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2
Physics processes in
cryogenic noble gas
ion catchers

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

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

2.1 Electrons in low temperature helium gas

In the slowing down and thermalization of energetic heavy ion beams in cryogenic
noble gas ion catchers, helium ion-electron pairs are created, resulting in partial
ionization of the buffer gas. The electrons can be considered as an electron swarm.
Such a swarm consists of a small number density n of electrons in a gas (in our case
helium atoms) of much higher number density N. The most important physical pa-
rameters of an electron swarm within the parameter range of cryogenic noble gas
ion catchers are the electron drift velocity vd, the momentum transfer cross-section
σm, the diffusion coefficient D and the recombination coefficient α. All these param-
eters are determined by the ratio E/N of the system where E is the applied electric
field strength. E/N is often expressed in units of “Townsend” whose magnitude is
defined as 1 Td = 10−17 V cm2. It has been traditional to refer to the ratio of the ionic
drift velocity vd to the electric field strength E as the mobility µ, which is related
to the diffusion coefficient through the Einstein relation (also known as Einstein-
Smoluchowski relation) D = µkBTg/e. Here kB is the Boltzmann constant, Tg is the
gas temperature and e is the electron charge. This section will summarize the avail-
able data of the relevant parameters within the E/N range relevant for cryogenic
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Figure 2.1: Density-normalized zero field electron mobilities µ0N in helium as a function of temper-
ature [88].

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

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

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

µ0N =
4
3

e
(2πmkBTg)1/2

1
σm0

, (2.1)

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

A large deviation from classical behavior is observed at high densities and at
low temperatures. For λT/lc ∼ 1 the electron wave interacts with several scattering
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Figure 2.2: Density-normalized zero-field mobility of electrons (µ0N) vs. gas number density (N)
of helium for various gas temperature values. Solid lines are summarized from many experimental
results [53]. The relevant range for cryogenic noble gas ion catchers is indicated.

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

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

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

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

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

and remains constant in the inelastic region 5 Td 6 E/N 6 300 Td due to the near
constancy of the electron energy and the slowly varying electron collision frequency
ν = Nσm(2〈ε〉/m)1/2, where m is the electron mass, 〈ε〉 is the characteristic energy
of the electron swarm in this region (see Figure 2.5) and σm is the momentum
transfer cross-section (see Figure 2.6).
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Figure 2.5: Electron temperature Te and characteristic energy 〈ε〉 for electrons in helium as a function
of the ratio E/N for gas temperatures Tg = 300 K, 77 K, and 4.2 K as determined from measurements
of Dt/µ [8, 36].
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Figure 2.6: Momentum transfer cross section σm of electrons in helium as a function of the electron
energy 〈ε〉 [28, 29, 75, 83].
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As an electron swarm drifts with a velocity vd under the influence of an electric
field E, it also diffuses due to the thermal motion of the electrons. At very low
electric field strength diffusion is isotropic; at high electric field strength it acts
as a tensor with components Dl and Dt along and transverse to the direction of
the electric field. Dt/µ is a widely measured parameter of electron swarms, as it
is approximately equal to the average electron energy 〈ε〉 in the elastic collision
region (E/N . 5 × 10−2 Td). 〈ε〉 is of great significance in cryogenic noble gas
ion catcher efficiency calculations as it directly gives the electron temperature Te =
2〈ε〉/3kB, which is an important parameter describing electron-ion recombination.
Te is sensitive to a variation of the momentum transfer cross-section σm. At low
E/N electrons are in thermal equilibrium with the gas, and thus Te = Tg. As E/N
increases, the average value of Te rises well above this value. In the simple case
where only a constant elastic cross-section is involved, Te increases linearly with
E/N for values above Tg. If, however, the elastic collision cross-section increases or
decreases with electron energy, Te varies with E/N correspondingly, less or more
rapidly than linearly. The momentum transfer cross-section of electrons in helium
gas is almost constant up to electron energies of about 2 eV; for energies higher
than 4 eV it decreases rapidly as the electron enters the inelastic collision regime
(see Figure 2.6). In a similar fashion, the onset of inelastic collisions (E/N & 5 Td)
is evident in the Te curve as a sudden decrease in its slope (see Figure 2.5) [4, 83].

2.2 Positive ions in low temperature helium gas

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

µ =
vd
E

=
3
8

q
N

(
π

2m′kBTe f f

)1/2
1 + α

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

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

3
2

kBTe f f =
3
2

kBTg +
1
2

Mv2
d(1 + β) , (2.4)

where 3
2 kBT and 1

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

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

Ω(1,1)(Te f f ) =
1

2(kbTe f f )3

∫ ∞

0
ε2σ1exp

(
−ε

kbTe f f

)
dε , (2.5)

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

σ1 = 2π
∫ π

0
(1− cosθ)σ(ε, θ)sinθdθ (2.6)

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

µred =
vd

(E/N)N0
= µ

(
N
N0

)
. (2.7)

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

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

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

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

2.3 Charge recombination

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

2.4 Recombination loss factor

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

f =
Qαd2

6µ+µ−E2 , (2.8)

where Q is the ionization rate density (helium ion-electron pairs cm−3 s−1), d is the
distance between the plates, α is the ion-electron recombination coefficient, µ+ is the
positive ion mobility, µ− is the electron mobility and E is the electric field present
in the ionization region. It is important to note that Equation 2.8 holds true only as
long as f is small [98]. Within the noble gas ion catcher context, d is the lenght of
the ionization region along the direction of applied electric field. The ion-electron



14 Physics processes in cryogenic noble gas ion catchers

recombination coefficient α will be discussed in forthcoming sections. Electron and
positive ion mobilities in cryogenic helium gas are discussed in previous sections.
As the mobility of electrons is 3 - 4 orders of magnitude higher than that of positive
ions, a positive ion cloud essentially exists in the ionisation region. The applied
electric field pushes the ions, removing them from the ionization region. The equi-
librium between the ionization of the helium gas and the removal of positive ions
results in a steady state positive charge density. This positive ion cloud induces a
voltage Vind shielding the applied field (i.e. decreasing the effective field)

Vind =

√
eQ

4ε0µ+
d2 , (2.9)

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

2.5 Helium ion species

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

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

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

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

3 are
more molecules than clusters, whereas He+

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

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

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

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

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

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

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

µ

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

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

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

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

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

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

2 )/i(He+
3 ) is less than 1013 N−1

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

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

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

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

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

2.6 Recombination coefficient of helium ions

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

2 and
He+

3 . The main recombination reactions are

2-body: He+
n + e− = He∗n−1 + He

and

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

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

α = α2 + Nα3 (2.10)

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

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

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

2 is:

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

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

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

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

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

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

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

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

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

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

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

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

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

g , very close to the T−2.5
g de-

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

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

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

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

2 , N+
2 ) with electrons in helium
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at densities 2.5×1019 to 2.9× 1020 cm−3 and gas temperatures of 77 K, 125 K and
150 K.

2.7 Recombination of noble gas ions in helium

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

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

2.8 Conclusion

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

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

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

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

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

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

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






