ion Guide

The design and a photograph of the Cryogenic Ion Guide are shown in Figure 3.2.
The ion guide stopping volume has a length of 30 mm, a diameter of 10 mm and
an exit hole of 0.6 mm diameter. The ion guide is attached to a cold finger, which is
connected to a 40 liters liquid nitrogen dewar for cooling. In order to have efficient
and fast cooling, the cold finger is made of copper and kept inside a stainless steel
enclosure, called outer chamber, which provides an insulation vacuum for the cold
finger. The helium gas is supplied via a 7 meter long spiral of copper pipe line
placed inside the dewar, in order to cool down the helium stopping gas on its way
to the ion guide stopping volume. For temperature measurement and control, Pt100
temperature sensors and heaters are attached to the cold finger. For alignment and
eventually laser ionization [77], a laser window opposite to the exit hole is placed
on the cold finger and the outer chamber. The system, with the exception of the ion-
guide stopping chamber, was constructed at Vacuum Specials B.V., Woerden, The
Netherlands, and all electronics and other parts were taken care of at KVI.

3.2 Experiments at the IGISOL facility

3.2.1 IGISOL facility

The IGISOL facility is situated at the Accelerator Laboratory of the Department of
Physics, University of Jyväskylä, Finland. The general goal of this facility is to pro-
vide a platform for the study of exotic nuclear matter and related radioactive ion
beam research. The layout of the IGISOL facility is shown in Figure 3.3 [26, 79]. The
main parts are depicted in this layout. In this facility, high-energy primary beams
from the K130 cyclotron travel to the ion guide where radioactive ions are generated
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Figure 3.2: Conceptual design and realization of the Cryogenic Ion Guide. Top: Overview of
the Cryogenic Ion Guide sitting on the IGISOL chamber, (1) Liquid nitrogen de-
war, (2) helium line and, (3) IGISOL chamber. Bottom left: zoomed view (squared
area from the overview) of the ion guide attached to the cold finger, (4) beam inlet
window, (5) laser window and, (6) ion guide. Arrows, in the zoomed view, are
showing the direction of the cold helium gas flow. Bottom right: A photograph of
the Cryogenic Ion Guide.
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Figure 3.3: Layout of the IGISOL facility at the Accelerator Laboratory of the Department of
Physics, University of Jyväskylä, Finland [78].
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and extracted. These ions are accelerated, typically to 30 keV, and focussed to a par-
allel ion beam, which goes to the dipole magnet. Here, the trajectory depends on the
charge-to-mass ratio of the ion. As the ions are mostly singly charged, mass sepa-
ration is achieved. The mass resolving power of this facility is not high enough for
isobaric separation. However, it can separate isotopes of the same element, hence the
name Isotope Separator. For high resolving power and to improve the beam quality,
the RFQ cooling and Penning traps are used.

Using the ion guide and isotope separator part of this facility, on-line experiments
with the Cryogenic Ion Guide were performed.

3.2.2 On-line experimental setup

Two on-line experiments were performed. In the first experiment, two primary
beams, 300 MeV 58Ni and 40 MeV protons, were used. In the second experiment

Figure 3.4: Schematic representation of the on-line experiment. A beam of high-energy ions (1)
passes through a rotatable degrader (2), by which the energy of the primary beam
is tuned. Afterwards, the degraded beam travels through windows (3, 5) into the
cold helium-filled ion guide. (4) The space between windows is filled with helium
gas. (6). Inside the ion guide, the ions are thermalized and extracted with the flow
of helium gas. A sextupole ion guide (7), kept at about −100 V relative to the ion
guide, directs the ions to the extraction electrode (8) and then to the measurement
systems.
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Figure 3.5: Inside view of the IGISOL chamber, looking upstream of the cyclotron beam. The
outer chamber, connections for temperature sensors and heater, the pumping chan-
nel for the insulation vacuum of the cold finger, and the SPIG connecting the ion
guide to the isotope separator are indicated. The cyclotron beam is perpendicular
incoming to the page.

only a 340 MeV 58Ni primary beam was used. A schematic representation of the on-
line experimental arrangement and an inside view of the IGISOL chamber are shown
in Figure 3.4 and Figure 3.5, respectively. In the on-line experiments, the Cryogenic
Ion Guide was mounted on top of the IGISOL chamber, see Figure 3.2. Inside the
IGISOL chamber there were a variety of beam diagnostic and manipulation systems.
Faraday cups before and immediately after the ion guide measured the beam cur-
rent. A silicon detector could also be placed in the beam path to measure low beam
intensities by counting individual ions. Collimators were available to change the
beam intensity. In order to tune the primary beam energy, a rotatable Havar∗ de-
grader of thickness 5.33 µm was installed. A desired thickness could be tuned by
rotating the degrader at a certain angle. Rotation by up to 60 degrees allowed to
change the degrader thickness seen by the beam from 5.33 to 10.66 µm.

∗Havar, a heat-treatable cobalt base alloy, provides very high strength at high temperatures, has excel-
lent corrosion resistance and is non-magnetic [80].
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The beam entered the ion guide through a 5.33 µm thick Havar window, meant
to take the pressure of the gas in the ion guide, placed 7.25 cm downstream from
the degrader. Behind this window, a 25.5 µm thick magnesium window ensured
a smooth inner surface of the stopping volume, important to have a turbulent-free
helium flow. The gap between first and second window was 1 cm and filled with
helium gas. After this stage the beam entered into the ion-guide stopping volume
filled with cold helium gas. The stopped ions were extracted from the ion guide
by gas flow through an exit hole. With the help of the SextuPole Ion Guide (SPIG)
[81], extracted ions were injected into the isotope separator [82]. The ion guide was
aligned to the SPIG by shining a laser beam from the isotope separator towards the
ion guide and observing the light through the laser windows of the cold finger and
outer chamber.

3.2.3 Optimization by degrader thickness

The fraction of ions stopped in the stopping volume depends on the ion-guide pres-
sure and the beam energy. Generally speaking, a lower ion-guide pressure requires a
lower beam energy for optimum stopping efficiency. The rotatable degrader allows
to tune the energy in order to maximize the stopping efficiency. SRIM [83] simula-
tions were used to determine the required degrader thickness and cyclotron beam
energy. The results for 300 MeV 58Ni are presented in Figure 3.6.

The curves of Figure 3.6a show that for higher pressure, the maximum stopping
efficiency is reached at smaller degrader thickness, corresponding to a higher beam
energy entering the stopping volume. The degrader thickness versus helium pres-
sure used during the experiment is shown in Figure 3.6b.

Figure 3.6a basically shows range straggling curves. The FWHM of these curves
corresponds to only 0.5-1.5 µm of Havar. For a stopping cell at an in-flight RIB fa-
cility, the same holds: energy degraders used to optimized the stopping efficiency in
the cell need to be manufactured to micrometer precision. Given that degraders at
in-flight facilities need to have a thickness of the order of centimeters, this is not eas-
ily achieved. The reason for this is that, considering stopping power, helium gas is,
per unit length, much less effective than a solid material. For example, the Cryogenic
Stopping Cell with 1 bar of helium gas has a stopping power which, per unit length,
is about 40,000 times smaller than aluminum, the preferred degrader material. A
factor of 1,000 comes from the difference in atomic density and a factor of 40 comes
from the difference in stopping power due to the smaller atomic number. As a result,
fine tuning of the stopping efficiency of a 1 bar·m stopping cell requires the degrader
thickness to be accurate to much better than 1/40,000 m, i.e., a few micrometers.
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Figure 3.6: Optimization of stopping efficiency by degrader thickness.
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3.3 Results and discussion

3.3.1 Temperature measurements

Two Pt100 temperature sensors were inserted into the cold finger close to the ion
guide. The temperature was monitored with respect to time while cooling down
with liquid nitrogen, without helium gas in the ion guide (Figure 3.7). The plot de-
picts a slow drop at the start, a rapid drop after reaching about 270 K and saturation
towards the lowest achievable temperature, which is just above 80 K. The minimum
temperature is reached in about 50 minutes. Next, the temperature as function of the
ion guide pressure was measured, see Figure 3.8. The pressure inside the IGISOL
chamber increases with increasing ion-guide pressure. This causes a heat leak and
explains the temperature increase observed. Also, during these measurements the
cold-finger insulation vacuum was connected to the IGISOL chamber causing an ex-
tra heat leak to the cold-finger. This may have also contributed to the temperature
increase. These results illustrate that due to inevitable heat leaks, a liquid-nitrogen-
cooled system can never reach 77 K.
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Figure 3.7: The temperature of the Cryogenic Ion Guide with respect to time during cooling
down with liquid nitrogen.
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3.3.2 Pressure dependence

The acceleration-chamber pressure and pressure inside the IGISOL chamber with re-
spect to helium density in the ion guide are shown in Figure 3.9a and Figure 3.9b.
The exit-hole conductance (l/s) is independent of the ion-guide pressure. So, for a
constant pumping speed, the acceleration and IGISOL-chamber pressures increase
linearly with the ion-guide pressure/density. This expected linear behavior is ob-
served except at very low and high helium densities because at small helium den-
sity the base pressure of the pump is reached whereas at higher helium density the
pumping speed is reduced. From basic arguments, one expects that the amount of
gas (g/s) flowing out of the ion guide for constant pressure scales with T−1/2 as the
exit-hole conductance (l/s) scales with T1/2 and the density (g/l) with T−1. From this
follows that the measured pressures scale with T1/2 for constant ion-guide density.
Taking an average low temperature of 90 K, we thus expect a room temperature over
low temperature pressure ratio of 0.55. The slopes of the fitted lines in Figure 3.9a
and Figure 3.9b give a ratio of 0.52 and 0.61 respectively, in good agreement with
expectations.

These results point to a practical advantage of the use of cryogenic gas: for the
same stopping cell density, less gas needs to be pumped away in the differential
pumping section. Alternatively, a certain pump configuration allows a higher stop-
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Figure 3.9: Acceleration chamber and IGISOL chamber pressure vs. ion guide gas density.
Only the points in the linear region were used for the fit with the line.
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ping gas density.

3.3.3 Mass spectra

The main reason for cryogenic operation is to purify the stopping gas (see Sec-
tion 2.5). In order to verify this, mass spectra were measured at low (87 K) and
room temperature (303 K). The mass spectra shown in Figure 3.10 were recorded
with a MicroChannel Plate (MCP) detector at the IGISOL separator focal plane. The
scan is performed by scanning the separator magnetic field. As the cyclotron beam
is ionizing the gas in the ion guide, the mass spectrum gives a good indication of
the gas composition. It is obvious from these spectra that at low temperature the
impurity level is smaller than at room temperature. This is interpreted as freezing
of undesired elements at low temperature, the main purpose of the cryogenic oper-
ation. More specifically, the following is observed:

• the 4He+
2 ion is the dominant helium ion with the 4He+

2 /4He+ ratio increasing
about a factor of 2 when going from 303 to 87 K. This is compatible with the
known fact that, as temperature goes down, the dominant helium ion species
changes from 4He+ to 4He+

2 to 4He+
3 . For a detailed literature survey see [75];

• water-related ions (OH+ and H2O+) are strongly suppressed at low tempera-
tures;

• the gaseous elements nitrogen, oxygen, neon, and argon which have freez-
ing points lower than the achieved temperature (87 K) are enhanced at low
temperatures. This indicates that the ion survival probability is higher at low
temperature. This is not observed for xenon, which has a liquefaction point of
166 K;

• the presence of nitrogen and oxygen at low temperature indicates the need to
go well below 87 K to completely remove air impurities.

3.3.4 Efficiency versus beam intensity

The extraction efficiency of 58Ni is measured with respect to the cyclotron beam in-
tensity and displayed in Figure 3.11. The extracted 58Ni ion-beam intensity was mea-
sured using the MCP detector at the separator focal plane. A detection efficiency of
60% was assumed. At high count rates, the beam intensity on the MCP was reduced
by a factor of 15 by placing a grid in front of it. The JYFLTRAP Penning trap [84] was
used to verify that the mass 58 ions were indeed only 58Ni. The extraction efficiency
is calculated as the ratio of the extracted intensity divided by the cyclotron beam
intensity.

The dependence of the extraction efficiency on beam intensity is typical for the
ion guide at room temperature [27].
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Figure 3.10: Mass spectra at room and low temperatures: (a) low mass range, (b) high mass
range.
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Figure 3.11: 58Ni extraction efficiency vs. accelerator beam intensity at low temperature.

3.3.5 Efficiency as a function of ionization density rate

The effect of ionization of the stopping gas on the extraction efficiency was discussed
in Section 2.3.4. It is commonly investigated in terms of the ionization density rate Q,
the number of ion-electron pairs created in the stopping gas per cm3 and per second.
Figure 3.12a shows the measured total efficiency for 58Ni ions as a function of Q.
Experimentally, Q is varied by changing the beam intensity and the gas pressure.
The beam intensity was changed from about 103 to 108 particles per second and gas
pressures of 30, 92, and 185 mbar were used. The energy loss in the stopping volume
was calculated using SRIM. It can be seen that the efficiency at low temperature is
rather independent of pressure and quite constant up to an ionization density rate
of about 1013 cm−3s−1. In Figure 3.12b the experimental data is compared with a
data set obtained from ion guides and stopping cells around the world [85, 86]. Our
data differ from room-temperature systems in that the efficiency remains reasonably
constant at relatively high values of Q over several orders of magnitude.

3.4 Conclusion

The Cryogenic Ion Guide was developed to demonstrate the principle of a Cryo-
genic Stopping Cell. This liquid-nitrogen-cooled ion guide was developed at KVI,
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Figure 3.12: Extraction efficiency as a function of Q (ion-electron pairs/cm3 s). (a) Extraction
efficiency of the Cryogenic Ion Guide for 58Ni as a function of ionization density
rate, (b) Comparison of the 58Ni extraction efficiency with several gas cell facilities
as a function of the ionization density rate Q. The data were obtained from [85, 86].
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University of Groningen and tested in on-line experiments at the IGISOL facility at
the University of Jyväskylä. The conclusions from these experiments are:

• the low-temperature mass spectra show that liquid-nitrogen cooling does not
provide a low enough temperature. Therefore, a cryo-cooler-based cooling sys-
tem is chosen for the Cryogenic Stopping Cell;

• the expected differential pumping characteristics versus ion guide temperature
are confirmed;

• the mass spectrum shows the disappearance or reduction of many impurity
elements in the ion guide at the low temperature, indicating the effectiveness
of stopping gas purification due to cryogenic operation;

• the mass spectrum indicates that the ion survival probability is higher at low
temperature;

• the Cryogenic Ion Guide shows the same behavior as room temperature de-
vices. There are indications that a higher ionization density rate can be toler-
ated.

In summary, the Cryogenic Ion Guide shows no obstacles to the use of high-
density cryogenic helium gas for the stopping and extraction of high-energy ions.
This represented an important milestone towards the development of the Cryogenic
Stopping Cell for the Super-FRS at the future FAIR facility, in Darmstadt, Germany.
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To raise new questions, new possibilities,

to regard old questions from a new angle,

requires creative imagination and marks

real advances in science.

Albert Einstein (1879-1955) 4
Cryogenic Stopping Cell

The Cryogenic Stopping Cell is developed for the low-energy branch of the Super-
FRS at FAIR, GSI, Germany. Therefore, the system design is based on the Super-

FRS beam properties. The beam properties impose constraints on the size of the cell,
buffer gas density and effective stopping region. When developing such a device,
several factors have to be taken into consideration, especially since the device is as-
sociated with high-energy beams. These factors are high-density operation, intensity
limitations, and purity of the buffer gas. They affect not only the design of the sys-
tem but also its performance, which concerns mainly the ion transportation inside
the stopping cell. Thus, the influence of these factors on the design of the Cryogenic
Stopping Cell and performance is investigated. Based on these investigations and
available information from the Super-FRS, the stopping cell is designed and con-
structed. In this chapter, the development stages of the Cryogenic Stopping Cell
including design parameters, instrumentation, electronics, and the cooling system
are discussed in detail.

4.1 Study of the design parameters of the Cryogenic
Stopping Cell

The size of the Cryogenic Stopping Cell is based on the Super-FRS beam properties.
The Super-FRS will deliver a high-energy radioactive ion beam with the following
characteristics: intensity, impurity, energy and range straggling, size, and angular
spread. These parameters are intricately connected and depend on many experi-
mental factors. For the Cryogenic Stopping Cell, the following considerations are
important, in order of priority:
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• Energy straggling: energy straggling determines the areal density of the gas
needed for efficient stopping. The smaller the energy straggling, the smaller
the areal density of stopping gas needed and a smaller areal density makes fast
and efficient extraction easier;

• Impurities: impurities play an important role as they cause the loss of ions of
interest mainly due to molecule formation. Reducing the amount of impurities
increases the efficiency for extracting atomic ions;

• Ionization density: the high-energy beam is responsible for the ion-electron
production rate resulting in a certain ionization density of the stopping gas.
A too-high ionization density results in a positive ion cloud that will undergo
space charge blowup. Applying a high electric field in the axial direction of the
stopping cell can mitigate this problem;

• Beam size: the smaller the size of the beam, the smaller the diameter of the
stopping cell. This is important because the cost of a stopping cell mostly de-
pends on its diameter;

• Angular spread: an incoming beam with a large angular spread has a short
“focal spot“ inside the stopping volume and may require a larger diameter to
fully stop the beam over the whole length of the volume.

As mentioned in Section 1.4, the high-energy beam is already slowed down in
solid degraders as much as possible such that the stopping cell has to handle only
the residual energy spread. The special design of degraders minimizes the range
straggling (see Section 1.3 for different types of degraders). However, the tuning of
these degraders also affects the other beam parameters, such that the final configu-
ration is a well-considered compromise between different requirements. A detailed
simulation to tune the Super-FRS for use with the stopping cell is done by Weick [87].
The simulation results shown in Figure 4.1 focus on projectile fragmentation and fis-
sion as these two scenarios represent the bulk of the planned experiments with the
stopping cell. In both cases, the intensity of fragments versus their stopping range
in aluminum is shown. For projectile fragmentation and fission, the Super-FRS was
optimized for 100Sn, and 133Sn, respectively.
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Figure 4.1: Simulation results for separation of 100Sn projectile fragments and 133Sn fission
fragments with monoenergetic degrader [87]: (a) range distribution of all frag-
ments at the last degrader for a primary 124Xe beam of 1000 MeV/u traveling
through a 6 g/cm2 thick carbon target and two aluminum achromatic (achromatic
devices are those where the final position and angle do not depend on momen-
tum) degraders with d/R = 0.5 (d = degrader thickness, R = ion range), (b) passing
a primary 238U beam of 1217 MeV/u through a 3 g/cm2 thick carbon target and
two aluminum achromatic degraders with d/R = 0.5 gives the range distribution
for 133Sn bunched at 340 MeV/u.

The results for projectile fragmentation show (Figure 4.1a) that the unwanted
isotopes are mostly well separated and, more importantly, more intense fragments
stop earlier and thus do not cause extra ionization of the stopping gas. The result
for separation of fission fragments (Figure 4.1b) is not as favourable. Fission gives
poorer quality beams (in terms of straggling and size) because a large energy of
about 1 MeV/u is given to the fission fragments in the reaction, isotropically in the
center-of-mass system. Also, neighbouring, more intensely produced, isobaric iso-
topes have a longer range and, although they will not be stopped in the stopping
cell, they will cause a lot of extra ionization of the stopping gas.

The Super-FRS simulations shown in Figure 4.1 give a range straggling (stan-
dard deviation) σR of 4.2 mg/cm2 Al for 100Sn and 11 mg/cm2 Al for 133Sn. This
is the range straggling that needs to be handled by the stopping cell. Conversion
from aluminum to helium gives the following numbers: σR (100Sn) = 2.5 mg/cm2

He, σR(133Sn) = 6.6 mg/cm2 He. The stopping efficiency in helium gas for 100Sn
and 133Sn is calculated by integrating, over a certain stopping gas areal density, a
Gaussian range distribution centered in the middle of the stopping gas and with a
standard deviation equal to the simulated range straggling. Figure 4.2 shows the
stopping efficiency versus areal density and pressure. We deduce that a buffer gas
areal density of about 5 mg/cm2 is sufficient for stopping a large fraction of medium-
mass fragmentation products, whereas about 20 mg/cm2 is required for efficiently
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Figure 4.2: Stopping efficiency vs. areal density or pressure for a 100 cm long cell at 60 K. The
dotted line shows the maximum areal density/pressure aimed at for operating the
Cryogenic Stopping Cell.

stopping fission products. This is the basis for aiming for a stopping cell with areal
density of up to 20 mg/cm2. In first instance, we consider the combination of a stop-
ping cell length of 100 cm and a density of 0.20 mg/cm3 a good compromise. This
corresponds to a helium pressure of about 1200 mbar at room temperature and 250
mbar at 60 K. The stopping efficiency versus helium pressure for a 100 cm long cell
at 60 K is also indicated in Figure 4.2.

The simulations mentioned above also give the spatial profile of the beam at the
position of the stopping cell, see Figure 4.3. The full beam widths are not very differ-
ent for the two reaction types considered here. Based on these numbers, we choose a
stopping volume diameter of 25 cm. As the beam is smaller in the vertical direction,
the entrance windows in the system are chosen to have a free opening of 25× 10 cm2.
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Figure 4.3: Spatial profiles along the horizontal direction X (i.e., the direction of dispersion
of the Super-FRS magnets), left figures, and vertical direction Y, right figures, for
the separation of 100Sn produced in projectile fragmentation, upper figures, and
133Sn produced in projectile fission, lower figures. The simulation parameters are
identical to those given in the caption of Figure 4.1 and the text. The beam profiles
after refocusing with the Super-FRS final quadrupole magnet triplet are relevant
here. The inserts show the ion trajectories at the end of the Super-FRS.
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4.2 Influence of intensity limitations on the design

The beam intensity is an important parameter affecting the performance of the sys-
tem. A high-intensity beam creates a large number of ion - electron pairs, which are
responsible for the space-charge effect as discussed in Section 2.4. For the Super-FRS
beams, the ionization density rate is calculated for 100Sn and 133Sn [87]. This calcu-
lation is done for a primary beam of 5× 1011 ions per spill (≡ 1.2 sec), the maximum
planned for FAIR. An effective stopping volume of about 5× 104 cm3 and 6 mg/cm2

of areal density of buffer gas are taken into account. The resulting ionization density
rates are shown in Table 4.1. Now, we compare these numbers with Figure 3.12b
showing the efficiency of very different stopping cell systems versus ionization den-
sity rate. Considering the data from the stopping cells at RIKEN and MSU (these are
the only systems considered in Figure 3.12b which are similar to the cryogenic stop-
ping cell), we expect a severe drop in the stopping cell efficiency in the case of fission
fragments at the highest primary beam intensity planned for the FAIR accelerator.
Possible solutions to counteract this drop in efficiency are to apply a high DC field
and/or use an RF wall around the effective stopping volume. In order not to add
extra complications to the design of the first Cryogenic Stopping Cell, an RF wall is
omitted; it can readily be added later if required. In the present design the aim is
for the highest possible DC field in order to minimize the ion extraction time (see
Section 4.3.2).

Table 4.1: Expected ionization density rates induced by Super-FRS beams when using the
highest planned primary beam intensities at FAIR. The results of simulations for
the production of 100Sn using projectile fragmentation and 133Sn using projectile fis-
sion are given. The simulation parameters are identical to those given in the caption
of Figure 4.1 and the text.

Isotope Fragments entering the cell/spill ionization density rate
Sn Total /(cm3s)

Projectile (100Sn) 0.2 1.2 800
Fission (133Sn) 2× 106 5× 107 4× 1010

4.3 Challenges with the required design parameters

With the input from the Super-FRS beam, the Cryogenic Stopping Cell is designed to
transform the high-energy ion beam into a low-energy beam. This can be obtained
by room temperature stopping cells as well. However, the main issues with the
present devices are the presence of impurities and poor stopping efficiency. Both
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issues are resolved with the cryogenic and high-density operation of the cell. These
are precisely the aspects which make the present stopping cell unique. However, the
high-density operation brings challenges in the operation of the device as it affects
the repelling force of the RF structure and the extraction time. In this section these
issues are discussed.

4.3.1 RF repelling force

The average repelling force in the high-pressure limit is (see Section 2.2.5),

Favg
hp = mµ2 V2

RF
r03 (4.1)

where m is the mass of the ion, µ is the ion mobility, VRF is the RF amplitude, and r0
is half the electrode spacing. The ion mobility depends on gas temperature (T) and
pressure (P) (see Eq. 2.8) and therefore on density (ρ) as shown below,

µ = µ0
ρ0

ρ
(4.2)

Now, by substituting the value of µ0 (20 cm2/Vs), the mobility at normal pressure
(1013 mbar) and temperature (293 K), the ion mobility µ can be determined by,

µ = 74.2
P
T

(4.3)

According to Eq. 4.1 and Eq. 4.2, the average force depends on the gas density as
follows,

Favg
hp ∝

1
ρ2 (4.4)

This equation shows that high-density operation is thus a challenge. To achieve a
large enough repelling force, a large RF voltage and/or a small electrode spacing are
needed. What can be achieved in practice is determined by electrical and mechan-
ical limits. Ions (of a certain mass and mobility) are repelled from an RF structure
if the average force is larger than a certain threshold average force. As mentioned
in Section 2.2.5, the average force alone does not tell anything definite on the stabil-
ity of the ion motion; the RF frequency has to have an appropriate value. Here, it
is assumed that this is the case. The threshold average force is obtained for certain
combinations of RF amplitude and electrode spacing. In the following, we use ex-
perimental data to establish this relationship and subsequently obtain a design value
for these parameters.

A literature study is carried out to determine the threshold repelling force. For
this purpose, the performance of the full-scale prototype Rare Isotope Accelerator
(RIA) stopping cell is taken as a point of reference. This stopping cell was developed
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Figure 4.4: Performance of a full-scale prototype Rare Isotope Accelerator stopping cell, devel-
oped at Argonne National Laboratory [88]. Shown is the extracted activity scaled
to unity as a function of scaled RF amplitude.

at the Argonne National Laboratory (ANL). Figure 4.4 shows the activity scaled to
unity (∝ efficiency) of this stopping cell as a function of the scaled RF amplitude
(ARF), defined as follows,

ARF =
V2

RF M
P2

(
V2/mbar2

)
(4.5)

Here M is the ion mass in atomic unit. Using Eq. 4.3 and Eq. 4.5, the average force is
obtained as,

Favg
hp = (8.8× 10−32)ARF

T2

r03 (4.6)

From Figure 4.4, it is observed that the efficiency saturates at a scaled RF amplitude
ARF of approximately 400 V2/Torr2 or 250 V2/mbar2. For this value of scaled RF
amplitude, the calculated average force is about 3 × 10−14 N. We call this the thresh-
old average force (Fth

hp) and take it as reference for further investigation. The scaled
amplitude and therefore average force are calculated for experiments with other gas
cells. The details are given in Table 4.2. Comparing the results of the stopping cells
considered with the average RF force applied, we conclude that experiments reach-
ing an average RF force larger than about 2 × 10 −14 N did achieve efficiency satura-
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tion versus the relevant parameters (RF amplitude and gas pressure), whereas most
experiments not reaching this value did not achieve saturation. We thus select a
threshold average RF force of 3× 10−14 N to predict the behavior of an RF structure.
It should be noted here that in order to be on the safe side, we consider 3 × 10−14 N
as threshold average force for further investigation.

By using Fth
hp = 3 ×10−14 N and Eq. 4.5, one can determine the minimum RF am-

plitude needed as function of electrode spacing and gas density. Figure 4.5 shows
the result for an intermediate mass ion (A=100) and the gas density relevant for this
work. It follows that an increasing density has to be compensated by an increasing
RF amplitude and/or decreasing electrode spacing. As the electrode spacing has a
larger effect (a third power compared to a second power for the RF amplitude, see
Eq. 4.1), for the Cryogenic Stopping Cell an RF structure with small electrode spac-
ing was aimed for. Therefore, a carpet is preferred over a funnel structure because
carpets can be manufactured much easier than funnels for small electrode spacing.
Based on the manufacturer’s [92] capabilities, a carpet with r0 = 0.125 mm is opted
for. After this choice of electrode spacing, the required RF amplitude follows from
Figure 4.5 and the RF electronics are designed accordingly for the RF carpet used in
this work. The maximum RF amplitude required is then 150 V, a quite realistic value.

Table 4.2: RF cone/carpet development activities and average force. In this framework, i.e.
the existence of a threshold Fth

hp, it is assumed that all experiments had roughly the
same axial field above and perpendicular to the carpet/funnel.

Reference VRF M P ARF r0 Favg
hp εsat attained

V mbar V2/mbar2 mm N Yes/No
ANL[88] 145 120 100 250 0.40 2.95× 10−14 Yes
ANL[88] 174 120 120 250 0.40 2.95× 10−14 Yes
ANL[88] 203 120 140 250 0.40 2.95× 10−14 Yes
ANL[88] 239 120 165 250 0.40 2.95× 10−14 Yes
RIKEN [28] 150 181 27 5756 1.25 2.23× 10−14 Yes
RIKEN [28] 50 8 40 13 0.25 6.07× 10−15 No
RIKEN [28] 21 8 133 0.19 0.25 9.64× 10−17 No
RIKEN [89] 150 8 133 10 0.14 2.80× 10−14 Yes
SHIPTRAP [90] 160 223 55 1874 1.00 1.42× 10−14 No
SHIPTRAP [90] 160 223 90 698 1.00 5.27× 10−15 No
SHIPTRAP [91] 160 107 40 1721 1.00 1.30× 10−15 No
VRF: RF amplitude, M: Mass number, P: Pressure, ARF: Scaled RF amplitude,
r0: Half electrode spacing, Favg

hp : Average force, εsat: Efficiency saturation.
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4.3.2 Extraction time

One of the main goals of the Cryogenic Stopping Cell is to extract low-energy beams
of short-lived isotopes. The shortest beta decay half life is about 10 ms. Therefore,
fast extraction is one of the important requirements.

Under an electric field E, the ion velocity v is given by,

v = µE (4.7)

where µ is ion mobility. The maximum extraction time tmax
ext is that for which the

ion is stopped at the entrance of the stopping cell and thus has to travel the full cell
length (L). The ion velocity can be written as,

v =
L

tmax
ext

(4.8)

Combining Eq. 4.7 and Eq. 4.8, the extraction time can be calculated as follows,

tmax
ext =

L
µE

(4.9)
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Using Eq. 4.2,

tmax
ext =

L ρ

µ0 ρ0 E
=

At

µ0 ρ0 E
(4.10)

where At is the areal density (mg/cm2) of gas,

At = ρL (4.11)

From the above equations it is clear that the extraction time is proportional to
the density and the areal density of the gas and inversely proportional to the elec-
tric field. The required DC field for fast extraction is obtained by substituting val-
ues of the areal density of the Cryogenic Stopping Cell and the reduced mobility in
Eq. 4.10. This calculation is plotted as maximum extraction time with respect to the
DC field, in Figure 4.6. This figure shows that at high density, fast extraction requires
a high DC field. This is another challenge in high-density operation. For example,
if an extraction time of 10 ms is required, the shortest half-life of beta decay, for the
areal density of 2 mg/cm2, a DC field of the order of a few tens of V/cm is needed,
whereas a few hundred V/cm is required for a 20 mg/cm2 areal density. In practice,
the electric field is limited by the breakdown voltage.
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In Section 2.2.4, Figure 2.3, it was established that the Paschen limit for an inter-
electrode breakdown ranges from about 300 V/cm to about 1000 V/cm for the he-
lium density range considered here (0.020 to 0.20 mg/cm3 respectively). Combining
these numbers with Figure 4.6 shows that this will not limit fast extraction. For a
1 meter long cell, the voltage at the first DC electrode (counting from beam inlet
window) required for fast extraction ranges from about 3 kV to 30 kV for the density
range considered. Figure 2.3 indicates that the breakdown between electrodes and
wall, relevant when considering the absolute voltage applied, ranges from about 1 to
8 kV, 3 to 4 times lower than needed for a 10 ms maximum extraction time. We thus
conclude that at the highest density considered for the stopping cell developed in
this work, the maximum extraction time will be close to 50 ms. The Paschen break-
down voltages are representative of an ideal situation. In practice, without extremely
careful design, breakdown typically happens at a voltage a few times smaller than
the Paschen breakdown voltage. As such we may expect the extraction times to be
achieved in practice to be a few times longer than estimated here.

4.3.3 Diffusion

During transport through the bulk of the stopping cell towards the exit hole, ions
diffuse radially. This may cause them to leave the push field region after which
they are lost for extraction. In Section 2.2.7, diffusion during extraction was briefly
discussed assuming a spherical geometry, leading to the conclusion that diffusion is
not a serious issue. During the detailed design of the stopping cell, this was looked
at more carefully, as shown below.
Considering a cylindrical geometry, the root-mean-square diffusion distance (rrms)
in the radial direction is given by:

rrms = 2.405
√

Dt (4.12)

where D is the diffusion coefficient and t the time travelled. The diffusion coefficient
is related to the mobility µ by the Einstein-Nernst relationship (Eq. 2.6):

D =
µkT

e
(4.13)

where T is the temperature, k is the Boltzmann constant and e is the electronic charge.
The maximum extraction time, i.e. the extraction time of ions stopped at the entrance
of the cell, is given by Eq. 4.9. Combining this equation with Eq. 4.13 gives the rms
diffusion distance in a time equal to the maximum extraction time as:

rrms = 2.405

√
kT
e

L
E

(4.14)

It is interesting to notice that this is independent of the gas density. A relative radial
diffusion distance is defined as the ratio between the rms diffusion distance during
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the maximum extraction time and the stopping cell radius. It is a measure of the loss
of ions due to radial diffusion while being extracted, and is given by:

rrms

rcell
=

2.405
rcell

√
kT
e

L
E

(4.15)

Figure 4.7 shows the relative radial diffusion distance as a function of electric field
strength for temperatures of 60 K and room temperature (293 K). The electric field
range relevant for this work, taking the Paschen limit into account (Section 2.2.4), is
shown. The calculation is performed for a cell length L = 100 cm and a cell radius
rcell = 12.5 cm (the useable radius is limited by the radius of the RF carpet).

The stopping cell will be operated with electric fields above 10 V/cm. At 60 K,
the relative radial-diffusion distance is less than about 5%. Therefore, we conclude
that no RF wall is needed along the Cryogenic Stopping Cell in order to contain ions
diffusing radially.

4.4 Operational temperature

To fully and reliably remove oxygen impurities (many elements readily form oxide
ions), the stopping cell needs to be cooled to somewhat below the boiling point of
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liquid oxygen, 90 K. Earlier work [74] and experiments with the precursor device
Cryogenic Ion Guide (see Section 3.3.3) show that a temperature slightly above 77 K
does not completely remove air and other impurities. Thus to attain a sufficient
degree of purification, a temperature below the boiling point of liquid nitrogen is
needed. In order to be able to reliably investigate temperature effects over a suffi-
ciently large temperature range, and thus optimize the stopping-cell performance,
60 K is chosen to be the operational temperature of the Cryogenic Stopping Cell for
helium gas.

4.5 Expected performance

The total efficiency of the stopping cell is the product of the stopping efficiency, the
probability that incoming ions are still ionized at the time of thermalization and the
efficiency for ion transport out of the stopping cell. The results for stopping effi-
ciency has been estimated in Figure 4.2. For an areal density larger than 5 mg/cm2,
it is between 20% and 100%. From literature, one can deduce that the probability
that incoming ions are stopped as ions is usually between 30% and 50%. For ex-
ample, 100 keV 219Rn ions in helium gas have a 30% chance of being ionized at the
time of thermalization [74], i.e., 30% of 219Rn ions which are stopped in helium gas.
Assuming no transport and radioactive decay losses (i.e., a transport efficiency of
100%), the total efficiency ranges between 5% and 50%. These estimated numbers
are summarized in Table 4.3.

Table 4.3: Expected efficiency of the Cryogenic Stopping Cell (see text for details).

Stopping 20-100% Assuming areal density > 5 mg/cm2

Stopped as ion 30-50%
Transport 100% Assuming no transport and radioactive decay losses
Total 5-50%

4.6 Instrumentation

In the construction the Cryogenic Stopping Cell, for efficient cooling and cost re-
duction, the important considerations are the minimum heat input and maximum
mass reduction. The general construction of the cryogenic stopping cell is shown in
Figure 4.8. A technical drawing of the system design is shown in Figure 4.9.
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Beam inlet windows Vacuum Jacket

Cold chamber RF carpetDC cage

Beam 
In

Beam 
Out

Figure 4.8: General construction of Cryogenic Stopping Cell.

4.6.1 Mechanical structure

The main mechanical parts of the system are: outer room-temperature vacuum insu-
lation jacket and inner cold stopping chamber. The outer and inner chambers, made
of stainless steel, are designed and constructed by Vacuum Specials B.V. (Woerden,
The Netherlands). The inner cold chamber is placed inside the outer vacuum cham-
ber. The details of these chambers are as follows:

Outer vacuum chamber

The outer vacuum chamber is 140 cm long and 66 cm in diameter. This chamber
is kept at room temperature. It serves as vacuum jacket for the required insulation
vacuum for the cold stopping cell. For vacuum, two pumping ports are designed at
the top of the chamber. Two hooks are provided to lift the system. The chamber has
four feet for support and stability. There are flanges at the entrance and extraction
sides. The entrance flange with a diameter of 69.5 cm and a thickness of 2.4 cm has
a rectangular window of width 25 cm and height 10 cm. This window size is chosen
on the basis of the size of the incoming beam from the Super-FRS, see Section 4.1.
The extraction flange shown in Figure 4.10b contains inlet and outlet ports for the
electrical cabling, buffer gas, cooling channels, and extraction RFQ.
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Figure 4.9: Cryogenic Stopping Cell : Technical drawing. Dimensions are in mm.
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1 

1 

1 

2 3 

1: Heater 
2: Temperature sensor 
3: Beam inlet window 

(a)

Cooling input/
output and buffer 
gas input ports 

Cabling 
ports 

Temperature 
sensors 

Heater 

RF carpet 

Vacuum chamber 
extraction flange 

Cold chamber 
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Figure 4.10: Flanges of the Cryogenic Stopping Cell. (a): cold chamber entrance flange with
heaters installed (the three small stainless steel brackets). The rectangular beam
inlet window is seen here, (b): vacuum and cold chamber extraction flanges to-
gether with the RF carpet.
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Inner cold stopping chamber

The inner chamber is situated inside the outer vacuum chamber. The length, di-
ameter and wall thickness of the inner chamber are 120 cm, 45.6 cm, and 0.3 cm,
respectively. A double spiral of cooling line is welded on the outer surface of this
chamber. The entrance flange of the inner chamber has a diameter of 42 cm and a
thickness of 2.8 cm. Similar to the entrance flange of the outer vacuum chamber, this
flange has a rectangular beam inlet window of 25 × 10 cm2 in the center. Tempera-
ture sensors and heating blocks are fixed to the inner wall of this flange to monitor
and control the temperature, see Figure 4.10a. The flange on the extraction side (see
Figure 4.10b) has openings for the electrical cabling ports, buffer gas port, and extrac-
tion RFQ. These flanges are assembled using copper seals, since they are operated at
cryogenic temperatures.

4.6.2 Electrode structure and electronics

An electrode structure is placed inside the inner cold chamber. The electrode struc-
ture consists of a DC cage of copper ring electrodes and an RF carpet. The details are
given as follows:

DC cage

For ion transportation throughout the ion catcher, a series of DC ring electrodes,
called DC cage, on the bulk of the cell and an RF carpet at the extraction side are
used. Throughout the bulk of the stopping volume, ions are pushed towards the exit
side by a DC field. At the exit side, the ions are guided to the exit hole by an RF
carpet. More details are as follows:

The DC cage is a series of 35 DC ring electrodes with one DC grid electrode. A
number of copper rings with an inner diameter of 30 cm and outer diameter of 31
cm are mounted at equal distances on four 100 cm long G10∗ rods. Three out of
these four rods have grooves at intervals of 1 centimeter. Therefore, the distance
between two DC rings and the number of rings can be changed if required. To make
the cage mechanically stable, a supporting ring made out of G10 material is placed
at the entrance side and the rods are fixed to the RF support ring at the extraction
side. The first five ring electrodes (counting from the RF carpet side) are constructed
with the diameters of 25, 26, 27, 28, and 29 cm, respectively. The reason for this is
that the RF carpet is mounted on the extraction cold flange with a grounded ring. A
DC electrode with a diameter of 30 cm close to the RF carpet could see the grounded
mounting ring and thus the electric field, and with it the ion transportation, could
be disturbed. Therefore, shaping the electric field close to the RF carpet is opted for

∗G10 is a fiberglass epoxy. It is a cryogenic material.
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Figure 4.11: DC cage of the Cryogenic Stopping Cell.

by reducing the diameter of the first five ring electrodes. The DC cage is shown in
Figure 4.11.

Using a simple ring electrode close to the entrance leads to ion loss as the nearby
grounded cold chamber cylinder disturbs the electric force lines and thus the ion
transport. This disturbance in the electric field is confirmed by a SIMION [93] sim-
ulation (see top part of Figure 4.12). Without grid electrode, the equipotential lines
in the first part of the cell are not parallel, disturbing the ion trajectories. Shaping
the electric field with a curved grid electrode close to the entrance makes the equipo-
tential lines fairly parallel (Figure 4.12, bottom), guiding the ions along the axis of
the cell. Therefore, the first electrode in the DC cage on the beam entrance side is a
curved grid electrode. The curvature depth of this grid is 3 cm (based on SIMION
simulation). A grid, not a solid electrode, is chosen in order not to cause energy loss
of the incoming high-energy ions. The grid has a mesh size of 1 cm × 1 cm and is
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Beam
 in

Beam
 out

Figure 4.12: SIMION simulation of the DC cage. Shown are equipotential lines. The ions
are traveling perpendicular to the equipotential lines. The top part shows the
simulation result with a ring electrode at the beam entrance side whereas the
bottom part shows the result with a grid electrode. For these simulations, a series
of 20 ring electrodes with an inner diameter of 25 cm and an outer diameter of
26 cm are considered. The distance between two electrodes is 4 cm. This electrode
structure is surrounded by a grounded cylinder with an inner diameter of 41 cm.
In the bottom figure, the first ring is placed 7 cm away from the left side of the grid
electrode. The first electrode (counting from the beam entrance side) is at 950 V.
The interval between two electrodes is 50 V; this means that the last electrode is
grounded.

made out of 1 mm diameter wire; it thus has a transparency of 99%. The DC cage
design is flexible in the sense that it can be replaced by another DC cage structure if
required.

DC voltage arrangement

The DC voltages on the DC rings and the RF carpet are arranged in a certain manner.
A schematic of the potential arrangement is shown in Figure 4.13. The first DC ring
electrode is placed 1.5 cm away from the carpet. As the simulation (see Section 4.6.2)

82



4.6 Instrumentation

Figure 4.13: DC voltage arrangement. It has two parts: an RF carpet and a DC cage. The RF
carpet has two power supplies. For gently guiding the ions close to the carpet,
the first four ring electrodes closest to the carpet have their own power supplies.
Other ring electrodes are connected via a resistor chain with the grid electrode,
which is connected to a 10 kV power supply. Efficient ion extraction requires a
careful tuning of the voltages.

shows no obstacle for using a structure in which the electrodes are kept at a certain
distance, all 35 rings are placed 3 cm apart from each other. The voltage tuning at
the extraction side is very crucial to provide a soft landing of the ions in the poten-
tial well above the RF carpet and thus operate the carpet at the lowest possible RF
amplitude. Therefore, the voltages on the 4 ring electrodes closest to the RF carpet
can be controlled individually. Each of them has a power supply of 0-2 kV. The other
rings are connected by 1 MΩ resistors, and this whole resistor chain is electrically
sitting on the top of the voltage on the 4th ring electrode. A power supply delivering
up to 10 kV is connected to the grid electrode, potentially providing an electric field
in the bulk of the stopping cell of up to 100 V/cm.
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The state-of-the art RF Carpet

In the Cryogenic Stopping Cell, the RF carpet (see Figure 4.14) is a key element to
focus the ions towards the exit hole. The RF carpet technology was pioneered by
M. Wada at RIKEN [28, 37]. The RF carpet developed in this work is made using
printed circuit board technology on 0.8 mm thick Rogers 4003®† material. Given
the required stopping volume diameter, the carpet has 500 ring electrodes over a
diameter of 25 cm, i.e., there are 4 electrodes/mm. An exit-hole with a diameter of
0.57 mm is drilled in the middle of the carpet. A zoomed view of the central region of
the front and back is shown in Figure 4.15. Based on detailed simulations of the ion
transport along the RF carpet towards the exit hole [95], an RF frequency of 5 MHz
is chosen.

As an RF carpet can operate at one single frequency, suitably chosen depending
on the operating conditions, the RF carpet electronics was designed to be of the reso-
nant type: the RF voltage on the carpet electrodes is maximal at a specific resonance
frequency fc. For resonant circuits, the Q-factor (Quality factor), a dimensionless pa-
rameter characterizing the energy bandwidth relative to the resonance frequency, is a
measure of the efficiency with which energy is transferred to the resonator. Defining
the bandwidth as the Full-Width-at-Half-Maximum of the energy versus frequency
resonance, ∆f3dB, the Q-factor is calculated as:

Q =
fc

∆ f3dB
(4.16)

A higher Q-factor indicates a lower energy loss relative to the stored energy of the
oscillator. The Q-factor of the RF carpet depends on temperature and was measured
at 300 K and 77 K to be 26.5 and 32.4, respectively. These measurements are obtained
at a resonant frequency of 5.83 MHz.

The power consumed by the carpet is a quadratic function of the RF voltage.
Using the fact that a power of 100 W results in an RF voltage of 241 V (peak-to-peak),
Figure 4.16 shows the power consumed versus generated RF voltage.

The functional schematic of the RF carpet is shown in Figure 4.17 and explained
as follows. The rings are supplied with an AC voltage (5 MHz, 300 VPP). Ring 1,
3, 5, 7 etc. conduct the positive side of the sine while the other rings (2, 4, 6, 8 etc.)
conduct the negative. Besides the AC voltage, a DC gradient is also applied to the
rings. The potential of the outer ring can be carried 300 V above the potential of the
extraction hole. The gradient is created by a resistor divider. In order to make it pos-
sible to supply the AC voltage to the rings together with the DC gradient, the 5 MHz
signal is capacitively coupled to the rings. Every ring has its own capacitor to either

† Rogers 4000 Series High Frequency Circuit Materials are glass-reinforced hydrocarbon/ceramic lam-
inates. The main features are excellent high frequency performance due to low dielectric tolerance and
loss, and stable electrical properties under frequency variation. They are suitable for low temperature
usage [94].
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Figure 4.14: Front view of the RF carpet.

Figure 4.15: Zoomed view of the carpet center. On the left, the 0.57 mm diameter exit hole,
the 4 electrodes/mm and the 0.1 mm vias can be seen. On the right, the electronic
components on the back side are shown.
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Figure 4.16: Power consumed by the RF carpet as a function of peak-to-peak RF voltage.

the positive or the negative AC terminal. The capacitors (47 nF each) act as a short
circuit for this frequency, but as an open circuit for the DC gradient. This way, a total
capacitance of 7 nF between the rings will be seen on the AC terminals. In order to
apply the AC voltage to the rings, a resonance circuit has to be made. This resonance
circuit consists of an inductor (120 nH) in parallel to the capacitance of the ring and
to 470 pF capacitors in series to match the circuit to the 50 Ω source at 5 MHz. The
RF feed of the carpet has been divided into 3 sections by DC blocking capacitors
(220 nF). Initially, the 3 sections have been designed to be able to attenuate the signal
on the inner rings, equalizing the amplitude over all rings. Attenuator circuits were
not placed, however the DC blocking capacitors have a second function: they divide
the DC voltage into 3 parts, limiting the DC voltage over the smaller RF feed capac-
itors on every single ring. This way only 1

6 of the DC voltage will be supplied to the
smaller RF feed capacitors.

All the electronics components for the RF and DC fields are placed on the back
side of the carpet. Connections with the electrodes are made by 0.1 mm diameter
“vias”. The DC and RF fields are applied via four connections (two for the DC and
two for the RF field) on the back side of the carpet. The RF carpet used in this work
thus has a simple design because, even with the large number of electrodes, only
four vacuum feedthroughs are needed.

A frequency generator and an RF amplifier apply the RF voltage to the carpet.

86



4.6 Instrumentation

Figure 4.17: RF carpet functional schematic. See text for details.

The Agilent 33210A 10 MHz Function/Arbitrary Waveform Generator is able to
generate up to 10 MHz. However, the carpet is designed to work at about 5 MHz
frequency and 300 VPP (both valid for operation at low temperature below 100 K).
Therefore, to apply a desired RF amplitude to the carpet, firstly the frequency gen-
erator is set to about 5.8 MHz frequency. Afterwards, a corresponding RF amplitude
is set on the frequency generator. The relation between set value at the frequency
generator and the actual applied RF voltage depends somewhat on experimental
conditions. An example of a measured calibration is given in Figure 4.18. After ap-
plying the amplitude, a small adjustment of only a few tens of kHz is required in
order to minimize the reflected power on the carpet.

For the DC voltage across the carpet, a power supply providing 0-300 V for in-
nermost and outermost rings is used. The voltage is divided over the carpet rings
by a resistor chain on the back side of the carpet. The main precaution needed to be
taken during the experiment is to monitor the carpet temperature in order to prevent
damage of the electrical components due to excess heating from high RF power.
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Figure 4.18: Actual applied voltage on the carpet as a function of the set voltage at the fre-
quency generator.

4.7 Cryogenic aspects and cooling system

To ensure that all impurities are removed, a minimum operational temperature of
60 K is chosen for the Cryogenic Stopping Cell. To achieve this temperature and
limit idle time during accelerator-based experiments, a cooling down time of about
5 hours is considered as optimal. A possibility of temperature tuning between room
temperature and minimum temperature is also taken into account. This tuning is
mainly for two reasons: firstly to investigate in detail the transition region of tem-
perature at which the maximum yield is obtained (see Figure 2.10) and secondly for
use with argon gas, which becomes liquid below 80 K at 100 mbar. Going down to
60 K can not be attained with liquid nitrogen, thus a cryocooler-based cooling system
was developed.

4.7.1 Design optimization for cryogenic operation

Weight reduction

The bottle neck in cooling down the stopping cell are the entrance and extraction
flanges. Before the weight reduction described here, they represented about half the
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Figure 4.19: Deformation (in mm) of the extraction flange after mass reduction under a pres-
sure of 2 bar. Inside (left) and outside (right) views of the extraction flange of the
stopping cell are shown. The maximum deformation is close to 0.08 mm.
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Extra Rib 

Figure 4.20: Weight reduction in the extraction flange of the cold chamber. Left: schematic.
Right: a photograph.
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mass to be cooled down. We, therefore, investigated in detail how much the weight
of the flanges could be reduced without compromising the structural strength. The
exact design of the flanges was imported into the technical design software in use
at the KVI drawing office. A pressure of 2 bar inside the stopping cell was sim-
ulated and the resulting deformation calculated. This pressure represents a safety
factor of about two relative to the maximum pressure that should ever be present
during operation of the stopping cell. We allowed for what we considered to be a
conservative maximum deformation under pressure of 0.1 mm. As it turned out that
the maximum mass reduction of the cold entrance flange was only about 4 kg, this
flange was not reworked. The simulation results for the extraction flange are shown
in Figure 4.19. The mass of the flange was reduced from 64 to 39 kg, thus reducing
the mass to be cooled down by almost 15%. The extraction cold flange after weight
reduction is shown in Figure 4.20.

Heat loss

The heat loss due to conduction for some critical connections between the inner
cold stopping cell and the outer room-temperature vacuum chamber was calculated
using FEMLAB, a finite element software package. The results are shown in Fig-
ure 4.21. It illustrates the care that needs to be taken in order to keep heat losses to
a minimum. The connections between the extraction flanges of the cold and warm
chambers are constructed from two thin-walled stainless steel tubes with a ceramic
connection in the middle. The total heat flow is in this case 0.65 W. The system con-
tains 6 connections of this type. The supports between the cold and warm chambers
are constructed from thin-walled stainless steel tubes and end with a roller ball. The
total heat flow is in this case 0.50 W. The system contains 5 contacts of this type.

4.7.2 Cooling

DeMaCo B.V., the Netherlands, was provided with all relevant input and require-
ments to develop a cryocooler-based cooling system for the Cryogenic Stopping Cell.
The inputs for DeMaco B.V., are:

Estimated weight of the cold part

The total weight to be cooled is calculated as follows (all major components are made
of stainless steel):

• cylinder: 120 cm long, 45.6 cm outer diameter, 0.3 cm thick. Thus volume
V = 5157 cm3 and weight W= V × 7.85 g/cm3 = 41 kg;

• entrance flange: diameter 42 cm, thickness 2.8 cm. Thus weight W = 3880 cm3

x 7.85 g/cm3 = 30 kg;
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(a)

(b)

Figure 4.21: Simulation of heat loss via the cold to warm chamber contacts. (a) Heat flux (in
W/mm2) across the connection between the extraction flanges of the cold and
warm chambers for temperatures of 60 K and 293 K on the cold and warm side. (b)
Heat flux (in W/mm2) across the supports between the cold and warm chambers
for temperatures of 60 K and 293 K on the cold and warm side.

• entrance flange ring: inner diameter: 36.2 cm, outer diameter: 45.6 cm, thick-
ness: 2.8 cm. Weight is W = 1690 cm3 x 7.85 g/cm3 = 13 kg;

• extraction flange: W = 39 kg;
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• extraction flange ring: inner diameter: 45.3 cm, outer diameter: 56.2 cm, thick-
ness: 4 cm. Weight is W =3475 cm3 x 7.85 g/cm3 = 27 kg,

• DC electrodes, RF support ring, etc.: W ≈ 10 kg
• total weight: WTotal = 160 kg;

Cooling power

The energy required to cool down stainless steel from room temperature to 60 K is
90 J/g. Therefore, the total average cooling power needed to cool down a mass of
160 kg in 5 hours is calculated as follows:

160,000 g x 90 J/g /(5 x 3600 s) = 800 J/s = 800 W

The heat loss at 60 K as calculated by DeMaCo B.V. is:

• heat loss due to radiation and conduction: about 20 W
• cooling of helium stopping gas: maximum 16 W (for 250 mbar, 60 K, 0.57 mm

exit hole)
• heat from RF carpet: estimated at maximum 25 W
• heat loss by the cooling system itself: about 13 W
• total: about 75 W

An additional source of heat input are the ions from the Super-FRS. In the simulated
case of 133Sn, 4 × 1010 ion-electron pairs are created /cm3/s. For a cell volume
of 5 × 104 cm3 and 41 eV needed per ion-electron pair, the total energy deposit is
8 × 1016 eV/s or 0.13 W. This only takes into account the energy deposited in the
helium gas. Some ions will not be stopped in the gas but still deposit some energy in
the entrance flange. But still, the energy from the high-energy ions, which may be up
to a maximum of 1 W, is negligible. In conclusion, 800 W of cooling power is needed
to cool down to 60 K and, at this temperature, 75 W of cooling power is required to
keep the device cool.

Cooling system

The purpose of the cooling system is to cool down 160 kg of stainless steel to 60 K
in 5 hours. The cooling power required for this is 800 W. During operation at 60 K,
the cooling power needed is at maximum about 75 W. The cooling power needed to
keep the device cold is thus about 10% of the power required for fast cooling down.
This is a typical situation with cryogenic devices. As the aim is to go down to 60 K,
cooling with liquid nitrogen is not feasible. A cryocooler is the cooling device of
choice. However, providing 800 W of cooling power with cryocoolers is expensive,
and also results in the fact that 90% of the installed cooling power is not used most
of the time. Therefore, the following design is chosen: a cryocooler for maintaining
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Figure 4.22: Schematic representation of the cooling system (see text for explanation).

the low temperature and added cooling power with liquid nitrogen (LN2) during
cooling down. Therefore, two parallel cooling channels were attached to the cold
cell mantle: one originally meant for fast cooling down using LN2, the other for
cooling below 77 K and for keeping the system cold during operation using a cryo-
cooler-based system.

Based on our general input, DeMaCo Holland B.V. made a detailed design of
a suitable cooling system. The cooling medium used is high-pressure helium gas,
with the helium pressure being one of the design parameters. The detailed design
is based on the measured flow capacity of the cooling channels on the mantle of
the cold stopping cell. This is a critical parameter as the cooling power actually
transferred from the cooling system to the Cryogenic Stopping Cell is limited by the
helium mass flow rate. Therefore, the actual flow capacity of the cooling channels
was measured as a function of pressure using water flow and used in the design.
Heat losses as described above were taken into account. During the detailed design it
turned out that a single cooling channel had a marginal cooling capacity (i.e. helium
flow capacity), so it was decided to use both channels in parallel for cooling with
helium and add the LN2 boost capability to the cooling system. The cooling system
was designed around the choice for an Oerlikon Leybold Coolpower T140 cold head,
a single stage cryocooler with a cooling power of 140 W at 80 K and 90 W at 50 K.
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This cold head is able to go down to 40 K.

The schematic representation of the cooling system is shown in Figure 4.22. To
go down to 60 K, the compressed helium gas is circulated by a cryofan in a closed
circuit through the cooling channels of the cold chamber. For faster cooling down,
the helium gas is pre-cooled using liquid nitrogen before flowing to the cold head
and compressor part. Temperature tuning is done using a line bypassing the cold
head. Using two tunable cryogenic valves, the fraction of helium bypassing the cold
head can be tuned from 0% to 100% and thus any temperature between 60 K and
room temperature can be set. To do so, the temperature is tuned to a few degrees
under the desired temperature. Then, a LakeShore 340 Temperature Controller is
used to control the heating elements on the cold chamber flanges for temperature
stabilization. By this method a desired temperature can be obtained. In case a quick
warming up is needed, the heating elements can be used with a dedicated power
supply delivering up to 600 W. The helium buffer gas is cooled down in a heat ex-
changer before flowing into the stopping cell. A schematic drawing of the cooling
system connected to the stopping cell and a photograph of the cooling system are
shown in Figure 4.23.

Cryogenic 
Stopping 

Cell 

Cryocooler 

Figure 4.23: Cooling system for the Cryogenic Stopping Cell. Left: the concept of the cooling
system attached to the stopping cell, right: photograph of the cooling system.
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4.7.3 Temperature monitoring

A temperature readout box-cum-controller (model 340, LakeShore Cryotronics) mon-
itors the temperature at different parts of the stopping cell. This temperature con-
troller can receive two inputs from six Pt100 and one Cernox‡ temperature sensors
placed at different locations inside the cold cell:

• one Pt100 sensor is fixed to the extraction side flange;

• two sensors (a Cernox and a Pt100 sensor) hang in the cold cell on a G10 sup-
port rod of the DC cage to read the gas temperature;

• one Pt100 sensor is mounted on the entrance cold flange;

• two Pt100 sensors are attached to the cooling channels on the outer surface of
the cold chamber;

• one Pt100 sensor is fixed to the back of the RF Carpet.

The sensors not read by the Lakeshore 340 temperature controller are read by a
Lakeshore 218 Temperature monitor. Two sets of three ULTRAMIC® 600 advanced
ceramic heaters § (see Figure 4.24) from Watlow®, connected in parallel, are con-
nected to the entrance and extraction flanges of the cold chamber. These heaters are
constructed of aluminum nitride (AlN) suitable for applications requiring a clean,
non-contaminating heat source. These heaters can operate up to 400 ◦C and can pro-
vide up to 600 W combined. Hence they are suitable for fast warming up of the
Cryogenic Stopping Cell in 4-5 hours.

4.8 Conclusion

In this chapter the development stages of the Cryogenic Stopping Cell are described.
Developed for the Low-Energy Branch of the Super-FRS, the Cryogenic Stopping
Cell is designed to stop high-energy ions and deliver them in a fast and efficient way
to the low-energy area. In the Cryogenic Stopping Cell of this work, a DC field on the
bulk of the cell and a combination of DC and RF fields at the extraction side are opted
for efficient ion transportation. To ensure the purity and high stopping efficiency, the
stopping cell is designed to operate at cryogenic temperatures and high density. The
main conclusions of this chapter are listed below:

• dictated by the Super-FRS beam size, a stopping volume with a diameter of
30 cm is constructed;

‡Cernox censors have high sensitivity at low temperatures and good sensitivity over a broad range,
from 100 mK to 420 K. Thus, they are widely used in cryogenic applications [96].

§www.watlow.com/products/heaters
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Figure 4.24: Ultramic 600 advanced ceramic heaters are used for temperature stabilization and
to warm up the Cryogenic Stopping Cell. Such a heater is constructed of alu-
minum nitride, which is a non-contamination heat source and can operate up to
400◦C. For optimal heat transfer and to minimize stress, the surface of the mat-
ing part should have a flatness and surface finish better than or equal to that of
the heater, thus heater brackets are constructed. Shown are a heater, a mounting
bracket and schematic of an Ultramic 600 advanced ceramic heater.

• based on the areal densities of 20 mg/cm2 that is needed to stop fission frag-
ments, the stopping cell of this work is designed to operate at about 1 bar (at
room temperature). Thus a stopping length of 100 cm is opted for;

• the high-density operation brings challenges in the repelling force of an RF
structure. As the electrode spacing has a larger effect compared to other oper-
ational parameters, for the Cryogenic Stopping Cell an RF structure with small
electrode spacing is aimed for and thus an RF carpet is chosen;

• since ions are harder to push in a high-density gas, a high DC field for fast ion
transportation is needed;

• to reach the desired low-temperature of 60 K, a cryocooler-based cooling sys-
tem is designed and constructed;

• the Cryogenic Stopping Cell is constructed taking into consideration minimum
heat loss and cost efficiency.
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Anybody who has been seriously engaged

in scientific work of any kind realizes that

over the entrance to the gates of the

temple of science are written the words:

’Ye must have faith.’ It is a quality which

the scientist can not dispense with.

Max Planck (1858-1947)
5

Off-line Commissioning

At KVI, a series of experiments are carried out with the Cryogenic Stopping Cell.
These experiments are performed to observe the intended purpose of the de-

vice, i.e. operation at high-density and low temperature. The combined survival and
extraction efficiency of 219Rn ions, emitted by a 223Ra source, in 30-125 mbar helium
gas at about 85 K (equivalent to 105-430 mbar at room temperature) is measured. Ion
extraction efficiencies between 50 and 100% are obtained. In this chapter the off-line
measurements with the Cryogenic Stopping Cell, the experimental results and the
achievements are discussed.

5.1 Goals of the off-line commissioning

The Cryogenic Stopping Cell is designed to transform a high-energy ion beam into
a low-energy ion beam. The main issues with the present room temperature devices
are the presence of impurities and the poor stopping efficiency due to the low op-
erating pressure. These problems can be overcome by cryogenic and high-density
operation. In the development of the Cryogenic Stopping Cell, these issues have
been considered (see chapter 4). The main objectives of off-line experiments at KVI
was to demonstrate the stopping cell operation at high-density and low temperature.

5.2 An alpha source as a probe

To understand the behavior of the Cryogenic Stopping Cell at low temperature, its
extraction efficiency of stopped recoils in the buffer gas environment is measured.
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An alpha source is a good candidate for this investigation as, for the first daughter
in the decay chain, the recoil intensity in the effective stopping volume is known
precisely. This concept of an alpha source has been used for several decades, e.g.,
in the development of the IGISOL technique and the study of the transport in and
extraction from superfluid helium of radioactive ions [74, 97].

Figure 5.1: 227Ac decay chain. The half-lives are indicated. White boxes and gray boxes rep-
resent β− and alpha emitters, respectively.

The 223Ra alpha source used in the measurements was produced at KVI from
a 227Ac source. This 227Ac source of activity 500 kBq was prepared at the Inter-
national Research Center for Nuclear Material Science, IMR at Tohoku University,
Japan, where an 227Ac source was co-precipitated with 0.02 mg of Samarium as hy-
droxides. These hydroxides were baked at 393 K for 10 minutes, evaporating Sm and
leaving 227Ac behind. The original activity of the 227Ac source was determined by
its daughter 227Th. The decay chain of 227Ac is shown in Figure 5.1.

The schematic of the 223Ra source preparation setup is presented in Figure 5.2.
The source was collected on the tip of a copper screw of diameter about 3 mm kept
at a negative potential (−250 V). This screw was attached to a metal rod hanging in a
chamber filled with about 40 mbar helium. The grandparent 227Ac source is installed
at the bottom of the chamber. The distance between source and screw is about 4 cm.
The recoiling 223Ra ions are generated from the alpha-decay of 227Th, the beta-decay
daughter of 227Ac. These ions are stopped in the helium gas and travel to the tip of
a negatively biased copper screw. To prevent the deposition of 223Ra on the side of
the screw, a plastic tape is wrapped around it.

In the alpha emitter 223Ra decay chain, the alpha energy spectra contain peaks
from 223Ra, 219Rn, 215Po and 211Bi as shown in Figure 5.3. However, only the in-

98



5.2 An alpha source as a probe

Figure 5.2: Schematic representation of 223Ra source preparation. The source is collected on
the tip of a copper screw hanging via a metal rod in a helium-filled chamber.

tensity of 219Rn, the first alpha decay daughter of 223Ra is of interest here. Because
the 223Ra source preparation results in a very thin source, 50% of 223Ra decays lead
to the emission of about 100 keV 219Rn recoil ions into the helium buffer gas (with
an average stopping range of 5 mm in 100 mbar room temperature helium). These
219Rn recoils travel across the effective stopping volume and thus allow a straight-
forward determination of the combined ion survival and extraction efficiency, the
total efficiency of the stopping cell, as follows:

total efficiency of stopping cell =
extraction ion rate

detector acceptance×
223Ra source activity

2
(5.1)

where the detector acceptance is equal to the solid angle, calculated from the known
geometry. The detector efficiency is 100% in all measurements.

Earlier work at KVI involving 219Rn recoil ions in cryogenic helium gas gave a
strong indication that about 30% of 219Rn recoil ions survive thermalization in he-
lium in an ionic state (see Section 2.5, [72, 74, 75],) representing the maximum extrac-
tion efficiency that can be obtained. This interpretation is supported by the indepen-
dent results of [98]. Taking this ion survival probability into account, we define the
ion extraction efficiency as follows,

ion extraction efficiency =
total efficiency of stopping cell

ion survival probability
(5.2)
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Figure 5.3: A typical spectrum of a 223Ra source. Based on the alpha energy, the peaks are
identified and indicated. See Table 5.1 for more information on the 223Ra decay
chain.

The uncertainties in the alpha detector acceptance, both when measuring the 223Ra
source strength and when measuring the number of extracted ions, induces an over-
all systematic uncertainty in the efficiencies of about 10%.

As the 223Ra source strength is easily measured, the absolute intensity of the 219Rn
ions is known with good accuracy, thus allowing accurate absolute efficiency mea-
surements. Decay losses during transport can be neglected because the 219Rn half-
life (3.96 s) is long relative to the transport time: using earlier measurement of the
reduced mobility of 20 cm2/V/s for 219Rn ions in 77 K helium gas [75], the highest
gas density used in this work (0.07 mg/cm3) and a DC field of 10 V/cm along the
bulk of the stopping cell (100 cm) and more than 3 V/cm along the carpet gives a
transport time of less than 300 ms. The alpha lines of 219Rn and its alpha-decaying
daughters 215Po and 211Bi are also seen in the measured spectra. However, due to
its short half-life (1.8 ms), 215Po is not directly extracted. Moreover, any information
from 211Bi, generated via beta decay of its parent 211Pb with a half-life of 36.1 min,
is not easily interpreted as it gets accumulated over time, and is thus discarded. The
accumulation of 211Bi is not a problem in the spectrum fitting procedure.
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5.2 An alpha source as a probe

Table 5.1: Decay properties of isotopes in the 223Ra decay chain.

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

223Ra α 11.435(4) d 5539.8(9) 9.20(20)
α 5606.7(3) 27.5(5)
α 5716.2(3) 52.6(13)
α 5747.0(4) 9.20(20)

219Rn α Rn3 3.96(1) s 6425.0(10) 7.5(6)
α Rn2 6552.6(10) 12.96(6)
α Rn1 6819.1(3) 79.4(10)

215Po α Po 1.781(4) ms 7386.1(8) 99.99977(2)
211Pb β− 36.1(4) min 1373 (end-point) 100
211Bi α Bi2 2.14(2) min 6278.2(7) 16.19(14)

α Bi1 6622.9(6) 83.54(14)

Ra Source223

Grid electrode 100 cm 12.5 cm

RF carpet
Exit hole

Collection foil

alpha detector

Extraction
chamber

Pumping
station

Data acquisition
system

DC cage

Figure 5.4: Off-line test setup at KVI. A 223Ra source is attached to the grid electrode. The
position of the source is off center to check the performance of the RF carpet. The
source is 100 cm away from the exit hole. A negatively-biased collection foil and
an alpha detector, at a distance of 12.5 cm from the exit hole, are situated in the
extraction chamber.
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5.3 Off-line test setup

The off-line test setup at KVI is displayed in Figures 5.4 and 5.5. The 223Ra source was
placed on the grid electrode (100 cm away from the exit hole) 7 cm off the cell axis
such that the ions will approach the RF carpet far away from the exit hole to ensure
one is testing ion transport along a sizable distance along the carpet. The source
strength went down from about 20 to 3 kBq during the course of measurements. The
ionization of the helium gas by the source, about 103 ion-electron pairs/cm3/s per
kBq source strength was much too weak to cause any neutralization.

A schematic representation of the data-acquisition system is depicted in Fig-
ure 5.6. Extracted ions were collected onto a negatively-biased thin aluminum foil
(about 1 µm thick) 12.5 cm away from the exit hole in the extraction chamber. A
silicon detector placed behind the collection foil served as alpha energy spectrome-
ter to measure the alpha decay of the ions collected on the foil. The detector signal
was fed into a preamplifier. The output of the preamplifier goes to a linear amplifier
responsible for amplifying and shaping the pulse in order to increase the signal-to-
noise ratio for the optimization of the energy resolution. The signal from the linear

Figure 5.5: Schematic representation of the path of the recoil ions. The recoils from the source
are transported to the extraction side by means of a DC field. At the extraction side
the RF carpet takes over. This generates an RF field and a superimposed DC field
to guide the ions to the exit hole, where ions are extracted with the help of gas flow
and accumulated on the negatively-biased foil. The alpha detector behind the foil
measures the alpha decay of collected ions. The indicated lengths are not to scale.
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amplifier is sent to an analog-to-digital converter (ADC) to convert the amplitude
of the analog pulses to digital values. This digital information is then supplied to a
Multi Channel Analyzer (MCA) to construct an energy spectrum.

Figure 5.6: Data acquisition system.

The vacuum chamber of the stopping cell provided an insulation vacuum of
about 10−6 mbar to the cold chamber. For stopping cell pressures up to 75 mbar he-
lium (at about 85 K), the extraction chamber was pumped by a 1000 l/s turbo pump,
backed by a scroll pump, as shown in Figure 5.7. At about 75 mbar, the gas load on
the turbo pump caused it to slow down. Therefore, above 75 mbar a 500 m3/h roots
pump (shown in Figure 5.8), connected to the valve on top of the extraction cham-
ber was used. Although it has a smaller pumping speed, the roots pump is able to
handle a higher gas load.

Figure 5.7: Pumping the extraction chamber with a 1000 l/s turbo pump, backed by a scroll
pump.
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Figure 5.8: Pumping the extraction chamber with a 500 m3/h roots pump. In this configura-
tion the turbo is not running.

5.4 Data analysis

In the off-line experiment, the raw data consists of alpha-spectra of the accumu-
lated recoils on the collection foil. A spectrum contains the alpha-decaying daughter
nuclei of 223Ra: 219Rn, 215Po, and 211Bi. Based on the decay properties shown in Ta-
ble 5.1, three peaks of 219Rn, one peak of 215Po, and two peaks of 211Bi contribute
to the measured spectrum. As the correct efficiency calculation relies upon the total
number of alpha particles streaming from the decay of the individual species, the
analysis requires a good peak-shape fitting. If one uses a Gaussian function to fit the
peaks, a significant deviation at the low-energy side is observed. To cope with this
issue, a combined Gaussian with a single exponential tail at the low-energy side is
used in the shape fitting. The exponential tail joins the Gaussian in such a manner
that the functions and their first derivatives are equal. The function used to represent
the peak shape is taken from Ref. [99]. This function represents an individual peak: a
Gaussian peak coupled to a low-energy exponential tail, defined by four parameters:
the position of the peak maximum (x0), the peak height (A), the standard deviation
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of the Gaussian (σ), and the distance of the peak maximum to the start of the tail (dx):

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)

(5.3)

The total intensity of such a Gaussian-exponential pulse is,

I = A


x0−dx∫
−∞

exp
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−dx

2

(
2(t− x0) + dx

σ2

)]
dt
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+
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2
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]
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Gaussian part


(5.4)

As the peak-fitting function contains 4 parameters and there are 6 alpha peaks in
the spectrum (see Table 5.1), one has in principle 24 fit parameters. However, because

2000

1500

1000

500

0

c
o
u
n
ts

/c
h
a
n
n
e
l

750700650600
channel

-4
-2
0
2
4

R
e
s
/s

ig
m

a

 Spectrum

 Fit

P
He

 = 50 mbar

T
gas

 = 87 K

Rn intensity = 41853 ± 314

Po intensity = 19431 ± 185

Bi intensity =    9724 ± 262

Rn1

Bi1

Po

Rn2

Rn3Bi2

Figure 5.9: Fitting procedure: the measured spectrum along with the fit (thick line). The re-
duced χ2-value for this fit is 1.52. The top of the figure shows the residual of the fit
(fit minus spectrum), normalized to the standard deviation of the spectrum. The
isotope intensities as calculated using Eq. 5.4 are shown.
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the alpha energies are known, the slope and offset of the linear energy calibration are
sufficient to determine all peak positions. Fitting the energy calibration parameters
instead of all individual peak positions reduces the number of fit parameters to 20.
Next, it is only logical to assume that the peak-shape parameters (σ and dx) are iden-
tical for alpha lines from the decay of the same isotope. This reduces the number
of peak-shape parameters from 12 to 6. Finally, as the branching ratios are known,
one intensity parameter per isotope is sufficient, the peak heights then being equal
to this intensity parameter multiplied by the branching ratio. In all, these consider-
ations reduce the number of fit parameters from 24 to 11: 3 intensity parameters, 6
peak-shape parameters and 2 parameters for the energy calibration.

A χ2-minimization technique is used in the fitting procedure. The IGOR Pro 6
data analysis program [100] is used to carry out the fitting procedure. The initial
values for different parameters are deduced from strong, well-defined peaks 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, the same shape parameters are taken
for every peak in a spectrum. This is often necessary only for 215Po and 219Rn. A
typical example of the result of the fitting procedure is shown in Figure 5.9.

Equation 5.4, with A equal to the fitted intensity parameter then gives the total
spectrum intensity of the contributing isotopes. The total efficiency of the stopping
cell is then the 219Rn intensity divided by the measurement time, detector accep-
tance (solid angle of the alpha-detector relative to the collection foil) and 219Rn recoil
activity of the obtained 223Ra source.

5.5 Results and discussion

A number of measurements were taken at different pressures. In all measurements,
the helium gas was cooled down to a temperature between 83 and 87 K. The main
focus was on checking the performance of the RF carpet and the behavior at high
helium density of the system. For each measurement, the reflected RF power was
minimized by fine-tuning the RF frequency. It was noticed during the experiment
that a change in the RF power leads to a change in the RF carpet temperature and that
the number of alpha particles detected depended on this temperature. Therefore,
during the experiments, while setting the RF power, a waiting time was taken into
account to let the RF carpet temperature stabilize. In the measurement presented
here, the RF voltage on the carpet could not be directly measured. A calibration of
the RF voltage at low temperature was performed in a separate measurement with
an otherwise identical carpet, but equipped with contacts to directly measure the RF
voltage (see Figure 4.18). The uncertainty of the calibration is assumed to be about
30%. The exit hole was kept at 0 V; the voltage on the grid was typically chosen close
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to the breakdown voltage. The measurements were taken in steps as mentioned in
the following sections.

5.5.1 Proof of ion extraction

Ion extraction from the stopping cell was verified as follows. After some tuning
of the DC and RF voltage, the alpha spectrum of ions extracted from the stopping
cell was recorded. The peaks in the spectrum were readily identified as belonging
to the decay chain of 219Rn. In order to verify that these peaks are related to ions
coming out of the stopping cell, all the inside voltages were switched off, leaving
only the negative voltage on the collection foil. In this case, no ions should come
out of the stopping cell and this is what was observed (see Figure 5.10): the alpha
peaks corresponding to the short-lived 219Rn and 215Po disappeared. The decay of
211Bi was still seen because, due to the long half-life of its beta-decaying parent 211Pb
(T1/2 = 36 min), it was still present on the foil from earlier ion extraction. This proved
that ions were indeed extracted from the Cryogenic Stopping Cell.
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Figure 5.10: Proof of ion extraction. The dark area corresponds to a measurement with all
voltages on, whereas the light area represents the measurement with all voltages
except the foil voltage off. The peaks are labelled according to the notation given
in Table 5.1.

107



Chapter 5

5.5.2 Voltage optimization

As the RF voltage required for proper carpet operation increases with helium den-
sity, the RF voltage limit determined by the carpet design translates into a maxi-
mum useable helium density. As we are aiming for the highest-density operation,
we minimized the required RF voltage by tuning the DC voltages. This procedure
was followed at each pressure used. An example of this optimization for 30 mbar
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Figure 5.11: Voltage optimization at 30 mbar pressure and a temperature of 85 K inside the
stopping cell. The points presented by triangles show the extraction efficiency for
some preliminary DC voltage setting. Those shown by squares represent the first
optimization of the DC voltages. Finally, circles come from the fully-optimized
voltages.

is shown in Figure 5.11. After setting the desired pressure, the total efficiency of the
stopping cell versus RF voltage was measured for some preliminary settings of the
DC voltages. Next, an RF voltage for which the efficiency was a fraction of the max-
imum was chosen and the efficiency was maximized by tuning the DC voltages on
the outer edge of the carpet and the first 4 ring electrodes. After a few iterations,
this resulted in an optimized efficiency versus RF voltage, i.e., a situation where the
required RF voltage was minimal.
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5.5.3 Extraction efficiency and high-density operation

The extraction efficiency versus RF voltage measured at different pressures is de-
picted in Figure 5.12. The curves shown here are the results of the optimization for
different pressures as explained in Section 5.5.2. The curve labeled with 50 mbar,
exp. 1 was obtained in a different, earlier, experiment than the other curves and was
not optimized for the ring DC voltages. Some details of the experimental settings
and parameters are summarized in Table 5.2. At 125 mbar, a discharge at the collec-
tion foil forced us to lower the foil voltage from −1000 to −250 V, having a negative
effect on the foil collection efficiency.

Table 5.2: Some experimental settings and parameters for the data shown in Figure 5.12.
Columns from left to right: stopping cell helium pressure, temperature and den-
sity, electric field strength in the bulk of the stopping cell and applied in the radial
direction across the carpet.

PHe THe ρHe Ebulk
DC Ecarpet

DC
mbar K mg/cm3 V/cm V/cm

30 86 0.0168 7.9 4.0
50 89 0.0277 11.8 6.4
50 86 0.0280 9.0 3.2
75 83 0.0435 8.9 5.2
100 83 0.0573 12.6 9.2
125 83 0.0708 11.7 8.0

A typical sharp increase at a transition RF voltage, followed by saturation, as
predicted and confirmed by simulations [95], is observed. The 50 mbar, exp. 1 mea-
surement shows the sharp increase at somewhat higher RF voltage than the other
curve taken at 50 mbar because, as it was not fully optimized for the ring DC volt-
ages, the ions arrived at the carpet with a higher velocity due to the higher field
perpendicular to the carpet, requiring a higher RF voltage to repel them. The reason
for the apparent jump in transition RF voltage when going from 75 to 100 mbar can
not be attributed to known experimental conditions. Similar off-line measurements
were performed in preparation of the on-line experiment. Here, pumping on the
extraction chamber with two 1000 l/s turbo pumps allowed to operate at a pressure
of 100 mbar. In these measurements, no jump in RF amplitude was observed when
going from 75 to 100 mbar (see Section 6.2.4). So, in retrospect, we attribute the ob-
served jump in the RF amplitude to the use of the roots pump, possibly because the
pressure in the extraction region was then at least 10 times higher.

In the 50 mbar, exp. 1 measurement the maximum efficiency of 30% (see Sec-
tion 5.2) is reached within systematic uncertainties. The other measurements, taken
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Figure 5.12: 219Rn efficiency (i.e. the combined survival and extraction efficiency) versus RF
amplitude for different stopping-cell pressures (temperatures ranged from 83 K
to 87 K). The errors due to counting statistics are comparable to the size of the
data points. An overall systematic error of about 10% applies (see Section 5.2).

in a different set of measurements after the system was opened and the 223Ra source
replaced, show a maximum efficiency of about half this value. This lower efficiency
can be due to a larger amount of air still present in the system. As stated earlier,
one can not assume that at the temperatures used, air impurities are fully removed.
In earlier work with a small closed helium cell ([74] and Section 2.5), the efficiency
changed very quickly with temperature (a factor of 2 within 10 K), indicating a quick
change in impurity level with temperature. At the temperatures used in this work,
we are in this transition region where air is being frozen out. It is, therefore, conceiv-
able that between experiments conditions change slightly, but cause a reasonably
large difference in impurity level, and thus in efficiency, between experiments. The
cryocooler-based cooling system that will be in operation in the near future should
make the efficiency independent of changing conditions from one experiment to the
next.
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5.6 Conclusion

The Cryogenic Stopping Cell was successfully demonstrated in the first off-line com-
missioning. The outcomes from the off-line tests are listed below:

• the Cryogenic Stopping Cell can be cooled down to 83 - 87 K by using liquid
nitrogen;

• the RF carpet works efficiently at low temperature;
• using 219Rn ions emitted as alpha decay recoils from a 223Ra source, a com-

bined ion survival and extraction efficiency between 10% and 25% is measured
for helium gas at a temperature of about 85 K and a helium gas pressure up to
125 mbar, which is a helium density up to 0.07 mg/cm3 (equivalent to a pres-
sure of 430 mbar at room temperature). This density is almost two times higher
than demonstrated up to now for RF ion-repelling structures in helium gas;

• in the second set of measurements, the maximum extraction efficiency of 219Rn
recoil ions (about 30%) is not reached. The most likely explanation of this is
that in the second experiment, the impurity level was higher and the impu-
rities were not fully removed at the operating temperature. The use of the
cryo-cooler-based cooling system (allowing to cool to 60 K) should solve this
problem.

The results presented here show excellent performance up to a gas density that
is about 1/3 of the maximum design value of 0.2 mg/cm3 (equivalent to a pressure
of 1200 mbar at room temperature). In order to reach the full design value, a similar
carpet but with a finer electrode spacing can be constructed, allowing to apply a
larger RF repelling force. Handling the larger gas flow in the extraction region will
then likely require a smaller diameter exit hole or a different pumping logic. Based
on this, we believe the maximum design density can be reached with the technology
that is incorporated in the present system.
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It doesn’t matter how beautiful your the-

ory is, it doesn’t matter how smart you

are. If it doesn’t agree with experiment,

it’s wrong.

Richard Feynman (1918-1988) 6
On-line Validation

An experiment with the Cryogenic Stopping Cell was successfully performed at
the FRS facility, GSI, Darmstadt, Germany. Fragmentation products of a high-

energy 238U beam were separated and injected into the stopping cell filled with
100 mbar helium gas cooled to about 100 K by liquid nitrogen. With the help of
electric fields, the thermalized high-energy ions were guided towards the exit hole.
An extraction RadioFquency-Quadrupole (RFQ) after the exit-hole then transported
the extracted ions to the diagnostic station. In this chapter, the modifications and
additions for the on-line experiment, tests with a 223Ra source, the details of the ex-
periment, and its results are discussed.

6.1 Preparation

6.1.1 Modifications

In the preparation for the on-line experiment, a few modifications were made, in
large part by W. R. Plass et al. (Justus-Leibig University, Giessen). These modifica-
tions include a new DC cage, a change in the DC cage electronics and a new version
of the RF carpet, all discussed briefly in the following.

Revised DC cage

The first version of the DC cage (Section 4.6.2) was replaced with a revised version as
the main concern with the first DC cage was that the insulator rods may be exposed
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PEEK holders 

Ring electrodes 

Foil electrode 

223Ra source 

DC cage 

Figure 6.1: Technical design and photograph of the new DC cage [101]. In this revised version,
the copper rings are replaced by broad stainless steel rings and a 100 µm thick
stainless steel foil replaces the grid electrode. The rings overlap each other such
that in the on-line experiment the beam could not see the insulating PEEK material.

to the beam of high-energy ions. Thus it would be possible that during an exper-
iment with high-energy ions, the insulators would get charged, creating an unpre-
dictable electric field and thus disturb the ion transportation. To tackle this problem,
a new DC cage was constructed [101]. In this revised version, 35 stainless steel ring
electrodes are stacked on top of each other (see Figure 6.1) covering 100 cm stopping
length. These ring electrodes are of two diameters, 26 cm and 25 cm, stacked with
PEEK∗ spacers in between. The ring electrodes overlap each other in such a way
that during an on-line experiment, the beam can not see the insulator parts and thus
a charge-up problem due to the beam can be prevented. In this revised version of the
DC cage, the grid electrode (first electrode after the beam inlet window) is replaced
by a 100 µm thick stainless steel foil. A slight change was made also in the DC cage
electronics. In contrast with the off-line experiments at KVI, where the first four ring
electrodes (counting from the RF carpet) had their own power supply, all electrodes
are now connected with the foil electrode (first electrode after beam entrance win-
dow) by a resistor chain (3.3 MΩ per resistor). This brought less flexibility in tuning
the DC field as well as less complications in the electronics. This simplification was

∗PEEK= PolyEther Ether Ketone is a colourless organic ploymer thermoplastic. With excellent me-
chanical and chemical resistance properties, it is compatible with ultra-high vacuum application.
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supported by ion transport simulations that predicted no loss in transport efficiency.
As shown later in this chapter, the new DC cage allowed a three times higher electric
field.

Revised RF carpet

The schematic representation of the revised RF carpet is shown in Figure 6.2. In the
new version of the RF Carpet, the following improvements are implemented:

• in order to couple the carpet with the extraction RFQ and to have a more
homogeneous electric field at the location of the electronic components, an
electrically-grounded layer between the ring electrodes and the components
was added. Actually, following the manufacturer’s suggestion, two extra groun-
ded layers are added. Two grounded layers instead of one does not change the
carpet performance. Thus the carpet thickness changed from 0.8 to 1 mm, pro-
viding extra strength to the carpet;

• footprints were implemented for independent resonant circuits for all 3 sec-
tions of rings, so that also a smaller section (1/3 or 2/3) of the carpet can be
used. This would reduce energy consumption;

• a capacitive probing circuit is added to measure the RF voltage;
• two 100 µH inductors are added on the DC inputs to minimize influence of the

DC cables on the RF impedance;
• the RF lines are thicker and the 470 pF capacitors (see Figure 4.17) have a bigger

footprint in order to conduct a higher current.

Front 0.4 mm 

Back 0.4 mm 

Ground 0.2 mm 

Figure 6.2: Schematic representation of the revised RF carpet. Extra grounding layers are
added in this version to have a more homogeneous electric field at the location
of the electronic components.

The RF electronics stayed the same compared to the first off-line commissioning. A
modification is made in the DC field for the RF carpet. In order to have a DC field
across the carpet similar to the one deduced from the simulations, a resistance of
6.6 MΩ is added in parallel across the carpet (so between outermost and innermost
carpet electrode). As the carpet electronics represent a resistance of 12.5 MΩ, the
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total resistance across the carpet is 4.32 MΩ. In this case, 1 kV on the DC foil elec-
trode supplies about 37 V across the carpet. These modifications were guided by
simulations [101] and validated by the experiments described in this chapter.

No attempt was made to prevent possible issues with the insulating parts of the
carpet being exposed to the beam of high-energy ions. Whether this is a problem
remains to be investigated in the future.

6.2 Additions

6.2.1 Extraction RFQ

An extraction RFQ (indicated in Figure 6.3) is placed in front of the exit hole in the
extraction region [101]. The ions extracted out of the stopping cell are efficiently
guided towards the diagnostic cross via this extraction RFQ.

6.2.2 Diagnostic cross

The diagnostic cross, shown in Figure 6.3, is placed behind the extraction RFQ [102].
This cross is equipped with an ion identification, an ion current measurement and
an ion transportation tool. An elevator and a linear horizontal RFQ are the two main
parts of the diagnostic cross. The vertical movement of the elevator provides flexi-
bility to put any of the following devices in the beam line as per requirement of the
measurement: a 0.8 µm aluminum foil backed by a silicon detector, a channeltron
or an RFQ segment. The first segment of the diagnostic cross RFQ, behind the ex-
traction RFQ, is on a stepper to move it in the forward and backward direction. The
second segment has a fixed position. There is a space between the first and second
segments of the diagnostic cross RFQ to place the elevator in such a way that it can
move up and down to be set at a position for different modes of beam diagnostic.
In case of ion identification mode, the first segment of the horizontal RFQ is moved
close to the extraction RFQ. Then the elevator moves down to place the silicon de-
tector in the beam line. In the ion-current-measurement mode, the channeltron is
placed after the first segment of the diagnostic cross RFQ. In the ion-transportation
mode, the RFQ segment of the elevator is placed in the beam line in such a way
that the long RFQ system guides the beam towards the diagnostic devices, e.g., MR-
TOF-MS in our case (see Section 6.2.3). For accurate positioning of each diagnostic
mode of the elevator, alignment holes are placed in the elevator and in the bracket
where the elevator sits in the beam line. RFQ segments are placed about 1 mm apart
from each other. To avoid contact between extraction RFQ and the first segment of
the diagnostic cross RFQ, a deflector plate is placed in such a way that if both RFQs
touch the plate a resistance of about 30 Ω can be measured. A gate valve separates
the stopping cell and the diagnostic cross. It is possible to retract the diagnostic cross
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Figure 6.3: Technical design of the diagnostic cross [101]. See text for explanation.

RFQ to close the gate valve, and thus isolate the stopping cell from the diagnostic
cross. This allows work on one part without disturbing any other part.

6.2.3 Multiple-Reflection Time-Of-Flight Mass Spectrometer

A Multiple-Reflection Time-Of-Flight Mass Spectrometer (MR-TOF-MS) has been
developed at the Justus-Liebig University, Giessen, Germany [103, 104]. A schematic
representation of the MR-TOF-MS is shown in Figure 6.4. This is a fast (about ms),
multipurpose, non-scanning mass spectrometer. This device has single-ion sensitiv-
ity and can be used in three different modes: isobar separation, direct mass mea-
surements of very short lived nuclei with half-lives of about 1 ms or longer, and
identification and diagnosis of the ion beam by mass spectrometry. Looking down-
stream along the beam line, the MR-TOF-MS has a curved RFQ, an injection trap,
a differential pumping section, a post-analyzer reflector, an ion gate/micro-channel
plate, energy buncher and accumulator trap. The low-energy ion beam from the
stopping cell is transported through the diagnostic cross to the curved RFQ. The
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ions are cooled and bunched into ion packets in the injection trap (linear RF trap)
and injected through a differential pumping stage into the time-of-flight analyzer.
In the isobar separation mode, they travel in the analyzer for a selectable number
of turns, until they are ejected, reflected in a planar ion mirror and fly through a
pulsed ion gate for high-resolution separation (Figure 6.4b). After separation, the
energy width of the ion beam is reduced in an energy buncher, such that the ions can
be injected efficiently into an accumulation trap. The typical repetition rate of the
MR-TOF-MS is 100 Hz. Experiments downstream of the device may have a differ-
ent repetition rate. The accumulation trap serves to match the ejection of ions from
the MR-TOF-MS to the repetition rate of the experiments downstream of the device.
For mass measurements, a micro-channel plate (MCP) detector is moved into the
ion path instead of the ion gate. Depending on whether the ions are stored in the

Figure 6.4: (a) Schematic representation of the Multiple-Reflection Time-of-Flight Mass Spec-
trometer (MR-TOF-MS) with sketches of three operational modes: (b) as isobar
separator, (c) as high-resolution mass spectrometer for direct mass measurements,
and (d) as broad-band mass spectrometer for diagnostics. In mode (b), the ion gate
is moved into the beam path at the time focus of the device, in modes (c) and (d)
the detector is located in the position of the time focus (the point at which all ions
of a certain mass arrive at the same time) [103].
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analyzer for several turns or only pass through the analyzer once, the system can be
used for high-resolution mass measurements with limited mass range (Figure 6.4(c))
or as a broadband mass spectrometer (Figure 6.4(d)).

6.2.4 223Ra source tests

On the way for preparing the on-line experiment and to check all the modifica-
tions and additions, the Cryogenic Stopping Cell was tested off-line with a 223Ra
alpha source. The changes in this off-line testing compared to the description in Sec-
tion 5.3 are: an extraction RFQ right after the exit hole to guide the ions towards
the negatively-biased collection foil sitting in the diagnostic cross and the pumping
of the diagnostic cross by two 1000 l/s turbo pumps (instead of one 1000 l/s turbo
pump). This pumping arrangement limited the maximum helium pressure at the
operating temperature of 90 K to 100 mbar. The measured stopping cell efficiency
from the off-line test at different pressures with respect to RF amplitude is shown in
Figure 6.5. A maximum of about 30% stopping efficiency is obtained. It was noticed
that some 223Ra activity was deposited on the side of the screw tip containing the
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Figure 6.5: Total efficiency of stopping cell for 219Rn vs. peak-to-peak RF voltage for different
stopping cell pressures at 90 K. The errors due to counting statistics are shown. An
overall systematic error of about 15% applies.
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source. As this makes the determination of the 223Ra source activity somewhat less
accurate, we consider an overall systematic error of 15%, somewhat higher than for
the measurements described in Chapter 5.
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Figure 6.6: RF peak-to-peak voltage at which half the saturation efficiency is reached vs.
stopping-gas pressure.

Figure 6.6 shows the RF peak-to-peak voltage at which half the saturation effi-
ciency is reached vs. stopping gas pressure. In this plot, the results from the off-line
experiments performed at KVI in February 2011 (see Section 5.5.3) and at GSI in
September 2011 (this section) are depicted. According to Eq. 4.5 and Eq. 4.6 the RF
amplitude, for a certain repelling force, should have a linear behavior with pres-
sure. This behavior is seen in the September 2011 experiment, whereas the February
2011 experiment showed an abrupt jump above 75 mbar. There might be several
reasons for this jump related to the modifications to the system described earlier in
this section. One possible explanation is that in the earlier measurements, at higher
pressures the extraction chamber of the stopping cell was pumped by a roots pump.
This caused a much higher pressure in the extraction region with possible negative
effect on the ion extraction. Another possibility is the lack of a ground layer in the RF
carpet, which might have disturbed the electric field close to the location of the com-
ponents and thus disturb the electric field felt by the ions. Anyway, whatever the
reason, the expected linear behavior of RF amplitude with respect to the stopping-
gas pressure has been obtained.

120



6.2 Additions

6.2.5 Effect of gas temperature

The effect of temperature on the stopping-cell performance was investigated before
installing the stopping cell in the on-line area. The main reason for these measure-
ments was to learn at which temperature during the cooling down the performance
of the stopping cell was good enough to start taking measurements with the beam.
This saves some time during the on-line experiment. For these measurements, the
Cryogenic Stopping Cell was kept at a constant pressure of 35 mbar. The cell was
cooled down to about 89 K and all the electric fields (DC field on the DC cage and
DC and RF fields on the RF carpet) were optimized for the saturation value of the
ion extraction. Afterwards, by increasing the temperature from 89 to 130 K, the ex-
tracted 219Rn ions were measured with the silicon detector and the total ion intensity
was recorded by the channeltron detector. The results (Figure 6.7) show a decrease
in 219Rn efficiency and an increase in channeltron current (which is proportional to
the ion intensity) with increasing gas temperature. These effects can be explained by
the release of frozen impurities at high stopping-gas temperature. It was concluded
that reliable measurements are possible below a temperature of about 110 K.
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Figure 6.7: The efficiency of stopping cell for 219Rn ions (left axis) and the total channeltron
current (right axis) vs. stopping-gas temperature.
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6.3 Description of the on-line experiment

6.3.1 Goals

The main purpose of the on-line experiment was to commission the Cryogenic Stop-
ping Cell and its combination with the MR-TOF-MS. The general goals of the on-line
experiment are:

• investigation and optimization of the operating conditions of the Cryogenic
Stopping Cell;

• determination of the performance dependence on the operating temperature,
buffer-gas density, RF and DC voltages and beam intensity;

• stopping and extraction of high-energy ions in a fast and efficient way;
• checking the purity of the extracted ions.

6.3.2 Experimental setup

In the on-line experiment, the stopping cell was located behind the FRS and collected
projectile fragments separated in-flight. A schematic representation of the on-line
experimental setup is shown in Figure 6.8. The Cryogenic Stopping Cell was cooled
down using liquid nitrogen. The diagnostic cross containing an aluminum foil-alpha
detector setting, a channeltron, and a linear RFQ was attached to the stopping cell at

!"#$%&'()*++)',-.()/)*++01)

2.344)

Figure 6.8: Schematic representation of the experimental setup of the stopping cell experi-
ment behind the FRS [102]. The ions are slowed down in the degrader system.
Ions are stopped in the cryogenic helium gas and extracted, separated from the
gas in an extraction RFQ, and guided into either a silicon detector, a secondary
electron multiplier (Channeltron) or an RFQ. The latter transports the ions to the
Multiple-Reflection Time-Of-Flight Mass Spectrometer (MR-TOF-MS). The RFQ
beam switchyard was not present during the experiments described here.
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7 
6 

Figure 6.9: On-line setup: (1) Cryogenic Stopping Cell, (2) diagnostic cross, (3) MR-TOF-MS,
(4) liquid nitrogen dewar, (5) helium bottle, (6) the white arrow shows the direction
of the beam from the FRS, (7) the MUSIC detector.

the extraction side. This diagnostic cross was pumped by two 1000 l/s turbo pumps
to reduce the gas load on the extraction side. The MR-TOF-MS was attached to the
stopping cell via the diagnostic cross. Figure 6.9 shows a photograph of the stopping
cell, attached to the MR-TOF-MS, sitting in the FRS experimental cave.

6.3.3 FRS tuning

The aim for the commissioning of the stopping cell was to have a pure beam of
fragments, which can be produced in sufficient quantity and which are easy to detect
and identify behind the stopping cell. Thus, the region of alpha emitters between
uranium and bismuth was chosen: isotopes in this region are readily produced in the
fragmentation of 238U, the alpha decay can be detected with high efficiency and the
characteristic alpha energies allow for unambiguous identification. Also, isotopes
over a wide range of half-lives are available. Figure 6.10 shows this region of the
nuclear chart.

The FRS setup for this experiment is shown in Figure 6.11. Ion identification is
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Figure 6.10: Region of the nuclear chart relevant for the on-line commissioning of the Cryo-
genic Stopping Cell. The isotopes stopped in and extracted from the stopping
cell (solid line blocks), together with their decay chain (dashed line blocks), are
indicated [105].

124



6.3 Description of the on-line experiment

Cryogenic 
Stopping 

Cell 

Middle focal 
plane 

Final focal 
plane 

Figure 6.11: FRagment Separator (FRS) configuration for the on-line experiment [106]. See
text for details.

performed by a combination, on a per-ion basis, of the mass-over-charge ratio (m/q)
and the nuclear charge (Z). The mass-over-charge ratio is obtained by combining a
time-of-flight (TOF) measurement with the magnetic rigidity (Bρ). The TOF mea-
surement was performed by sending the ions through scintillator detectors in the
middle (Sc21 in Figure 6.11) and final (Sc41) focal plane. From the measured TOF
over the calibrated flight path inside the FRS, the velocity (v) was deduced. Posi-
tion measurements using a set of two time-projection chambers (TPC) [107] at each
of two planes allow to determine the magnetic rigidity more precisely than from
the magnet settings alone. By dividing the magnetic rigidity, which is equal to the
momentum over charge (mv/q) for a dipole magnet, by the velocity, the mass-over-
charge ratio of each individual ion can be determined. Full identification is achieved
using the two MUltiple-Sampling Ionization Chambers (MUSIC) at the final focal
plane to measure the nuclear charge (Z) in addition. Two chambers with a stripper
sheet in between were used because the measured charge deposition in a single MU-
SIC shows a pattern partially related to the atomic charge states and not only to the
nuclear charges [108].

While the nuclides to be produced and separated were chosen for the good rea-
sons mentioned above, they provide a challenge for identification and clean separa-
tion in the FRS, as they are present in many different atomic charge states. A change
of ion charge in the degrader, e.g., can cause an unwanted magnetic rigidity after the
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degrader as well as bring other fragments to the final focal plane. The situation thus
deviates from the ideal picture shown in Figure 1.7.

In the experiment, a primary beam of 1000 MeV/u 238U ions impinged on a
1624 mg/cm2 beryllium target with a niobium backing of 223 mg/cm2 in order to
reach a higher average charge state at the target exit. This primary beam energy is
the highest possible for an intense uranium beam from the SIS accelerator at GSI.
The secondary beam was transported through the first half of the FRS to the middle
focal plane where it passed through a 4200 mg/cm2 aluminum degrader. This de-
grader is thick enough to provide good isotopic separation and thin enough to limit
the multiple atomic-charge-state problem. The beam thus entering the second half of
the FRS had an energy of about 500 MeV/u. The projectile fragments were dispersed
according to their momentum in the second half of the FRS and energy-focused us-
ing a wedge-shaped degrader system at the exit of the FRS. The wedge angle on the
middle focal-plane degrader at the FRS could be adjusted online. For initial tun-
ing and identification, an achromatic degrader was used; for optimum implantation
into the stopping cell, it was changed to a monoenergetic one which minimizes the
energy spread of the fragments before deceleration in order to accommodate the
stopping length inside the stopping cell. The monochromatic wedge angle was set
at 10-11 mrad. With these FRS settings, assuming perfect optics, perfectly homoge-
nous layers of matter and a typical beam spot size on target of σx = 1.5 mm, a range
straggling for 219Ra at the entrance of the stopping cell of σR = 14 mg/cm2 aluminum
equivalent was derived in a MOCADI [109] simulation including charge-exchange
straggling [108]. The limit here comes mainly from the energy-loss straggling dur-
ing slowing down from the relatively high energy after the production target as this
cannot be compensated by the monoenergetic degrader. All fragments used in this
experiment have a very similar range straggling.

The final slowing down at the final focal plane and the adjustment of the range
was done with a double wedge-shaped aluminum degrader in front of the stopping
cell following the identification detectors. The detailed adjustment was done in two
steps, using 223Th fragments. First the identified 223Th fragments were implanted
into a third MUSIC detector (MUSIC-43 in Figure 6.11) behind the final focal plane
degrader. Each MUSIC detector consists of 4 successive air ionization chamber com-
partments. Counting the number of ions detected in each of these 4 compartments
(labelled in the downstream direction as A0, A1, A2 and A3) versus degrader thick-
ness allows to determine the range straggling. This is shown for the 223Th fragments
in Figure 6.12a. As the degrader thickness increases, the energy of the beam hitting
the MUSIC detector decreases and the count rate decreases successively in the A3,
A2, A1 and A0 compartments as the beam is stopped less and less deep inside the
MUSIC detector. By differentiating the drop in count rate, the range profile is ob-
tained (see Figure 6.12b). This method is described in [110]. The MUSIC detector
characteristics lead to a somewhat larger straggling deduced from the first (A0) and
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Figure 6.12: Range straggling of fragmentation products, measured for 223Th: (a) Count rate in
the A0, A1, A2 and A3 compartments of the MUSIC-43 detector, normalized to the
MUSIC-1 detector count rate, as a function of the thickness of the final focal plane
degrader; (b) Range straggling curves obtained by differentiating the curves from
figure (a); (c) Range straggling curve obtained from 223Th ions extracted from the
stopping cell. Shown are the 223Th counts in the silicon detector in the diagnostic
cross normalized to the total counts in the SC41 detector as a function of degrader
thickness.
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last (A3) compartments. We thus use the middle compartments (A1, A2) for deriving
a range straggling (standard deviation) of 12.4 mg/cm2 Al. In the second step, the
degrader thickness was reduced by an amount that matches the energy loss in half
the MUSIC-43 detector, the air between the MUSIC detector and the stopping cell,
and the three 100 micrometer stainless steel windows at the entrance of the gas cell.
This way, the center of the range distribution is shifted from the MUSIC-43 detector
to the stopping gas. The number of 223Th ions extracted from the stopping cell was
then measured versus degrader thickness. The result, showing the 223Th counts in
the silicon detector in the diagnostic cross, normalized to the total counts in the SC41
detector, is shown in Figure 6.12c. Shifting the stopping position from the MUSIC-43
detector to the stopping cell worked well: only an adjustment in the degrader thick-
ness of 10 mg/cm2 Al was needed to obtain the maximum shown in Figure 6.12c.
The standard deviation of the distribution is 11.95 mg/cm2 Al, equivalent to 7.17
mg/cm2 He, and in good agreement with the value deduced from the MUSIC-43
detector.

In Figure 6.12a, the count rates in the MUSIC-43 detector are normalized to the
count rates in the MUSIC1 detector which is placed before the double wedge-shaped
degrader. A normalized count rate of 70% is seen, indicating that 30% of the frag-
ments do not survive passage through the degrader because of nuclear reactions in
the degrader material.

In order to achieve better separation, the slits at the dispersive focal planes were
set to openings of 20 mm only. This relaxes problems with material inhomogeneities
and at the same time cuts the momentum distribution. As a result, the measured
range distribution for 223Th fragments is not larger than the calculated optimum
value mentioned before. The slits were adjusted such that at least 50% of nuclides
reaching the final focal plane are the ones of interest.

With a certain degrader thickness, only one species can be implanted into the
stopping cell because the width of the range distribution (11.95 mg/cm2 Al) was
always about ten times smaller than the distance in range to the next transmitted
nuclide and the stopping cell (8.7 mg/cm2 Al) itself is shorter than the width of the
range distribution. In order to change the fragment species stopped in the stopping
cell, the degrader thickness was adjusted based on the MOCADI simulations.

6.4 Results and discussion

For the measurements in the on-line experiment, the Cryogenic Stopping Cell was
first optimized with the 223Ra source for the maximum operating pressure of 100 mbar
that two 1000 l/s turbo pumps could handle at the minimum possible temperature
by cooling with liquid nitrogen, about 100 K, by adjusting the DC voltage (3200 V
on the foil electrode) and RF amplitude (62 VPP) to get the saturation efficiency for
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219Rn. After this optimization, a number of measurements were performed with
FRS fragment beams. These measurements and results are discussed in the follow-
ing sections. All measurements were done for the same temperature and pressure,
representing an areal density of the stopping volume of 5.2 mg/cm2 helium gas. Due
to several aspects the cryocooler-based cooling system was not used for this test.

6.4.1 Efficiency measurements

For ion-extraction efficiency measurements, the diagnostic cross was set to the ion
identification mode, i.e., a negatively-biased collection foil and an alpha detector be-
hind it were placed in the beam line. The efficiency for injected ions was measured as
follows: a number of high-energy ions were injected into the stopping cell, a fraction
of which will be stopped in the 5.2 mg/cm2 helium gas. With the help of the electric
field inside the stopping cell, the thermalized ions were transported to the exit hole.
After the exit hole, the extraction RFQ guided the extracted ions to the negatively
biased collection foil and then the silicon detector behind the foil recorded the al-
phas resulting from the decay of the accumulated ions. The Cryogenic Stopping Cell
efficiency εt is given by:

εt =
Nm

AD × Ne
(6.1)

where Nm is the number of ions collected on the collection foil as determined from
the alpha spectrum measured by the silicon detector, AD is the silicon detector ac-
ceptance, and Ne is the number of ions entering into the stopping cell. The number
of incoming ions is calculated as,

Ne = NSC41 × Cp × C f (6.2)

where NSC41 is the number of ions of interest counted at the scintillator SC41 of the
FRS. Cp, C f are detector pile-up and fragmentation correction factors respectively.
The correction factor Cp contains contributions from energy and time pile-up. These
are determined from the SC41 data and depend on the ions delivered by the FRS.
After the SC41 scintillator the ions pass through the final focal plane degrader (see
Figure 6.11). Due to the thickness of this degrader, a sizable fraction of the ions will
undergo a fragmentation reaction. The fraction surviving is the correction factor C f .
It is taken to be the same for each ion. To obtain the value of C f there were two
measurements done which gave the C f values of 0.70 and 0.57. By combining these
two values C f is estimated to be 0.63 and an error of 0.07 is taken such that it covers
both measurements. Thus, C f = 0.63 ± 0.07 is used for all ions in this experiment.

The total efficiency (εt) is the product of the stopping efficiency (εs) and the sur-
vival plus extraction efficiency (εse),

εt = εse × εs (6.3)
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There are two types of errors associated with the measurements: statistical and
systematic. The statistical error plays a role in three quantities: the number of decays
determined from the alpha spectrum, Nm, the number of counts on SC41, NSC41, and
the pile-up correction factor, Cp. Due to the large number of counts on SC41, the
statistical errors on NSC41 and Cp are negligible. Thus Nm gives the main contribution
to the statistical error. This error is either the square root of the number of counts (in
the case of 221Ac) or is given by the error on the fitted peak-intensity parameter (in
the case of 223Th and 219Rn).

The systematic error has contributions from the detector pile-up correction factor,
Cp, the fragmentation correction factor, C f , and the silicon detector acceptance, AD.
The uncertainty in Cp is fairly large as the FRS detectors are designed for fragment
identification and not specifically for the accurate determination of fragment inten-
sities. Although work is ongoing to improve on this, for the experiments described
here, an uncertainty in the number of incoming ions of a factor of 2 has to be taken
into account. The relative systematic error on C f (= 0.63 ± 0.07) is 11%. The system-
atic error on the detector acceptance comes from the uncertainty in the measurement
of the distance from the source to the detector and is about 10%.

Decay 
chain 

Half-life 

26 
55 
13!

223Th 

219Ra 

215Rn 

211Po 

207Pb 

Figure 6.13: 223Th decay chain, giving the half-life, alpha-energies and alpha-intensities of the
isotopes.
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223Th efficiency measurement

The relevant information on the 223Th decay chain is given in Figure 6.13. A typi-
cal 223Th alpha spectrum measured during the on-line experiment is shown in Fig-
ure 6.14. The peaks are identified based on the alpha energies. The fit to the spectrum
gives the number of 223Th isotopes decaying on the collection foil. Deduced from
the FRS detectors, Cp is 2.7 ± 0.7. Using the values of Cp and C f , a total efficiency of
16 ± 5% for 223Th is obtained.

The stopping efficiency of the stopping cell can be calculated by integrating the
range distribution (Figure 6.12c) over the stopping cell areal density, and normaliz-
ing to the total range distribution integral. It is assumed that the range distribution
of the ions is centered in the middle of the stopping cell as the FRS was tuned to
achieve this.

Thus to calculate the stopping efficiency of 223Th in 5.2 mg/cm2 helium gas
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Figure 6.14: 223Th spectrum measured on-line. The measured spectrum along with the fit
(thick line) are shown. The fitting procedure from Section 5.4 is used after mod-
ification for the 223Th decay chain. Here 14 fit parameters are used: 4 intensity
parameters, 8 peak-shape parameters and 2 parameters for the energy calibra-
tion. The reduced χ2-value for this fit is 1.10. The top of the figure shows the
residual of the fit (fit minus spectrum), normalized to the standard deviation of
the spectrum. The isotope intensities as calculated using Eq. 5.4 are also shown.
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(equivalent to 8.7 mg/cm2 Al using the following range conversion: 10 mg/cm2

He ≡ 6 mg/cm2 Al), a range from 2.9605 g/cm2 to 2.9695 g/cm2 of the Gaussian
shown in Figure 6.12c is integrated. Taking the ratio of this integral to the integral of
the Gaussian over the whole range gives a stopping efficiency of about 24%. Using
Eq. 6.3 a survival and extraction efficiency of 223Th of 67 ± 20% is obtained.

221Ac and 219Rn efficiency measurements

Besides 223Th, 221Ac and 219Rn were also injected into the stopping cell. These iso-
topes were successfully extracted from the stopping cell and identified. The resulting
spectra are shown in Figures 6.15 and 6.16. Using Equations 6.1 and 6.2, the total ef-
ficiencies of these elements are calculated as 2.6 ± 0.8% and 4.4 ± 1.3% respectively.

The total efficiency of the stopping cell for all injected elements, including statis-
tical and systematic error, is summarized in Table 6.1.
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Figure 6.15: 221Ac spectrum measured on-line. The measured spectrum along with the 221Ac
decay chain, giving the half-lives, alpha-energies and alpha-intensities of the iso-
topes are shown.
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Figure 6.16: 219Rn spectrum measured on-line. The measured spectrum along with the fit
(thick line) are shown. The fitting procedure from Section 5.4 is used. The reduced
χ2-value for this fit is 1.14. The top of the figure shows the residual of the fit (fit
minus spectrum), normalized to the standard deviation of the spectrum. The
isotope intensities as calculated using Eq. 5.4 are shown.

Table 6.1: Total efficiency and error of the stopping cell for injected isotopes into the Cryogenic
Stopping Cell at a stopping gas pressure of 100 mbar and a stopping gas tempera-
ture of 100 K, together with the DC and RF voltages used.

Error
Isotope Total Efficiency Statistical Systematic Foil electrode voltage RF amplitude

% % % [V] VPP [V]

223Th 16 0.3 5 2800 62
221Ac 2.6 0.1 0.8 3100 70
219Rn 4.4 0.3 1.3 3100 70

6.4.2 Effect of DC field

The effect of the DC field on the intensity of the extracted 223Th ions was investigated
during the experiment. Figure 6.17 shows the measured spectra for the minimum
and maximum DC voltages applied, respectively 1800 and 3200 V. Figure 6.18 shows
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Figure 6.17: Effect of electric field on the 223Th/211Po extraction. The line shows the measure-
ment taken at high DC voltage (3200 V) and the shaded area shows the measure-
ment at low DC voltage (1800 V).

the count rates for 223Th and 211Po vs. DC voltage, as well as their ratio.
When interpreting these results, one needs to consider the half-lives of the 223Th

decay chain (see Figure 6.13). The half-lives of the first two decay products (219Ra,
T1/2 = 10 ms and 215Rn, T1/2 = 2.3 ms) are much smaller than the evacuation time
estimated on the basis of the ion mobility (see Section 4.3.2). On the time scale of the
evacuation, it can thus be assumed that 223Th decays directly to 211Po, whose half-
life (516 ms) is larger than the maximum evacuation time. The estimated maximum
evacuation time is not negligible compared to the 223Th half-life of 600 ms. Given the
above half-life considerations, it is expected that a fraction of the thermalized 223Th
ions will decay inside the gas cell and thus be extracted as 211Po. This fraction will
be larger at smaller DC field as the ions then take longer to be extracted. The 211Po
peak in the alpha spectrum is thus made up of two contributions: decay on the foil
in front of the silicon detector of extracted 223Th ions and decay of extracted 211Po
ions. The 223Th/211Po ratio is thus expected to increase for increasing DC voltage.
This is seen in Figure 6.17 and Figure 6.18.

Apart from the effect of 223Th decaying inside the stopping cell, there is a clear
increase in extracted ion intensity up to a DC voltage of about 2800 V, thus showing
the need for a high DC field. Above this value, the ion intensity drops, presumably
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Figure 6.18: Effect of electric field on 223Th and 211Po count rates. The individual count rates
and their ratio are shown vs. DC voltage applied across the stopping cell.

due to the fact that the push field above the carpet becomes so large that the RF
carpet is less efficient in repelling the ions (see Section 2.2.6). As the carpet was
operating close to its maximum amplitude, further investigation of this by increasing
the RF amplitude was not pursued as the risk of damaging the carpet was considered
too high. Figure 6.18 shows the increase up to 2800 V and then a saturation in the
223Th/211Po ratio.

The highest DC voltage used, 3200 V, was close to the breakdown voltage of the
system. This value is compatible with the Paschen curve considering the fact that,
without taking great care in the design, a breakdown voltage a few times smaller
than predicted by the Paschen curve is generally observed (see Section 2.2.4). We
conclude that our design goals on DC field have been achieved.

6.4.3 Mass spectrum with the MR-TOF-MS

The MR-TOF-MS can be used for ion mass measurements with high precision (δm/m
≈ 10−7), to remove isobaric contaminants from the ions of interest and as a broad-
band mass spectrometer to investigate and optimize the operation of the stopping
cell. After extraction from the Cryogenic Stopping Cell, the ions from the off-line
223Ra source were guided through an RFQ system to the MR-TOF-MS. The resulting
mass spectrum is shown in Figure 6.19. The peak at mass number 219 verifies the
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211Pb 

215Po 

PbOH 

Figure 6.19: MR-TOF-MS mass spectrum of the extracted recoils of the off-line source from the
stopping cell [111]. The dominating ions contributing to the peaks are indicated.

extraction of 219Rn atomic ions, and not a molecular ion containing 219Rn, from the
stopping cell. 219Rn, 215Po, 211Pb, and 207Tl are extracted from the stopping cell as
they are alpha decay products and thus acquire a large recoil energy in the decay of
their mother isotope.

Figure 6.19 shows the power of the MR-TOF-MS in characterizing the perfor-
mance of the stopping cell. In the measured mass spectrum, the expected ions 219Rn,
215Po, 211Pb, and 207Tl are seen. 215Po is very weak because of its short half-life: it
is only extracted if a 219Rn ion decays close to the exit hole. The mass 211+ OH can
possibly be lead hydroxide (PbOH). Mass spectra of fragmentation ions from the
FRS are still limited and a description of these falls outside of the scope of this thesis.
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6.5 Conclusion

The Cryogenic Stopping Cell was successfully validated by an on-line experiment.
The conclusions of the on-line experiment are:

• the modifications and additions for the on-line experiment worked well;
• in a test with an off-line 223Ra source, the stopping cell efficiency of 30% is

obtained and the linear behavior of RF amplitude with stopping gas pressure
is confirmed;

• in the first on-line experiment, the Cryogenic Stopping Cell operated at a he-
lium gas density (100 mbar at 100 K, i.e., 0.052 mg/cm3) higher than ever before
reached with a stopping cell containing an RF electrode structure. The density
used is 2.5 times the minimum and about a quarter of the maximum design
value;

• 223Th ions are stopped and extracted in high-density cryogenic helium gas;
• the stopping cell is tested with other elements, 221Ac and 219Rn, as well;
• for 223Th, a total efficiency of 16 ± 5% is obtained with a stopping efficiency of

24% and a survival and extraction efficiency of 67 ± 20%;
• a total efficiency for 221Ac and 219Rn of 2.6 ± 0.8% and 4.4 ± 1.3% is measured,

respectively.
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Be the change you want to see the world.

Mahatma Gandhi (1869-1948) 7
Summary and Outlook

This thesis describes the design and characterization of a Cryogenic Stopping
Cell developed for the Fragment Separator and the Low-Energy Branch of the

Super-Fragment Separator at the GSI Helmholtz Centre for Heavy Ion Research and
the Facility for Antiproton and Ion Research (FAIR). This thesis is divided into six
chapters starting from the overview of the research problem of this work. Then the
underlaying physics and mechanisms are discussed. Afterwards, the experimental
results with the Cryogenic Ion Guide support the idea of an ion guide system which
works at cryogenic temperatures. Based on these observations and input from the
Super-FRS, the design and development of the Cryogenic Stopping Cell is described.
This stopping cell is characterized by using an off-line alpha source and validated by
high-energy ion beams.

Summary

The literature survey on the physical processes inside a stopping cell indicates that
for fast enough ion extraction and to prevent neutralization, a DC electric field in
the bulk of the stopping cell is needed. From the lowest to the highest gas densities
considered in this work, the inter-electrode break-down voltage ranges from about
300 V to 1 kV and the electrode-wall voltage from about 1 kV to 8 kV. This means
the Paschen breakdown of the DC field is not expected to affect proper stopping-cell
operation. To have a high repelling force at high-density operation, an RF structure
with the smallest electrode spacing is preferred. For the stopping cell presented in
this work, with a stopping volume radius of 12.5 cm, containing helium gas and
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kept at a temperature of 60 K and a density range of 0.20 to 0.02 mg/cm3 (diffusion
coefficient 0.092 to 0.92 cm2/s), the average diffusion time to the electrode structure
is 294 s and 29 s, respectively. Thus radial diffusion to the electrode walls during
ion transportation is not a problem. The main loss in a noble-gas-filled stopping
cell is the loss due to neutralization. An impurity concentration of less than about 1
ppb is needed to prevent the loss of atomic ions due to molecule formation. A high
beam intensity can be responsible for space-charge problems leading to ion loss due
to hitting the wall of the stopping cell. This can be prevented by using an RF wall
along the stopping cell. In this thesis work, such an RF wall is not implemented.

To demonstrate the principle of a Cryogenic Stopping Cell, a Cryogenic Ion Guide
was developed at KVI, University of Groningen and tested in on-line experiments at
the IGISOL facility at the University of Jyväskylä. This device was cooled down
with liquid nitrogen. Two on-line experiments were performed with this device.
In the first experiment, measurements were taken for two types of primary beams:
300 MeV 58Ni and 40 MeV protons. In the second experiment only a 340 MeV 58Ni
primary beam was used. The mass spectra showed that the liquid-nitrogen cooling
does not provide a low enough temperature. Therefore, a cryo-cooler-based cool-
ing system was chosen for the Cryogenic Stopping Cell. The experimental results
confirmed the expected differential pumping characteristics versus ion-guide tem-
perature. The elimination or reduction of many impurity elements in the ion guide
at the low temperature indicates the effectiveness of stopping gas purification due to
cryogenic operation. The mass spectrum indicates that the ion survival probability
is higher at low temperature. The Cryogenic Ion Guide shows the same behavior
as room temperature devices. There are indications that a higher ionization density
rate can be tolerated. In summary, the Cryogenic Ion Guide showed no obstacles
to the use of high-density cryogenic helium gas for the stopping and extraction of
high-energy ions. This represented an important milestone towards the develop-
ment of the Cryogenic Stopping Cell for the Super-FRS at the future FAIR facility, in
Darmstadt, Germany.

Developed for the Low-Energy Branch of the Super-FRS, the Cryogenic Stopping
Cell is designed to stop high-energy ions and deliver them in a fast and efficient
way to the low-energy area. In the Cryogenic Stopping Cell of this work, a DC field
on the bulk of the cell and a combination of DC and RF fields at the extraction side
are opted for efficient ion transportation. To ensure the purity and high stopping
efficiency, the stopping cell is designed to operate at cryogenic temperature and high
density. The stopping cell has a 1 m long and 25 cm diameter stopping volume and
is aimed at operation with high-density helium gas (up to 0.2 mg/cm3). This is
the first realization of a stopping cell in which the required purity of the helium
stopping gas is ensured by operation at cryogenic temperatures. In this work the
cryogenic operation is considered for the most reliable and quickest way of reaching
the required gas purity, which is an important consideration for accelerator-based
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experiments. The Cryogenic Stopping Cell is constructed taking into consideration
minimum heat loss and cost efficiency. Throughout the bulk of the stopping volume,
ions are pushed towards the exit side by a DC field. At the exit side, the ions are
guided to the exit hole by an RF carpet with 4 electrodes per mm, operating at a
frequency of about 5.8 MHz. To reach the desired low-temperature of 60 K, a cryo-
cooler-based cooling system is designed and constructed.

The first commissioning of the Cryogenic Stopping Cell is demonstrated by off-
line experiments. Using 219Rn ions emitted as alpha decay recoils from a 223Ra
source, a combined ion survival and extraction efficiency between 10% and 25% is
measured for helium gas at a temperature of 85 K and pressure up to 125 mbar re-
sulting densities up to 0.07 mg/cm3 (equivalent to a pressure of 430 mbar at room
temperature). This density is almost two times higher than demonstrated up to now
for RF ion repelling structures in helium gas. Based on this, we believe the maxi-
mum design density can be reached with the technology that is incorporated in the
present system.

The Cryogenic Stopping Cell was successfully validated by an on-line experi-
ment performed at the FRS facility at GSI, Darmstadt, Germany. For this on-line
experiment, a few modifications were made and some parts were added. The modi-
fications include a revised version of RF carpet and DC cage. The additions include
an extraction RFQ and diagnostic cross to deal with the ions extracted out of the
stopping cell. The Cryogenic Stopping Cell was attached to the Multiple-Reflection
Time-Of-Flight Mass Spectrometer (MR-TOF-MS) via the diagnostic cross. The di-
agnostic cross was pumped with two 1000 l/s turbo pumps to deal with the high
gas load in the extraction region. After implementation of these modifications and
additions, the Cryogenic Stopping Cell was tested with an off-line 223Ra source. In
this test, a maximum total stopping-cell efficiency of 30% was obtained and the lin-
ear behavior of RF amplitude with stopping gas pressure was confirmed. Thus the
result from this test showed that the modifications and additions worked well. In the
first validation of the Cryogenic Stopping Cell in an on-line experiment, the Cryo-
genic Stopping Cell operated at a helium gas density (100 mbar at 100 K, i.e., 0.052
mg/cm3) higher than ever before reached with a stopping cell containing an RF elec-
trode structure. The density used is 2.5 times the minimum and about a quarter of
the maximum design value. The in-flight separated and range-focussed 223Th frag-
ments from the FRS were slowed down, thermalized and extracted. The Cryogenic
Stopping Cell was tested with other elements, 221Ac and 219Rn, as well. For 223Th, a
total efficiency of 16 ± 5% is obtained with a stopping efficiency of 24% and a sur-
vival and extraction efficiency of 67 ± 20%. A total efficiency for 221Ac and 219Rn of
2.6± 0.8% and 4.4± 1.3% is measured, respectively. With these results the Cryogenic
Stopping Cell proved the stopping and extraction of ions at higher density than ever
reached before with other stopping cells.
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Outlook

After the first successful commissioning of the Cryogenic Stopping Cell, there are
some future prospects either to improve the performance of the device or to perform
more physics research. These prospects are:

• the performance of the device should be checked with the cryo-cooler-based
cooling system, which allows to cool down to 60 K. These measurements are
planned for April/May 2012;

• in order to reach the full design value of high-density operation, an RF carpet
similar to the one used in this work but with a finer electrode spacing should
be constructed, allowing to apply a larger RF repelling force. The recent on-
line experiment was performed at 100 mbar at 100 K stopping-gas pressure
and temperature. To reach the design value, i.e., 250 mbar at 60 K, using the
same pumping station in the extraction region (two 1000 l/s turbo pumps), the
size of the exit hole needs to be reduced to 0.3 mm in order to keep the same
mass flow rate;

• mass spectra measurements using the MR-TOF-MS are planned for July 2012;
• improved pumping in the extraction region will allow better handling of a

higher gas load;
• argon gas is another option to be used as stopping gas. Due to its higher stop-

ping power, argon gas can ensure an efficient stopping of light ions. How-
ever, as argon is heavier than helium, the RF carpet will transport the argon
ion/atoms as well, which is not the case with helium. Also, due to its lower
ionization potential, argon can be less effective than helium in thermalization
of reaction products in an ionic state. The removal of argon is not as fast as
helium because of its mass, this adds benefits in the pumping system as the
pumps do not need to work so hard. On the other hand, and for the same
reasons, helium is pumped away faster. Both these effects, more or less, com-
pensate each other and the use of argon and helium should not make a big
difference for the pumping. Care needs to be taken with the operating tem-
perature. Because the boiling point of argon is 87 K, the stopping cell should
not be cooled below this value. The cooling system allows to set any desired
temperature and is thus not an obstacle to the use of argon gas. It would be
interesting to see the behavior of the system with cryogenic argon gas as a
stopping medium.
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Ontwerp en karakterisering van een cryogene ionenvanger
voor radioactieve ionen

Veel wetenschappelijke disciplines maken gebruik van radioactieve isotopen in
de vorm van een laagenergetische ionenbundel of een ionen- of atomenwolk in

een ‘val’. De nieuwste en geplande ‘in-flight’ faciliteiten produceren en selecteren
radioactieve isotopen optimaal bij zeer hoge energieën. Technieken om ionen met
hoge energie efficiënt en snel om te zetten in ionen met lage energie zijn dus essen-
tieel. Een veelgebruikte methode hiervoor is gebaseerd op het invangen van ionen
in een edelgas. In dit proefschrift wordt voor het eerst een cryogene versie van een
dergelijke ionenvanger ontwikkeld. Deze stopt hoogenergetische ionen in koud he-
lium gas met een temperatuur lager dan 100 K (−200 ◦C) en gebruikt elektrische
velden om de ionen vervolgens naar een kleine uitlaatopening te geleiden waaruit
ze als een lage-energie ionenbundel te voorschijn komen. Na succesvolle ingebruik-
name m.b.v. een radioactieve bron op het KVI (Rijksuniversiteit Groningen) begin
2011 is de cryogene ionenvanger in oktober 2011 op het GSI Helmholtzzentrum für
Schwerionenforschung (Darmstadt, Duitsland) voor het eerst getest in realistische
experimentele omstandigheden. De resultaten tonen aan dat het systeem werkt zoals
bedoeld. Tijdens deze eerste test van een cryogene ionenvanger werd ook nog een
heliumdichtheid gebruikt die aan aantal malen groter is dan eerder met vergelijk-
bare, maar op kamertemperatuur werkende, ionenvangers werd bereikt. Dit is heel
belangrijk gezien de grote energie van de ionen die ingevangen moeten worden.

Dit werk werd uitgevoerd binnen de overeenkomst tussen de Rijksuniversiteit
Groningen en het GSI Helmholtzzentrum für Schwerionenforschung (Darmstadt,
Duitsland), en in samenwerking met partners van de Justus-Liebig Universiteit in
Giessen (Duitsland), GSI en de Universiteit van Jyväskylä (Finland). Het ontwikkelde
apparaat is bedoeld voor gebruik bij de Fragment Separator geı̈nstalleerd op het GSI
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en bij de Super Fragment Separator die onderdeel gaat uitmaken van de Facility for
Antiproton and Ion Research (FAIR) momenteel in aanbouw in Darmstadt.

De basisprincipes van een ionenvanger

De ionenvanger berust op het afremmen en thermaliseren van energetische ionen
in een edelgas. De relevante stappen en processen worden in Figuur 7.1 gegeven.
De waarschijnlijkheid dat een ion zich na het afremmen en thermaliseren nog in een
geı̈oniseerde toestand bevindt bedraagt tientallen procenten en is daarmee groot ge-
noeg om praktisch nut te hebben. Na thermalisatie kunnen ionen niet neutraliseren
tijdens botsingen met edelgasatomen omwille van de hoge ionisatiepotentiaal van
deze laatste. Onder gunstige omstandigheden overleven de ionen dan ook lang ge-
noeg om met behulp van elektrische velden naar een uitlaatopening geleidt te wor-
den waar ze met de heliumstroom mee naar buiten vliegen. Daar wordt het over-
tollige edelgas weggepompt en worden de ionen als een laagenergetische bundel
verder getransporteerd.

Figure 7.1: De voor de ionenvanger relevante stappen en processen (RI: radioactieve ionen).

De (Super) Fragment Separator levert bundels radioactieve ionen via de ‘in-flight’
methode. Een trefplaat aan het begin van de separator wordt bestraald met hoog-
energetische atoomkernen (energie tot 1000 MeV per nucleon). De geproduceerde
radioactieve ionen vliegen met grote energie uit de trefplaat en worden door de sepa-
rator gevangen en gescheiden naar massa en lading zodat voornamelijk slechts de
gewenste isotopen aan een experiment achter de separator geleverd worden. De
grote energiespreiding van de radioactieve ionen aan het einde van de (Super) Frag-
ment Separator vereist een grote ionenvanger; het typische volume is zo’n 100 liter.
Om het vacuümsysteem na de ionenvanger niet met te veel edelgas te belasten kan
de uitlaatopening niet groter zijn dan ongeveer 1 mm. De combinatie van een groot
volume en een kleine uitlaatopening betekent dat de gasstroom te traag is; er wordt
dan ook gebruik gemaakt van elektrische velden om de ionen snel en efficiënt naar
buiten te brengen. Snelheid is belangrijk voor isotopen met een korte halfwaarde-
tijd; efficiëntie is belangrijk omdat de productie van heel exotische isotopen heel erg
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Figure 7.2: Werkingsprincipe van de ionenvanger (uitlaatopening aan de rechterkant). De pij-
len geven de richting van de krachten aan. (a) gasstroom, (b) statisch (DC) elek-
trisch veld, (c) radiofrequent (RF) elektrisch veld (hier wordt enkel een RF tapijt
aan de uitlaatkant verondersteld), (d) radiaal DC veld langs het RF tapijt, en (e)
gecombineerde invloed van gasstroom, DC en RF velden. Binnenin de ionen-
vanger zorgen de elektrische velden voor het ionentransport, in de buurt van de
uitlaatopening wordt de gasstroom overheersend en veegt de ionen naar buiten.

laag is. Het traject van ionen onder invloed van de gasstroom en elektrische velden
wordt in Figuur 7.2 schematisch weergegeven. De afgeremde radioactieve ionen
worden door een statisch (DC) elektrisch veld naar de kant van de uitlaatopening
geduwd. Radiale focusering naar de uitlaatopening gebeurt door middel van een
radiofrequente (RF) trechter of tapijt waarbij de superpositie van een RF en een ra-
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diaal statisch veld gebruikt wordt. In alle gevallen neemt de gasstroom heel dicht
bij de uitlaatopening de overhand en veegt de ionen naar buiten. In het geval van
een grote ionisatiedichtheid kan een RF gordijn langs het afremvolume aangebracht
worden om het opblazen van de ionenwolk door ruimteladingskrachten tegen te
werken.

Onzuiverheden in het edelgas zorgen ervoor dat de radioactieve ionen moleculen
vormen. Om dit te vermijden is de zuiverheid van het edelgas van groot belang.
Dit betekent dat ionenvangers op kamertemperatuur moeten voldoen aan de eisen
van ultra-hoog-vacuümsystemen en dat het gebruikte gas heel grondig gezuiverd
moet worden. Dezelfde mate van zuiverheid kan eenvoudiger en bedrijfszekerder
verkregen worden door de ionenvanger op cryogene temperatuur te bedrijven. Dit is
de optie die in dit werk voor het eerst gerealiseerd werd. Tijdens de karakterisering
van de ionenvanger in dit werk werd heliumgas gebruikt om de ionen te vangen. In
de toekomst kan ook argongas gebruikt worden, met als voordeel dat ionen met een
veel hogere energie gevangen kunnen worden.

Bundelvensters

Vacuümmantel

Koude kamer RF tapijtDC elektrodes

Bundel
In

Bundel
Uit

Figure 7.3: Constructie van de cryogene ionenvanger. Een vacuümmantel omheen
het afremvolume (koude kamer) zorgt voor de benodigde thermische iso-
latie. De hoogenergetische ionen komen het afremvolume binnen door twee
dunne bundelvensters. Het technische ontwerp en de constructie werden uit-
gevoerd door Vacuum Specials B.V. (Woerden, Nederland). De elektrodestructuren
werden op het KVI ontwikkeld.
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De cryogene ionenvanger

Figuur 7.3 toont een overzicht van de constructie van de cryogene ionenvanger. De
grootte van het intern afremvolume, 25 cm diameter en 100 cm lengte, is aangepast
aan de eigenschappen van de Super Fragment Separator en een beoogde dichtheid
van het heliumgas van 0.02 tot 0.2 mg/cm3. Het DC elektrisch veld dat de ionen naar
de uitlaatkant duwt wordt met behulp van een reeks ringvormige elektrodes aan-
gelegd. Aan de uitlaatkant worden de ionen in radiale richting naar de uitlaatope-
ning met diameter 0.57 mm geleid via een RF tapijt. Hier wordt een radiaal statisch
elektrisch veld gecombineerd met een RF veld met een frequentie van 5.8 MHz. Het
tapijt heeft 4 ringvormige elektrodes per mm over een straal van 125 mm. Uit eerdere
metingen op het KVI van het transport van radioactieve ionen in cryogeen helium-
gas volgde dat afkoelen tot op stikstoftemperatuur (77 K) mogelijk niet voldoende is
om de vereiste zuiverheid van beter dan 10−9 te halen. Daarom werd aan DeMaCo
Holland B.V. (Noord-Scharwoude, Nederland) opdracht gegeven een koelsysteem
gebaseerd op een cryokoeler te ontwerpen zodat de ionenvanger tot 60 K gekoeld
kan worden.

Karakterisatie van de cryogene ionenvanger

In eerste instantie, begin 2011, is de ionenvanger getest op het KVI m.b.v. 219Rn ionen
die uitgezonden worden in het radioactief verval van een 223Ra bron. Een 223Ra bron
werd bevestigd aan de ingangszijde van het afremvolume, op ongeveer 100 cm van
de uitlaatopening. De 219Rn ionen worden in de buurt van de bron afgeremd en
dan door de heersende statische en RF elektrische velden naar de uitlaatopening
geleid. De experimenten waren heel succesvol. Een gecombineerde overlevings- en
extractie-efficiëntie tot 25% werd gemeten; heel dicht bij het maximum haalbare. Dit
werd bereikt bij een temperatuur van 85 K en een heliumdichtheid van 0.07 mg/cm3.
Deze dichtheid is twee keer groter dan tot nu toe gedemonstreerd voor een systeem
met een RF ionengeleider in heliumgas.

Na deze succesvolle eerste ingebruikname werd de ionenvanger klaargestoomd
voor het echte werk: het omvormen van hoogenergetische radioactieve ionen naar
een bundel laagenergetische ionen. Een eerste dergelijk ‘on-line’ experiment werd
in oktober 2011 bij de Fragment Separator op het GSI uitgevoerd. Ter voorbereiding
werd de interne elektrodestructuur vervangen. Een nieuwe elektrodestructuur voor
het genereren van het statisch elektrisch veld doorheen de ionenvanger moest opla-
ding van de elektrodesteunen verhinderen. Verder werd het RF tapijt op bepaalde
punten gewijzigd. De gewijzigde ionenvanger werd in eerste instantie getest met
een 223Ra bron, met resultaten analoog aan die van begin 2011 (zie Figuur 7.4).

Voor de experimenten bij de Fragment Separator werd heliumgas met een druk
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Figure 7.4: Totale efficiëntie voor 219Rn ionen (gecombineerde overlevings- en extractie-
efficiëntie) als functie van de RF spanning over de elektrodes van het RF tapijt.
Metingen bij verschillende heliumdrukken en bij een temperatuur van 90 K wor-
den getoond. Statistische fouten zijn voor de meeste metingen kleiner dan de
grootte van de gebruikte symbolen. Er geldt een algemene relatieve systemati-
sche onzekerheid van ongeveer 10%.

van 100 mbar bij een temperatuur van 100 K (dichtheid 0.052 mg/cm3) gebruikt.
Deze dichtheid is 2,5 keer de minimaal beoogde specificatie en ongeveer een kwart
van het maximum waarop gemikt wordt. Hoogenergetische 223Th ionen van de
Fragment Separator werden gevangen en geëxtraheerd. Identificatie na extractie
gebeurde door het alfa-energiespectrum van 223Th en zijn dochterkernen te meten.
Dergelijk spectrum wordt in Figuur 7.5 getoond. Analoge metingen werden ook
verricht voor 221Ac en 219Rn ionen. Uit de intensiteit van de pieken in de alfa-
energiespectra kan de efficiëntie van de ionenvanger bepaald worden. De totale
efficintie voor 223Th bedraagt 16 ± 5%. De afremefficiëntie met de gebruikte heli-
umdichtheid was ongeveer 24%. Dit geeft dus een gecombineerde overlevings- en
extractie-efficiëntie van 67 ± 20%. De totale efficiëntie voor 221Ac en 219Rn was res-
pectievelijk 2.6 ± 0.8% en 4.4 ± 1.3%. De gebruikte heliumdichtheid is de hoogste
ooit waarop een ionenvanger met een RF ionengeleider hoogenergetische radioac-
tieve ionen heeft omgezet in een laagenergetische ionenbundel.
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Figure 7.5: Alfa-energiespectrum van het verval van 223Th ionen na extractie uit de ionen-
vanger. Het gemeten spectrum en een kleinste-kwadratenfit (dikke lijn) worden
getoond. De uit de fit bepaalde intensiteiten van de verschillende isotopen uit de
223Th vervalreeks worden gegeven.

Conclusies en perspectief

Een cryogene ionenvanger voor gebruik bij de (Super)Fragment Separator bij het GSI
Helmholtzzentrum für Schwerionenforschung en de Facility for Antiproton and Ion
Research werd ontworpen, gebouwd en gekarakteriseerd. Deze ionenvanger is de
eerste die de zuiverheid van het heliumgas waarin hoogenergetische ionen worden
gevangen bereikt door afkoeling tot cryogene temperaturen. Veel aandacht werd
besteed aan het werken bij hoge heliumdichtheid, vele malen hoger dan tot nu toe
aangetoond met andere systemen. Specifiek hiervoor werd een RF tapijt met een
heel kleine elektrodeafstand ontworpen en gebouwd.

De ionenvanger werd getest met laagenergetische ionen uitgezonden in het ra-
dioactief verval van een 223Ra bron en met hoogenergetische ionen geleverd door de
Fragment Separator op GSI. De resultaten tonen aan dat het apparaat werkt zoals
verwacht.

Tot nu toe werd de ionenvanger gekoeld m.b.v. vloeibare stikstof tot een tem-
peratuur van 85 tot 100 K. Een koelsysteem gebaseerd op een cryokoeler wordt bin-
nenkort aangesloten en het hele apparaat verder bij de Fragment Separator gekarak-
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teriseerd. De verwachting is dat dan een temperatuur van 60 K kan worden bereikt.
Tijdens de karakterisering werd een heliumdichtheid gebruikt die meerdere malen
groter is dan wat tot nu toe met andere systemen aangetoond werd. Dit is heel
belangrijk gezien de grote energie waarmee de (Super) Fragment Separator ionen
aanlevert. De resultaten tonen aan dat de maximum geplande heliumdichtheid met
de gebruikte technologie bereikt kan worden.
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