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Ionisation Efficiency in Conical Hot Cavities
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Surface ionisation in a new type of hot cavity characterised by the shape of a truncated cone is considered
in the paper. Influence of the hot cavity shape and its temperature on the ionisation efficiency of stable and
long-lived nuclides is under investigation and the supremacy of elongated conical cavities is proven. The role of the
extraction opening size is studied and its optimal diameter (≈ 1 mm) is found for the considered cavity shapes. It
is shown that the extraction voltages of 1–2 kV are large enough to obtain high efficiencies and saturation of the
current–voltage curves is observed above these values. Changes of ionisation effciency with the ioniser temperature
are investigated — increase of ion yield with T is observed. It was proven that cold spots inside the ioniser cavity
(near the extraction opening — in the considered case) can degrade ion source performance by several tens percent.
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1. Introduction

Surface ionisation ion sources with hot cavities have at-
tracted attention of engineers and scientists involved in
different isotope separation on-line (ISOL) activities [1–
3] for more than 40 years [4, 5], mainly due to such ad-
vantages as relatively high ionisation efficiency, purity of
beam, low energy spread of extracted beam, and short
time atoms stay in the ioniser (especially important in
the case of short-lived isotopes). Their crucial part is
a semi-opened ioniser heated to a high working tempe-
rature (≈ 2000 K) either by electron bombardment or
ohmically [6, 7]. It has usually the form of a tube but
the spherical ones were also used [8, 9]. In many solutions
used in the ISOL facilities, the ioniser could be connected
to a target by a transfer line [8, 10] or the ioniser itself
is the irradiated target where new isotopes are produced
and then released directly into the hot cavity [11].

In the previous papers a numerical model of hot cavity
ion source was presented [12, 13]. It is based on the as-
sumption that multiple collisions of atoms with the hot
ioniser walls could lead to high ion source ionisation ef-
ficiency. Electron impact ionisation was also proven to
bring very important contribution for high ioniser tem-
peratures and in the case of hard-to-ionise elements [14].
Several modifications were made to take into account ra-
dioactive decay of nuclides and delays due to the dif-
fusion out of the target as well as effusion delay (rela-
ted to sticking of particles to the ioniser walls) [15, 16].
The model enabled studies of ion source efficiency as a
function of many factors, like ioniser temperature, ex-
traction voltage, timescales governing diffusion and effu-
sion processes, as well as radioactive decay half-life. The
ionisation calculations were performed for both tubular
ioniser geometry and the spherical shapes [17, 18], which
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proved to be very effective, especially in the case of short-
lived isotopes.

In this paper a new geometry of the ioniser is proposed.
The hot cavity has a shape of a truncated cone and could
be considered as transition between the elongated shapes
of tubular ionisers and more compact shapes having ad-
vantage for short-lived nuclides. Moreover, one should
keep in mind that conical cavity seems to be much easier
to produce than a spherical one, as refractory metals are
rather hard for machining. In the paper dependence of
the ionisation efficiency on the hot cavity shape (mainly
its elongation) is presented and discussed. The influence
of the extraction opening diameter size on the ion yield
is shown. The current–voltage curves obtained for diffe-
rent shapes of the cavity are compared. The dependence
of the source efficiency on the ioniser temperature is also
under investigation. It will be shown that maintaining
possible the whole internal ioniser surface at high wor-
king temperature is crucial for obtaining high ionisation
efficiency.

2. Numerical model

The numerical code follows the trajectories of neu-
tral and charged particles inside the conically-shaped
hot cavity of height h, and base radii r and R. The
flat extraction electrode on the −Vext potential is pla-
ced at the distance d from the extraction opening of ra-
dius rext. Schematic view of the simulated system is
shown in Fig. 1. The whole simulation area is covered
by 800 × 100 × 100 Cartesian numerical grid with the
cell sizes ∆x = ∆y = ∆z = 0.05 mm. The electrosta-
tic potential distribution is determined by discretization
of the Laplace equation and solving it using the succes-
sive over-relaxation method, similarly to [19, 20]. Boun-
dary conditions are imposed by the shapes and voltages
of electrodes. Particle trajectories are calculated by inte-
gration of classical equation of motion using the standard
4th order Runge–Kutta scheme. The electric field in the
position of the particle of interest is calculated by linear
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interpolation of the field values at six nearest grid nodes.
It is assumed that particles are emitted from the internal
surface of the ioniser at random directions. Their initial
velocities correspond to the ioniser temperature T . Col-
lisions with other particles in the hot cavity are neglected
within the considered model. The typical pressure in the
cavity (for alkaline metals [21]) is below 10−4 mbar as
the ioniser is usually made of refractory metals as well
as due to the fact that very small amounts of substan-
ces are placed inside the cavity. Therefore, the typical
mean path between collisions is larger than 1 m, two or
even three orders of magnitude larger than the average
distance between the collisions with the ioniser surface.

Fig. 1. Schematic view of the simulated system geo-
metry.

A particle touching the ioniser wall could be ionised
or neutralized with a probability given by the ionisation
coefficient β, closely related to ionisation degree

β = α/ (1 + α) . (1)
The α coefficient is defined as the ratio of the numbers
of ionised and non-ionised atoms leaving the surface and
could be calculated from the Saha–Langmuir formula

α = G exp(−(Vi − ϕe)/kT, (2)
where Vi and ϕe are the ionisation potential of an atom
and the work function of the ioniser, respectively, and
G is a constant that depends on the ioniser surface and
the ionised atom properties. The numerical code follows
the trajectories of particles until they pass the extraction
hole and counts the numbers of ions (N+) and of neutrals
(N0). Then the calculated ion source ionisation efficiency
is defined as the ratio:

βs =
N+

N+ +N0
. (3)

This magnitude should not be mixed up with the ionisa-
tion probability β defined for a single particle wall col-
lision. Particles inside the cavity undergo many (tens,
hundreds or even thousands, depending on the cavity ge-
ometry) collisions with the ioniser hot walls. This results
in the increase of the total ion source efficiency defined
by Eq. (3) much higher than the values predicted by the
Saha–Langmuir law (2).

3. Simulation results
At first influence of the conical hot cavity shape on the

total ionisation efficiency was studied. The cone height

h changed from 2.5 mm up to 30 mm. The upper base
radius r was in the range from 0.2 mm up to 2 mm while
the lower base radius R was kept at 2.3 mm. The flat
extraction electrode (Vext =–2 kV) was placed at the dis-
tance d = 2 mm from the extraction opening. It was
assumed that the particles are emitted with uniformly
distributed probability from the lateral surface as well
as from the upper base of the cavity cone. Calculations
were done using 50000 particles of 150 a.m.u. mass. The
simulation time-step was 10−8 s. The ioniser tempera-
ture was set to kT = 0.3 eV. The results obtained for the
β coefficient changing over two decades (from 0.01 up to
1) are presented in Fig. 2. One can see that the total
ionisation efficiency is much higher than that predicted
by the Saha–Langmuir formula. This is especially well
pronounced for the smaller ionisation coefficient — the
amplification factor is ≈ 14 for β = 0.01 in the case of
h = 2.5 mm. One can see that the ionisation efficiency in-
creases with the cone height reaching value βs = 0.24 for
β = 0.01 (amplification factor 24) in the case h = 30 mm.
Increase of the ionisation efficiency with h for smaller β
could be explained by the fact that for the more elon-
gated cavity shape hard-to-ionise particles can undergo
more collisions than in the case of more compact shapes.
This is confirmed by the data in Fig. 3. The mean num-
ber of particle-wall collisions increases by≈ 20% for small
β as the cavity becomes more elongated.

Fig. 2. Ionisation efficiency as a function of β for diffe-
rent parameters describing the conical cavity: its height
h (a) and the upper base radius r (b).
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Fig. 3. The mean number of particle-wall collisions as
a function of β for two different cavity shapes.

The increase of ionisation efficiency with the upper
base radius r is also observed. One can see that the
amplification factor for β = 0.01 rises from ≈ 17 (r =
0.2 mm) up to ≈ 22 (r = 2 mm). The increase could be
explained in a similar way as in the previous case.

The changes of ionisation efficiency with the applied
extraction voltage were also under investigation. Calcu-
lations were done for the two cavity shapes: the compact
(h = 5 mm) and the elongated one (h = 30 mm). The
other dimensions were r = 0.2 and R = 2.3 mm. The
results for different values of β coefficient are shown in
Figure 4. In all cases one can see rapid increase of ion
current with Vext rising up to approximately 1 kV. Sa-
turation of current-voltage curves is observed when the
extraction field is strong enough to capture and extract
all ions almost immediately after they are produced. One
should keep in mind that excessive (more than 1-2 keV
for the considered d distance) increase of the extraction
voltage could lead to electrical breakdown. This is also
pointless in the light of the presented data. The shape of
the curves is similar to that obtained in the simulations
for the spherical [17] and tubular [13] ionisers. It also
resembles the experimental curves obtained for the tu-
bular ioniser case [22]. It can be seen that the extracted
currents in the whole Vext range are larger for the case
of elongated cavity, which is in good accordance with the
previously presented data.

The influence of the extraction aperture radius on
the ionisation efficiency was also tested. Simulations
were done for rext changing in the range 0.2–1.2 mm
and for the same as previously defined cavity geometries
(h = 5 mm and h = 30 mm). All other simulation pa-
rameters were kept invariant. The results for different β
values are presented in Fig. 5. One can see that the op-
timal value is near rext = 0.5 mm in all considered cases.
The presence of the maximum of β(rext) is the result of
two competing mechanisms. On the one hand, the smal-
ler is the extraction hole, the more collisions with the

Fig. 4. Current–voltage curves obtained for the com-
pact (a) and the elongated (b) cavity shapes.

Fig. 5. Ionisation efficiency as a function of extraction
opening size for the compact (a) and the elongated (b)
cavity shapes.
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ioniser walls a particle undergoes (on average), which le-
ads to the increased ionisation efficiency. In other words,
the collision with the flat end-cap surface acts directs the
particle backwards into the cavity. On the other hand,
the larger is the extraction opening diameter, the more
effective is the ion extraction, as the extraction field pe-
netrates the cavity at larger depth. As a result, larger
part of the cavity works in “each ion” regime [12] defi-
ned as a mode when each ion is removed from the ioniser
immediately after its creation. One can note that the
optimum in the case of h = 30 mm is slightly shifted to-
wards larger rext, meaning that the balance larger “each
ion” volume is required for more elongated cavity.

The numerical code was also used to predict dependen-
ces of ionisation efficiency on the ioniser temperature kT .
Calculations were done for the cone height h changing in
the range from 2.5 mm up to 30 mm, while r = 0.2 mm.
All other simulation parameters were kept the same as in
the previously presented cases. Ioniser temperature was
changed in the range from 0.2 up to 0.32 eV. One should
keep in mind that not only initial velocity of the desor-
bing particle changes with the ioniser temperature, but
also the ionisation probalility, as predicted by formulae
(1) and (2). The ionisation degree for kT = 0.2 eV was
arbitrarily set to 0.01, while Vi–ϕe difference was chosen
as 0.5 eV which could be considered as a typical value.
The simulation results are shown in Fig. 6. The relative
increase of ionisation efficiency is presented. One can see
the increase of βs with temperature which was also obser-
ved in experiments [23]. The relative increase is higher
for the compact cavity shapes. It reaches 75% for the hig-
hest considered temperature in the case of h = 2.5 mm.
The corresponding increase for the elongated cavity is
≈ 50%.

Fig. 6. Relative increase of ionisation efficiency with
the ioniser temperature.

The calculations presented above were done under as-
sumption that the flat end-cap is significantly colder than
the rest of the ioniser and re-emits neutral atoms only.
In other words it is assumed that the ionisation degree

Fig. 7. Relative change of the ionisation efficiency with
the temperature of the flat end-cap near the extraction
opening. Results for the elongated (a) and the compact
(b) geometry.

for that surface is αc = 0. Uniform heating of the ioniser
(especially near the extraction opening) is a crucial pro-
blem in hot cavity ion source design and engineering [6].
Colder spots can lead to efficiency degradation, as ionisa-
tion probability usually decreases in such places. This is
confirmed by the simulation results for the two different
shapes of conical cavity shown in Fig. 7. The relative
increase of ionisation efficiency is defined as:

δ =
βs (αc) − βs (αc = 0)

βs (αc = 0)
. (4)

It can be seen that the harder to ionise the substance is
the more important is maintaining sufficiently high tem-
perature also in the region of the extraction aperture.
Keeping the temperature of the end-cap high enough, i.e.
resulting in αc ≈ α enables the increase of the ionisation
efficiency by ≈ 30% (compared to the cold end-cap case)
for the elongated cavity or even by 50% for the compact
one.

4. Conclusions

A new geometry of hot cavity ioniser was proposed in
the paper. The conical shape of the cavity could be con-
sidered as an intermediate form between the tubular and
spherical ones. Non-extensive parametric studies of the
ionisation efficiency as a function of the cavity shape were
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performed for the stable and long-lived isotopes. The ad-
vantage of elongated cavity shapes over the compact ones
was proved, the twofold increase of ionisation efficiency is
especially important in the case of substances characte-
rised by small values of the ionisation probability coeffi-
cient β. The analysis of current–voltage curves obtained
for different cavity shapes suggest that extraction volta-
ges of 1–2 keV are sufficient to remove ions efficiently.
The changes of the ionisation efficiency with the size of
the extraction opening were also studied — it was found
that rext ≈ 0.5 mm is optimal in all considered cases.
The influence of ioniser temperature on the ion source
efficiency was also tested. The importance of maintai-
ning high temperature on the whole ioniser surface was
proved, inasmuch the presence of cold spots can degrade
ion source performance by several tens of percent.
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