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ABSTRACT

The emittance of ion beams produced by a disc-shaped hot cavity ion source are calculated using a numerical
model taking into account the radioactive decay of particles. The changes of beam emittance with the nuclide
half-life were studied for the two different cavity shapes, the compact and the flat disc cavity. In both these cases
emittance increases with r,,. However, the compact ionizer configuration prevails in terms of beam quality for
easy-to-ionize substances. The influence of the extraction channel is also under investigation. Although the emit-
tance rises with the extraction opening radius for the both considered shapes it is shown that in the case of the
compact ionizer, the saturation of that growth is observed. The scaled efficiency calculations results show that the
compact cavity configuration is more tolerant to beam divergence effects due to the increasing extraction channel

diameter. This shape was proven to be superior, especially for short-lived nuclides.

Keywords: surface ionization, hot cavity ion sources, ion beam emittance

INTRODUCTION

Particle beams are crucial for a variety of
experimental set-ups used in experimental phys-
ics, medicine and technology. A lot of effort is
made in order to ensure that particle beams of
desired current but also other factors like ener-
getic and angular divergence, uniformity and
purity could be used e.g. in nuclear spectroscopy,
lithography and semiconductor processing, can-
cer therapy, high energy accelerator physics etc.
Numerical simulations are widely used to support
and enhance the design of ion beam equipment
including ion sources and ion guns [1,2]. Numeri-
cal simulations are especially useful in the case
extraction and beam forming systems and filters in
order to provide, e.g. low emittance or high bright-
ness particle beams [3,4], e.g. of negative ions.

Surface ionization ion sources with hot cav-
ity were developed in 1970s [5,6]. Since that time
they were successfully used, e.g. in a variety of
isotope separation facilities [7,8]. Their back-
bone is a semi-opened ionizer usually made of
a refractory metal, such as W, Ta or Mo, heated
(either ohmically or by electron beams) to a high
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working temperature (above 2000 K). Usually
the 1onizer has a form of a tube, however other
shapes, like spherical ones could be seen in some
devices [9,10]. Even more complicated cavity
shapes were proposed as a result of numerical
simulations [11]. Usually, the ionizer cavity is
connected to an irradiated target ( the source of
new nuclides ) by a transfer system [9,12]. Alter-
natively, the ionizer wall itself could serve as the
irradiated target and the produced nuclides dif-
fuse out directly into the hot cavity [13].

A variety of mathematical models of process-
es that occur in hot ionizers was considered by
different authors over the decades, starting from
the models proposed by scientists at JINR, Dubna
[14,15]. Other approaches were proposed later on
at Western ISOL facilities [16] and focused e.g.
on geometrical aspects of a hot cavity [17]. More
details and references on this could be found, e.g.
in [18]. Most of these models make use of an
assumption about a thermal equilibrium between
the plasma and the hot walls that emit particle
in thermal process. A potential well is then cre-
ated that prevents the positively charged ions
from hitting the walls what could lead to their
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neutralization. Multiple collisions of a particle
traveling inside the hot cavity amplify the total
ionization probability far beyond the limits pre-
dicted by the Saha-Langmuir equation.

Several numerical modeling approaches
(mostly using the Monte Carlo methods) aiming
at the description of the processes taking place
inside a hot ionizer could be found in the litera-
ture [11,17]. Most of them describe thermal sur-
face ionization in a cavity taking into account the
above-mentioned effect of efficiency amplifica-
tion via multiple particle-wall collisions [18,19].
Several papers focus on the modeling of the
release (diffusion) of the newborn nuclides from a
target/ionizer walls [20,21]. The effusion in target-
ionizer vapor transport connectors was also under
investigation [22,23]. A multitude of ionizer shape
propositions was put forth in numerical modeling
papers, yet the most common is just the tubular
one [24,25]. The simple model of the tubular ion-
izer [19] was also enriched by implementation
of an additional effect of electron impact ioniza-
tion [26]. Later on, spherical or nearly spherical
cavities were proposed [27,28]. Several years
ago another variation, namely the conical shape
were under consideration [29,30]. Calculations
of extracted beam emittance were performed for
both of these shapes [31,32]. Even more surpris-
ingly, the already mentioned shapes with “spikes”’
could be found in the literature [33,34].

Recently, a flat-disc cavity was proposed
[35], which should be defined as the special
case of a cylindrical ionizer characterized by
a length shorter with respect to its radius. Such
cavity shape could be regarded as an important
and prospective solution, as it could enlarge the
number of particle-wall collisions as they move
toward an extraction hole. Moreover, such cavity
is relatively easy in manufacturing, which cannot
be neglected especially in the case of hard-to-
machine refractory metals. In [36] it was shown
that the flat disc shape could be very effective in
the case of stable and long-lived isotopes, espe-
cially those which are hard-to-ionize, while the
compact shape with small internal ionizer diam-
eter works better for short-lived isotopes, as they
spend shorter times until ionized and extracted.

The aim of presented studies was to check the
influence of the geometry of the flat cavity and the
extraction channel on the produced beam quality.
It is also kept in mind that some cavity shapes
may be more effective for short-lived isotopes as
they reduce the time a nuclide stays in the ionizer

(even at the cost of poorer beam quality) while
the other shapes are superior rather for stable
nuclides. A numerical model enabling intensive
simulations of broad spectra of cases seems to be
a proper tool that supports the choice of a solu-
tion suitable for particular demands or even to
find and optimal set of parameters describing the
extraction system geometry e.g. for short-lived
and hard-to-ionize nuclides.

A short theoretical introduction of emittance
as well as the numerical model used for calcu-
lations is given for completeness. The results of
emittance calculations for values of the inner cav-
ity radius for stable isotopes are shown and dis-
cussed. The discussion is enriched by presentation
of average number of particle-wall hits and mean
time a particle stays inside the cavity. Evolution
of ion beam emittance with ionization probabil-
ity and half-life period for different cavity shape
configurations are also under investigation. The
influence of the extraction channel geometry, i.e.
the extraction opening radius and its length on ion
beam quality described by its emittance and the
previously used [31,32] concept of scaled effi-
ciency was also studied.

NUMERICAL MODEL

The numerical code calculates trajectories of
particles (both neutrals and ions) in the disc-shaped
cavity of the ionizer. It derives the total ionization
efficiency of an ion source as a ratio of the num-
ber primary (non-decayed) ions and the number
of all other particles leaving the cavity through
an extraction opening. The code was presented
in detail in several previous papers, see e.g. [18]
and [31]. The simple geometry of the system being
considered is shown in Figure 1. It should be kept
in mind that the disc-like cavity is a special case
of a tubular ionizer geometry in the case when the
diameter of the cavity 27, is larger than its length
L. A very simplified extraction system is repre-
sented by a single flat extraction electrode having
a negative potential V. The electrode is placed at
the distance d =1 mm from the extraction orifice of
the radius 7. The simulation area discretized uses a
3D rectangular grid (100x400%400 nodes) with the
cell sizes Dx = Dy = Dz = 0.05 mm.

The electrostatic potential is determined by
all fixed electrodes. It is derived by the numeri-
cal solving of the Laplace equation via the suc-
cessive over-relaxation method. The electric field
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Figure 1. Schematic drawing of the simulated system

acting on charged particles could be easily found
as the (negative) derivative of the potential of the
previously calculated potential distribution. The
value of the pushing forces are derived applying
linear interpolation of the six values taken from
the closest neighboring grid nodes. The standard
4th order Runge-Kutta formula is used to solve
the equations of motion.

Particles are assumed to start from the inter-
nal surface of the cavity with purely random
direction of their initial velocity. The kinetic
energy (and consequently — the value of its veloc-
ity) is determined by ionizer temperature 7 using
asimple E, . =3 k7/2 equation — as the model test,
the influence of the cavity geometry and neglects,
e.g. forming thermal equilibrium based potential
distributions a simple singular delta-like velocity
distribution, was chosen, instead of e.g. the more
realistic Maxwellian distribution. As in previous
papers, for the sake of simplicity particle-particle
collisions are neglected and this assumption is
well justified as the pressure inside the cavity is
very low (of order 10 mbar [37]) and it means
that average distances between particle collisions
are above 1 m, much larger than the sizes of the
considered cavity.

A crucial feature of the model is the ioniza-
tion/neutralization mechanism: each particle
could be ionized or neutralized during the colli-
sion with a hot ionizer wall. The probability of
these processes are given by the ionization coef-
ficient S, which is very closely related to another
commonly used quantity i.e. an ionization degree:

B=a/l+a) (1)

The ionization degree is defined as the ratio
of the numbers of ions and neutrals that leave the
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hot surface. This ratio could be estimated using
the Saha-Langmuir formula:

a=Gexp(~(V, —4,)/kT) @)

where: V and ¢, are the ionization potential of an
travelling atom and the work function of
the ionizer material, respectively, and the
prefactor G depends on statistic weights
of the ion and neutral electronic levels
and reflection coefficients.

Due to the fact that each particle spends some
time inside the ionizer, mostly due to the sticking
to the surface for some time, effects of the radio-
active decay should be taken into account. The
time that a particle stays on the hot surface could
be determined using the Monte Carlo approach
for each particle-wall collision:

Zstick = _Ts ln RND (3)
where: ¢ is some average sticking time and RND
is a normal, i.e. in the range (0,1), random

number.

Typical values of ¢ for a variety of particle-
surface combinations could be found e.g. in [38].
Each primary nuclide (in the considered case it
is the nuclide of interest) undergoes decay after
some time ¢, , which could be derived according
to the formula:

ta’ec = _T1/2 ln RND (4)
where: ¢, , is the half-life period of that nuclide.

The code follows trajectories of particles until
they pass the extraction and counts the numbers
of ions of primary and secondary nuclides (V,,
and N ,) as well as the number of neutrals (Np0
and N ). The ion source ionization efficiency is
defined as the percentage of primary ions among
all particle leaving the ion source.

Generally, emittance is a 6-dimensional vol-
ume of phase space occupied by particles leav-
ing the ionizer. It is restricted by a 5D surface
of some (rather arbitrarily chosen) phase space
density [7]. As long as one momentum compo-
nent (say the z-th one), i.e. all particles, moves
in general z direction, one can separate their lon-
gitudinal and transversal motion. As the momen-
tum along the beam axis (p_) is much greater than
the transversal one it is justified and comfortable
to introduce orbital angles:
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y'=Px and y'= £ (5)
P: D

Similarly to that general case, the fractional
(or transversal) emittances are defined as the sur-
faces of the ellipses containing some large part
of the ion beam (usually close to, but for obvious
reasons not equal to 100%) in the both transversal
position-angle subspaces. This paper employed
the statistical approach introduced by Chasman
and Lapostolle and refined in further papers
[39,40]. Accordingly, the root mean square emit-

tance could be calculated as:

Ems = \/<x2 ><x'2 >— <xx’>2 and
=07

where brackets represent the second central
moment of the particle distribution, in the case
of symmetric distributions it is just the average.
Some authors suggest multiplying that emittance
values by the factor 4 to take into account all the
particles outside the ellipse.

(6)

RESULTS

As the first step, ion beam emittance in the
case of stable isotopes was under consideration.
The geometry of the ionizer is described by L=1

mm, and r, =0.5 mm. The extraction electrode

potential is ¥, = 2 kV and its distance from the
extraction hole was chosen as d=1 mm. The
ionizer internal diameter was changed from 0.8
mm up to 7 mm. Simulations were done using
100,000 (in the stable isotope case) of test par-
ticles of mass 150 a.m.u. The simulation timestep
was chosen as 10 s. The ionizer temperature was
setto kT=0.3 eV.

One can see in Figure 2 that the behavior of
emittance is rather complex. For each ionizer
diameter it is generally constant for small val-
ues of S parameter (i.e. for f smaller than 0.1).
For easy-to-ionize substances the beam quality
improves, as there are less (on average) number
of contacts with wall required in order to achieve
ionization. This is confirmed by the data shown in
Figure 3, the average number of all hits decreases
typically by an order of magnitude in the consid-
ered ff range. A similar general behavior of e_ (f)
curves was observed also for conical cavities (see
Figure 2 in [32]). The dynamics of that improve-
ment is larger for narrower ionizers (factor 3 for
r=1.5 mm). It could be seen that the emittance (at
the plateau region) is smallest for narrow ionizers
(r, =0.8 mm) and reaches maximum for r, =1.5
mm. The increase could be due to the fact that
some part of the particle reach the extraction from
outer regions of the ionizer and have large trans-
versal velocity component, as it was observed in
the case of hemispherical [31] and conical [32]
ionizers. For wider ionizers (7, =2 mm and more)
beam quality improves, which is rather surprising,
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Figure 2. Beam emittance as a function of the ionization coefficient for different values of ionizer radius .
The case of stable nuclides
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especially bearing in mind that the average num-
ber of contacts with ionizer walls simply increas-
es with r, reaching even several hundreds for =7
mm (see Figure 3). It is observed that this order
slightly changes for larger values of S coefficient
(curves intersect each other). It should be men-
tioned here that in the case of stable isotopes, the
proposed disc shaped cavity enables ion beams
characterized by approximately half the emittance
compared to the previously considered cases of
hemispherical [31] and conical [32] ionizers. This
allows introducing less divergent ion beam into
the e.g. beamline system of the ISOL facility.
Evolution of ion beam emittance due to the
change of the nuclide halflife was also under
investigation. The values of t,, changed in the
range from 1 s down to 0.5 ps. Two different cavi-
ty shapes were considered, the compact one, char-
acterized by »=1 mm, and the flat one for which
r=4 mm was set. Simulation results are shown in

Figure 4. For longer 7,, (i.e. larger than 10 ms)

the emittance is in the range 15—17 mm mrad for
f smaller than 0.1 independently of the ionizer
shape. For larger ionization coefficient values, the
beam quality improves and this is more distinct
in the compact ionizer case. Emittance decreases
also for shorter z,,, (as <¢> becomes comparable
to the halflife) and 5 mm rad seems to be limiting
value for the compact ionizer, and 12 mm mrad
for the flat ionizer. The results for small £ value
(the flat case) bear large numerical noise despite
using larger number of test particles (10°) as the
average time a particle stays in the cavity is much
longer than the t,, and the efficiency/extracted
current is very low. It should be also mentioned
that the order of curves in the case of =1 is the
same as in the compact (C) ionizer case described
in paper [32]. In the case of the flat ionizer r=4
mm one can see again a slight inversion of the
curve order and maximal emittance is for 7, =10
ms. The same order of e (f) curves was also
observed for £<0.1 in the case of spherical cavity

....f':‘]mm

- §=1.5mm
- r=2mm
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_r‘:7mm
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Figure 3. The average number of particle-wall collisions <z, > (a) and the average time a particle stays
inside the cavity <> (b) for different values of ionizer radius r. The case of stable nuclides
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Figure 4. Beam emittance as a function of the ionization coefficient for different values of nuclide halflife z, .
The cases of the compact (a) and the flat disc cavity (b)

(configuration A) in [31]. However, it has to be
borne in mind that (a) the order was inversed for
larger S, (b) the emittance values were ~3 times
larger in the case of spherical ionizer.

The influence of extraction channel of the
ionizer was also studied. Calculation of the
emittance changes due to radius of the extrac-
tion opening are presented in Figure 5. As previ-
ously, two cavity shape configurations are under
consideration =4 mm and =1 mm. The nuclide
decay halflife was set as 7, ,=10 ms. Calculations
were performed using 10° test particles. One can
see two families of ¢ (f) curves that behave in
a different way for each ionizer configuration.
Generally, emittance values achieved for the
compact shape are smaller, which is rather obvi-
ous due to the fact that the extraction opening
radius is limited by 7. Emittance increases with
r, the ¢  (B) curves are almost flat for smaller

f, then emittance decreases to ~ 5—7 mm mrad
in each case. This beam improvement is not
observed for very small values of r, — one can
rather see a rise of ¢ with £ and intersection
of curves. On the other hand, in the case of flat
ionizer one can see that for maximal ioniza-
tion coefficient value (f =1) different values of
emittance are achieved, despite the fact that e
decreases with f. This might suggest that the
emittance in the case of flat ionizer is governed
rather by the diameter of the extraction channel
while for the compact shape it is limited by the
diameter of the ionizer itself.

The next couple of figures (Figures 6a and
6b) present ¢ (r ) obtained for f=1. One can see
nearly linear increase of ¢ in the case of the flat
ionizer (r,= 2 mm is still much less then the inner
ionizer radius) and a kind of saturation of ¢ (r)
curve for larger r, in the case of the compact shape.
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Figure 5. Beam emittance as a function of the ionization coefficient for different values of
extraction opening radius 7,. The cases of the compact (a) and the flat disc cavity (b)

Almost linear increase of ¢ was also observed
for the compact case of the conical ionizer (com-
pare Figure 5 in [32]), while for the spherical ion-
izer a saturation of ¢ _growth or even surprising
decrease of emittance with 7, was seen.

As in the authors’ previous papers, scaled effi-
ciency was used, defined as:

= (7

rms

by analogy to frequently used beam bright-
ness. Brightness introduces relation between the
extracted current an the phase space beam vol-
ume, and in the case of scaled efficiency extract-
ed current is replaced by ionization efficiency.
One can see that scaled efficiency in both cases
decreases with r, although the shape of B(r)
curves is different in both considered cases. In
the case of the compact shape one can see that
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the shape is similar to that observed in the case
of compact (C) conical ionizer [32] — one deals
with a slow evolution of that magnitude. On the
other hand the decrease of the scaled efficiency
in the case of the flat ionizer is more rapid, near-
ly exponential. This is partially due to the fact
that the efficiency (not presented here) decreases
by more than an order of magnitude in the flat
case, while only twice in the compact ionizer
case. Similar behavior of scaled efficiency was
also observed in the case of compact conical ion-
izer [32] showing the advantage of minimal size
extraction opening also for that design. It should
be mentioned here that in the case of spherical
or hemispherical ionizer »,=0.7 mm or above
was an optimal choice (see Figure 3 in [31]). To
summarize this part — the compact shape with a
small diameter extraction opening seems to be
the choice suitable for short-living nuclides.
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Figure 6. Beam emittance and scaled brightness as functions of the extraction opening radius r,.
The cases of the compact (a) and the flat disc cavity (b)

Another extraction system parameter that
usually plays even more important role in form-
ing a low emittance ion beam is the length of the
extraction channel. This is because of the fact
that the longer is the extraction channel the more
effective is the filtering of particles characterized
by a large transverse momentum component. Of
course, there is another aspect — the longer extrac-
tion channel usually leads to less efficient ioniza-
tion efficiency, mainly as the penetration of the
extraction field gets weaker with the increasing
extraction channel length. Figure 6 shows the
results of the beam emittance and scaled efficien-
cy calculations for u in the range 0.1 mm up to
0.6 mm. The simulations were performed using
the same parameter configurations as in the previ-
ously considered case, and also for the two cavity
geometries (#,= 1 mm and 7, = 4 mm). The beam
emittance decreases with the extraction channel

length, as expected. The effect is very similar for
the both considered ionizer configurations, i.e.
¢, 1s reduced approximately by a factor of 2.
Again, this is a pattern similar to that obtained in
the case of a compact conical ionizer (see Figure
6 in [32]), although one has to mind the lower
emittance in the current case as mentioned above.

On the other hand, the evolution of B(u) curves
differs for the flat and the compact shape. This is
due to the different evolution of ionization effi-
ciency with u for both of these cases. For the flat
ionizer ionization the efficiency is reduced by 50%
due to the longer extraction channel. This leads to
saturation of B(u) curve. In the case of compact
ionizer shape the efficiency is not affected much by
the change of « and scaled efficiency increases fast.
Once again one could see that in the case of fast
decaying radioactive nuclides the compact ionizer
configuration, especially with a long extraction
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channel prevails, while the flat one works better
for stable and hard-to-ionize nuclides (Figure 7).

CONCLUSIONS

Emittance calculations for the ion beams
extracted from the disc-shaped cavity ion source
based on the numerical model of ionization tak-
ing into account the nuclide losses due to radioac-
tive decay was presented in the paper. The beam
emittance calculated for stable isotopes exhibits
rather complex behavior — it rises with disc ioniz-
er up to certain level and then decreases with 7. It
was shown that ¢ (f) curves intersect each other
for larger values of ionization coefficient and the
ordering of these curves changes. The evolution
of ion beam emittance with the nuclide half-
life was also studied for the two different cavity
shapes, the compact and the flat disc ionizer. In
both these cases the beam emittance increases
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with 7, . However, the improvement of beam
quality with rising f is stronger for the compact
ionizer configuration.

The impact of the extraction channel geom-
etry on the ion beam quality was under investi-
gation. The ion beam emittance grows with the
extraction opening radius for both considered
cavity shapes. In the case of the compact ionizer
the saturation of ¢, (r, ) curve is observed while
r, approaches r,. The scaled efficiency dependen-
cies on extraction channel radius help to show the
fact that the compact cavity configuration is more
tolerant to the effects of increasing , . The evolu-
tion of emittance and scaled efficiency with the
length of the extraction channel u were also test-
ed. It was demonstrated that ¢ decreases with
u in both cases; however, in the case of decaying
nuclides, the scaled efficiency reaches it maxi-
mum for #=0.5 for the flat disc shape, while still
increases for the compact ionizer which is supe-
rior in the case of short-lived nuclides.
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