
Vol. 136 (2019) ACTA PHYSICA POLONICA A No. 2

Proceedings of the 12th International Conference “Ion Implantation and Other Applications of Ions and Electrons”, ION 2018

Ion Beam Emittance for an Ion Source
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The emittance of stable and short-lived nuclide ion beams produced in the conically shaped hot cavity ion
sources is calculated. Changes of beam emittance with the half-life period as well as the average sticking time are
under investigations. Calculations are done for different lengths of the hot cavity in order to demonstrate both
advantages and drawbacks of each shape. Influence of the extraction channel geometry (its diameter and length)
on the ion beam quality is studied. A scaled efficiency, ion beam brightness analogon, is used to compare different
ion source configurations.

DOI: 10.12693/APhysPolA.136.329
PACS/topics: 07.77.Ka, 07.05.Tp, 34.35.+a, 41.75.Ak, 41.75.Cn

1. Introduction

Intense high-quality particle beams are corner-stones
in many fields of experimental physics (including high-
energy and accelerator physics, nuclear spectroscopy, ion
beam modification of materials etc.). It should be kept
in mind that not only the intensity of the ion beam is
a crucial parameter but also its quality measured e.g. by
beam divergence (or convergence) and its spread. Com-
puter simulations are a commonly used tool widely ap-
plied to design efficient ion sources, ion guns, injec-
tors, or transmission lines characterized by low transverse
emittance [1–6].

Hot cavity ion sources have been used in different ISOL
(Isotope Separation On-Line) facilities [7, 8] for several
decades [9, 10], mainly due to their numerous advantages
as high ionisation efficiency, excellent beam purity, and
low energy spread of the produced beam. It should be
also stressed that the short time atoms stay in the ioniser
is crucial in the case of radioactive nuclides characterised
by short half-lives. The crucial part is that an ioniser is
usually made of refractory metal and heated to a very
high working temperature (∼ 2500 K or more) either by
electron bombardment or ohmically [11, 12]. The most
popular form is a semi-opened tube but the spherical cav-
ities are also applied in some designs [13, 14]. It should be
mentioned that in the ISOL facilities the ioniser is either
connected to a target by a kind of transfer line [13, 15]
or the specially designed ioniser could be simultaneously
the irradiated target where new isotopes are produced
and then released into the ioniser cavity [16].

Several analytical models of processes taking place
in hot cavity ion sources have been proposed for
years [17–19] (for more details see [20]). Also the diffusion
of nuclides in target and effusion in surface ion sources
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was addressed in [21, 22]. Over last years a numerical
model of ionization in hot cavity ion source has been pro-
posed [20, 23, 24] taking into account not only the fun-
damental ionisation mechanism (surface ionization) but
also influence of electron impact ionization [25, 26]. In
its early form the model was suitable for stable and long-
lived isotopes. Radioactive decay and delays, due to
the nuclide diffusion towards the target surface and stick-
ing to hot walls and effusion, were implemented [20, 27]
which made the model applicable also for short-lived iso-
topes. The most popular tubular cavities were considered
as first, but then the model was extended also to spherical
and hemispherical cavities [20, 28, 29]. Recently [30, 31]
the hot cavity having a shape of a truncated cone has
been proposed. Such a shape could be considered as
transition between the elongated shapes of tubular ionis-
ers and more compact spherical shapes having advantage
for short-lived isotopes. On the other hand, the conical
cavity is by far easier to produce than a spherical one,
as the refractory metals such as W, Mo, or Ta are very
hard to machine. In the paper [30] the advantage of elon-
gated cavity shapes over the compact ones was proved
in the case of stable isotopes. The twofold increase of
ionisation efficiency is especially important for the sub-
stances hard to ionise. On the other hand, compact shape
prevails for very short-lived isotopes as the average time
a particle stays in the compact cavity is shorter than that
for the elongated one.

The brief description of the numerical model used for
simulation as well as the description of rms emittance
formulae is given in the paper for the sake of complete-
ness. The results of emittance calculations for different
elongations of the cavity in the case of stable isotopes
are presented and discussed. Dependences of beam emit-
tance on nuclide surface ionization probability, half-life
period, and its average sticking time obtained for differ-
ent cavity configurations are also considered. Influence
of the extraction opening geometry i.e. the extraction
opening radius and the length of the extraction channel
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is studied. A previously introduced [32] concept of scaled
efficiency is used in order to compare beam quality for
different extraction opening configurations as well as iso-
tope half-lives.

2. Numerical model

The numerical code is designed to follow the trajecto-
ries of particles inside the hot ioniser cavity. In the con-
sidered case the cavity is conically-shaped. It is schemat-
ically shown in Fig. 1. The cavity has the height h,
as well as upper and lower base radii r and R, re-
spectively. The flat (for the sake of simplicity) extrac-
tion electrode is placed at the distance d from the ex-
traction aperture. The simulation region is covered by
800x100x100 rectangular numerical grid. The cell sizes
are chosen as ∆ x = ∆ y = ∆ z = 0.05 mm. The suc-
cessive over-relaxation method is used to solve the dis-
crete Laplace equation and to find the electrostatic po-
tential, as in [19, 20]. One should bear in mind that
the shapes and potentials of electrodes impose bound-
ary conditions of the Laplace equation. The 4th order
Runge-Kutta method is applied to integrate the clas-
sical equation of motion and determine particle trajec-
tories. The electric field acting on a particle is calcu-
lated by a linear interpolation of E values at nearest grid
nodes. Particles are started from the internal surface
of the cavity assuming random distribution of their di-
rections. The ioniser temperature T determines particle
velocity. As the typical pressures inside the cavity are as
low as 10−4 mbar [33] (the typical mean path between
collisions is longer than 1 m), it is justified to neglect
the partcile-particle collisions.

Fig. 1. A schematic view of the considered geometry
of the ion source.

A particle could be ionised or neutralized during
the collision with a hot ioniser wall with a probability de-
scribed by the ionisation coefficient β . It is very closely
related to the commonly used ionisation degree

β = α / (1 + α) . (1)
On the other hand, the α coefficient is usually defined as
the ratio of the numbers of ions and neutral atoms leav-
ing the hot surface. This magnitude could be calculated
using the Saha-Langmuir formula

α = G exp (− (Vi − ϕe) /kBT ) , (2)
where Vi and ϕe are the ionisation potential of an
atom and the work function of the ioniser, respectively.
The G coefficient depends on the ioniser surface and
the ionised atom properties, including the reflection co-
efficient and statistical weights of the ionised and neutral
states. It is assumed that a particle sticks to the surface
for a time period, which is determined using the typical
Monte Carlo approach for every collision

tstick = −τs ln RND, (3)
where τs is the average sticking time and RND is
the pseudorandom number in the range (0,1). Typical
values of τs could be found e.g. in [34]. The model
takes into account radioactive decay of the primary
nuclide. Each nucleus of that kind undergoes decay
after the time tdec, which is calculated according to
the formula

tdec = −τ1/2 lnRND, (4)
where τ1/2 is the half-life period of the considered iso-
tope. The code follows the particles trajectories until
they pass the extraction opening and counts the num-
bers of primary and secondary nuclides ions (Np+ and
Ns+) as well as the number of neutrals (Np0 and
Ns0). The ion source ionization efficiency is defined as
the ratio

βs =
Np+

Np+ +Ns+ +Np0 +Ns0
. (5)

This efficiency differs much from the ionisation probabil-
ity β defined for a single particle wall collision and these
magnitudes should not be mixed up. Multiple collisions
of particles with the hot ioniser surface may result in
the increase of the total ion source efficiency defined by
Eq. (5) to the values much higher than those predicted
by the Saha-Langmuir law.

For the sake of completeness a short resume of
the beam emittance is given below. A beam formed
by N particles could be represented by a single point
in the 6N -dimensional canonical phase space composed
of each particle’s (x, y, z, px, py, pz) coordinates. Alterna-
tively, one can use N points in 6-dimensional phase space
instead. As long as all particles move collectivelly in ap-
proximately the same direction (say, along the z axis),
it is reasonable to treat longitudinal and transversal mo-
tions separately. The momentum along the beam axis
(pz) is much greater than the transversal component.
Therefore, instead of the momenta, it is convenient to
consider

x′ =
px
pz

and y′ =
py
pz

(6)

The fractional emittances (transversal) are defined as
the surface of the ellipses containing rather an arbitrarily
chosen part of the beam (usually 99%, 95%, or 90%) in
the xx′ and yy′ subspaces (often divided by π).

The code calculates the r.m.s. emittance as it is
more convenient in the numerical simulations. It is de-
fined [35, 36] as:
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εx,rms =

√
〈x2〉 〈x′2〉 − 〈xx′〉2

and εy,rms =

√
〈y2〉 〈y′2〉 − 〈yy′〉2 (7)

where brackets indicate the average over the whole en-
semble. It should be kept in mind that several authors
suggest multiplying rms emittance by factor 4 in order
to take into account also the particles outside the rms
ellipse.

3. Results

Calculations of ion beam emittance were made
in the case of stable isotopes (τ1/2 = 0) at first.
The ioniser geometry is described by R = 2.4 mm,
r = 0.2 mm, u = 0.1 mm, and rext =0.5 mm. The extrac-
tion electrode potential was Vext = 2 kV and its distance
from the extraction hole was chosen as d = 0.2 mm. Sim-
ulations were done using 200000 (unless otherwise speci-
fied) of the test particles of 150 a.m.u. mass. The simu-
lation timestep was 10−8 s. The ioniser temperature was
set to kBT = 0.3 eV. The results for cavities of different
lengths h are shown in Fig. 2. As one can see the beam
emittance decreases with the β parameter independently
of the cavity length. This is related to the fact that
particles of the substances that are easier to ionise un-
dergo a smaller number of collisions with the cavity walls.
Moreover, the longer is the cavity, the higher is the beam
quality. In the case of short cavities the particles reach
the extraction region with a larger transversal momen-
tum component as it was observed in the case of hemi-
spherical cavities [32]. This results in larger emittance
values exceeding 50 mm mrad in the case of h = 30 mm.
On the other hand, one can observe that erms tends to
the limit of 37 mm mrad with the increasing h for small
values of β parameter (β < 0.1).

Changes of ion beam emittance with the nuclide half-
life were also studied. The values of τ1/2 changed in
the range from 10 ms to 10 µs. Two opposite cavity

Fig. 2. The εrms(β) curves for different values of cavity
length h in the case of stable isotopes.

configurations were under consideration: the elongated
one (E) i.e. the case of h = 30 cm and the compact one
(C) characterised by h =2.5 mm. The calculation re-
sults are shown in Fig. 3. For the longest τ1/2 the beam
emittance is ∼ 38 mm mrad in the case (E) while it ex-
ceeds 50 mm mrad for the compact cavity. One can see
that εrms(β) curves behave in two different ways in each
of the two cases. In the case (C) one observes lowering
of εrms(β ) with the decreasing τ1/2 (improving the beam
quality) while the reverse trend could be seen for the con-
figuration (E). It should be noticed that the εrms(β)
curves are much flatter (particularly for β < 0.1) com-
pared to the case of (hemi)spherical cavities [32].

Fig. 3. The εrms(β) curves for different nuclide half-life
periods τ1/2 (sticking neglected) for the two different
shapes of the cavity.

Influence of average sticking time τs on the beam emit-
tance was also investigated (Fig. 4). Calculations were
done for τ1/2 = 0.1 s and τs changing in the range from
10 µs up to 100 ms. All other simulation parameters
were kept the same as in the previously considered case.
Again the (E) configuration prevails with the emittance
below 40 mm mrad. The influence of τs on the shift of
εrms(β ) curves is quite different for the two considered
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configurations. In the case of compact cavity (C) emit-
tance decreases to 40 mm mrad and even below as the av-
erage sticking time rises. The εrms(β ) curves are bunched
together except for the curve for the shortest τs, the emit-
tance values for different sticking times do not differ more
than by 5 mm mrad (for β < 0.1). However, it could be
noticed that the ordering of the curves (for β > 0.1) is
inverse, compared to the case (E).

Fig. 4. The εrms(β) curves for different average stick-
ing times τs and the two different shapes of the cavity.

The changes of the beam emittance obtained
for β = 0.1 with the extraction hole radius rext are
shown in Fig. 5. Calculations were performed for
the two cavity geometries and two sets of timescales
(1) τ1/2 = 0.1 s and τs = 1 ms (2) τ1/2 = 0.1 ms and
τs = 0.001 ms. It should be mentioned that the sim-
ulations for the shorter timescales were done using
400000 particles for better statistics. One can see differ-
ent behaviours of εrms(rext) curves for the two considered
cavity shapes. In the case of elongated cavity the emit-
tance rises with rext up to ∼ 37 mm mrad for rext near
0.5 mm and then saturation of that trend is observed.
On the other hand, εrms grows constantly with rext reach-
ing the values above 90 mm mrad for rext = 1 mm

and no saturation is expected. This is due to the earlier
mentioned fact that in the case of the flat conical cavity
a lot of ions reach the extraction region with a relatively
huge transversal component of momentum, as they are
produced in the peripheral parts of the cavity. It should
be noticed that the εrms(rext) curves are very similar for
the two sets of timescales.

In analogy to the beam brightness, another frequently
applied figure of merits for the ion source, a scaled effi-
ciency, was introduced in the previous paper [32]:

B =
βs

εx,rms εy,rms
, (8)

This magnitude introduces a relation of the efficiency of
the ion source to the phase space volume of the beam it
produces. Figure 5 shows also the changes of B with rext.
For longer timescales the B(rext) curves behave in a quite
similar way decreasing with the extraction radius, how-
ever, the curve for the (E) configuration is almost flat.
The (E) configuration prevails in the whole considered
rext range, the scaled efficiency is 5-1-0 times larger than
that for (C) shape. This changes for the isotopes with
a shorter half-life period. One can see that the compact
cavity (short effusion time) with small extraction open-
ing (low emittance) results in the highest performance.
For larger rext values the saturation of B(rext) curve for
the (E) shape could be observed, as both efficiency [31]
and the beam emittance have a constant value.

It can be expected that the second parameter describ-
ing the extraction opening geometry, namely the length
of extraction channel u influences the ion source per-
formance substantially. On one hand, the emittance
of the produced ion beam should decrease with u be-
cause the longer is the extraction channel, the more effec-
tively one gets rid of particles carrying a large transver-
sal momentum. On the other hand, the ion source de-
grades with u because of the fact that the long extrac-
tion channel leads to worse penetration of the extraction
field. Figure 5 presents the results of the beam emit-
tance and scaled efficiency calculations for u changing
up to 1 mm performed for the two cavity geometries
and the same timescale sets as previously. As it was
expected, the beam emittance decreases very fast with
the extraction channel length. The εrms(u) curves for
the (C) configuration are much steeper that those ob-
tained for the elongated one. The behaviour of emit-
tance is more or less the same for the two timescale
sets. The order of B(u) curves is, however, completely
different for shorter and longer τ1/2. The scaled effi-
ciency grows with the length of the extraction channel.
In the case of τ1/2 = 0.1 s the elongated configuration
prevails. In the case of shorter τ1/2 the compact cav-
ity is much more efficient [31] and the longer extraction
channel allows removal of particles with a large transver-
sal momentum from the beam. The scaled efficiency for
the (C) shape is∼ 4 times larger than that obtained using
the elongated cavity. In the (E) case rather saturation of
B(u) could be observed.
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Fig. 5. The evolution of beam emittance and scaled efficiency with the extraction opening radius calculated for different
cavity configurations and timescale sets.

Fig. 6. The evolution of beam emittance and scaled efficiency with the extraction length calculated for the same
configurations and timescale sets as in Fig 5.
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4. Conclusions

Emittance calculations for the particle beams pro-
duced in the conical hot cavity ion source were pre-
sented in the paper. The beam emittance calculated for
the stable isotopes decreases with the cavity elongation.
Changes of ion beam emittance with the nuclide half-life
were also investigated for two different cavity configura-
tions. It was found that in the case of the compact cavity
beam emittance increases with the half-life period while
the inverse ordering could be seen for the elongated con-
figuration. Also the evolution of emittance with the aver-
age sticking time is different for the two considered cav-
ity shapes. The elongated cavity produces an ion beam
of better quality but the beam emittance changes much
with τs. On the other hand, in the case of compact cav-
ity the emittance does not depend much on τs. Influence
of the geometry channel on the produced beam quality
was studied. The beam emittance grows with the ra-
dius of the extraction opening for the compact cavity
while the saturation of εrms(rext) curves is observed for
rext > 0.5 in the case of elongated ioniser cavity. The ad-
vantages of compact cavity with small extraction opening
in the case of short-lived isotopes are demonstrated using
the concept of scaled efficiency. The changes of scaled ef-
ficiency with the length of the extraction channel were
also tested. While the elongated cavity works better in
the case of stable and long-lived isotopes, the compact
cavity with a long extraction channel could be several
times more efficient in the case of short-lived isotopes.
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