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5
Cryogenic noble gas
ion catchers

A
n energetic ion slowed down in a noble gas has a finite probability to be in a
charged state at the time of thermalization. Under suitable conditions these

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

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

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

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

5.1 Off-line measurements

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

5.1.1 Experimental setup

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

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

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

5.1.2 Results and discussion

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

εgas = εmin +

 εsat − εmin

1 +
(

T1/2
Tg

)r

 , (5.2)

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

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

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

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

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

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

5.2 On-line measurements

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

5.2.1 Experimental setup

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

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

Apart from the presence of the proton beam the experimental setup is similar
to that used in the off-line experiment (see Section 5.1.1). Therefore, only the new
features are described in detail here. A photograph of the setup is shown in Fig-
ure 5.5 and a schematic view is shown in Figure 5.6. The most important difference
is that the beam line is coupled to the cryostat and that the beam is let in to the
cell. A copper window of 60 µm thickness through which the beam enters and a
Faraday cup are incorporated. The electrode geometry is modified by adding three
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Figure 5.5: Photograph of the on-line setup.
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Figure 5.6: Schematic view of helium gas ionization by a proton beam just above the 223Ra source.
Voltages on the electrodes produce an electric field which guides recoil ions stopped within about
0.5 mm from the source through the 5 mm diameter ionization region to the foil in front of the detector.
(Inset) Top view of the Rutherford scattering beam monitor.



64 Cryogenic noble gas ion catchers

guiding electrodes. To position the ion beam just above the top of the 223Ra source,
two diametrically opposite holes are drilled into the well-shaped bottom electrode.
The proton beam enters the cell via the copper window, passes through the holes
in the bottom electrode and is stopped in the Faraday cup. This Faraday cup was
installed for the real time monitoring of the beam, but it gave a negative current
when we admitted the beam to the gas-filled cell. Apparently a negative charge
was collected on the Faraday cup. This charge collection is due to the large number
of electrons knocked out by the protons when they pass through the helium gas.
The Faraday cup was however very useful to align the beam when the cell was
pumped to vacuum.

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

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

5.2.2 Results and discussion

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



5.2 On-line measurements 65

Figure 5.7: The combined efficiency of ion survival and transport as a function of ionization rate
density for different electric fields in the ionization region for temperatures 77 and 10 K and helium
gas density 0.18 mg cm−3.

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

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

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

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

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

frel =
Qα

E2(Tg/P)µ−
, (5.3)

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

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

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

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

εextr = εmax(1− f ) , (5.4)

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

f = K frel , (5.5)

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

5.3 Mobility measurements of 219Rn ions in cryogenic
noble gases

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

5.3.1 219Rn mobility experiment

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

The width of the transport window is the time during which the electric field is
favorable for the ion transport from the source to the collection foil. The number
of ions transported is measured as a function of transport window width. If the
transport window is larger than the transport time the ions that survived after the
thermalization are transported to the collection foil. The fraction of the ions that
arrives at the collection foil increases linearly with increasing transport window
width. No ions will be transported to the collection foil if the transport window
width is smaller than the ion transport time t0. Thus t0 is the maximum transport
window width for which the ion intensity is zero. The value of t0 can be found
by extrapolating the data points in the plot of the ion intensity versus transport



70 Cryogenic noble gas ion catchers

Figure 5.11: Electric field profile along the ion transport trajectory. Electrode positions and the
maximum voltages applied are marked on the top axis.

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

µ =
L

Et0
, (5.6)

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

5.3.2 Results

The electric fields used in these experiments are 115 V cm−1, 58 V cm−1 and
29 V cm−1. The 219Rn ion transport time for 1, 2 and 3 bar room temperature
equivalent density helium at 77 K and 1 bar room temperature equivalent density
argon and neon at 77 K are measured. The buffer gas pressure is measured at the
room temperature side of the setup and the experimental cell is at 77 K. The ratio
of the volumes at room temperature (where the pressure is measured) and cryo-
genic temperature for this experimental setup is Vw/Vc = 0.55. Equation 4.10 yields
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Figure 5.12: Schematic diagram of the electronics setup used for the mobility measurement.

TTL trigger

TTL Pulse

Transport on

Transport off

Transport off

Transport on

Time

+ 5 V

0 V

0 V

+ 5 V

+ 670 V

+ 200 V

0 V

+ 20 V

C
at

ch
er

 f
o

il 
  

  
  

b
ia

s 
  

 v
o

lt
ag

e

  
 S

o
u
rc

e 
  

  
 b

ia
s

  
 v

o
lt

ag
e

F
u
n

ct
io

n
 

ge
n

er
at

o
r

p
u
ls

e 
o

u
t

  
 P

u
ls

er
 

  
 t

ri
gg

er
 

  
  

 o
u
t 

1 s

Transport 
  window

Figure 5.13: Pulsing scheme used for the mobility measurement.
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Figure 5.14: Transported ion intensity as function of transport window width measured for the
helium, neon and argon at 77 K at a density of 2.57×1019 cm−3. Extrapolating the data to an ion
intensity equal to zero gives the ion transport time t0.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5.4 Conclusion

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

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

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

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

helium
Ion Tg µred(0)

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

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

neon
Ion Tg µred(0)

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

2 300 6.16(06)
Ne+

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

argon
Ion Tg µred(0)

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

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

2 77 1.77(09)
Ar+

2 300 1.83(02)
Kr+ 300 2.16(04)
Xe+ 294 2.07(15)




