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A Monte Carlo method based numerical model of hot cavity surface ion source that takes into account ra-
dioactive decay and the delay due to the sticking of particles to ionizer surface is considered. The influence of
electron impact ionization by thermionic electrons accelerated by the extraction field is investigated. It is shown
that the contribution from that process rises with decreasing half-life period and cannot be neglected, especially for
substances of small surface ionization coefficient. The changes of relative yields from electron impact and surface
processes with the length of the average sticking time are also studied.
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1. Introduction

Hot cavity surface ion sources, invented initially for
rare-earth isotope separation purposes [1, 2] are still used
e.g. in nuclear spectroscopy, experimental astrophysics.
Due to their advantages like high efficiency, short time
nuclides stay in the cavity and high beam purity, they are
still developed and optimized [3-11], often evolving into
hot cavity resonant ionization laser ion sources (RILIS)
[12, 13].

A crucial part of the hot cavity ion source is a hol-
low, elongated, semi-opened cylinder known as ionizer. It
is usually heated to high operating temperatures (2000
3500 K) either ohmically or using electron beams. The
ionizer itself could be an irradiated target in on-line ex-
periments [14]. Otherwise, a transfer line is required [15].
Atoms in the ionizer collide with hot walls and are ionized
in a process described by the Saha—Langmuir formula

a = Gexp(—(Vi — ¢e)/KT), (1)
where V; and ¢, are the ionization potential of an atom
and the work function of the ionizer, respectively, and G
is a constant depending on atom/surface composition.
The « coefficient is defined as the ratio of the number
of ionized (N4) and non-ionized (Ny) atoms leaving the
surface. Another often used quantity is the ionization
probability 8 = a/(1 + «). As a result of multiple colli-
sions of particles with hot walls ionization efficiency may
be much greater than that predicted by (1).

Over the years, many analytical models of hot cav-
ity ion source were considered [16-19]. Recently, also
a numerical model of ionization in a hot cavity source
was developed [20, 21] enabling studies of the influence
of such factors as ionizer length and geometry, temper-
ature, extraction voltage, atom /surface composition etc.
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on the ionization efficiency. In its upgraded versions the
code was made suitable for spherical ionizers [22] and
took into account effects of radioactive decay [23].

The surface ionization (SI) is the main mechanism of
ionization occurring in the hot cavity ion sources. How-
ever, the production of e.g. multiply charged ions was
reported [24], which could not be produced by SI. The
authors explained the observed results by existence of
ionization mechanism other than SI, namely electron im-
pact ionization (EII) by electrons accelerated by extrac-
tion field. Influence of EII on the ionization efficiency of
stable nuclides was studied in one of earlier papers [25].
The numerical model was based on the assumption that
thermionic electrons emitted from the ionizer may gain
enough energy to ionize atoms and significantly con-
tribute to the ion yield. It was shown that for high
enough operating temperatures the contribution from EIT
is non-negligible for small 5 and may be even higher than
that from SI.

The aim of that paper is demonstration of the influence
of EII on the efficiency of the ion source also in the case
of short-lived isotopes, which are of great importance in
the field of nuclear spectroscopy. The radioactive decay
is modeled using Monte Carlo approach. The estima-
tion of the time spent by an atom inside the ionizer is
necessary. Besides the flight time, also the time spent
on ionizer walls is taken into account. The estimation
of mean free path for EII is given for different ionizer
temperatures and EII cross-sections. Changes of EII in-
fluence on the ionization efficiency with the radioactive
half-life are presented and discussed. The effect of the
EII contribution changing with the average sticking time
is also under investigation.

2. Numerical model

The numerical code solves the equations of motion of
particles in the system consisting of a cylindrical ion-
izer of the length L and the inner radius r and a flat
extraction electrode on the potential —V.. placed at the
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distance d from the ionizer opening. The electrostatic po-
tential distribution is determined by solving the Laplace
equation by successive over-relaxation method, similarly
as in [26-28]. The simulated system is covered by a nu-
merical grid with 500 x 100 x 100 cells. The cell sizes are:
Az = 0.1 mm, Ay = Az = 0.05 mm. The electric field
acting on a particle is calculated by the linear interpola-
tion of the values in the nearest grid nodes. The particle
trajectory is determined solving classical equation of mo-
tion using 4th order Runge—Kutta scheme.

A particle hitting the ionizer wall could be ionized or
neutralized with a probability given by the ionization co-
efficient 8. A particle leaves the surface with the mean
velocity corresponding to the ionizer temperature 7', and
the cosine distribution of the initial direction with re-
spect to the normal. The code follows the trajectory of
a particle until it passes the opening of the ionizer.

The code takes into account the radioactive decay of
primary nuclides. The primary nuclide undergoes the
decay after the time tqec, which is determined using the
standard Monte Carlo technique

tdec = _TI/Q IH(RND), (2)
where RND is the normal pseudorandom number and
71,2 is the radioactive decay half-life. The code counts
the primary and secondary nuclides (N, and Ngy) as
well as neutrals (N0 and Ngo). Assuming that the pri-
mary nuclide ions are desired kind of particles, the total
ion source efficiency is defined as:

b= 2t . (3)

p+ T Ny + Npo + Neo

The efficiency decreases with the average time a parti-
cle stays inside the ionizer, which is not only the intrinsic
delay time (mean time of the particle flight) but also the
time spent by a particle on the hot surface. In most
cases, the delay in ion production is caused by sticking of
particles to the walls. On average, a particle remains on
the surface for some time called the sticking time, until
it overcomes the potential barrier. The average sticking
time on the surface of the temperature T is given by the
Frenkel equation [29]:

AHa)

T (4)
where AH, is the adsorption enthalpy, k is the Boltz-
mann constant and 7 is the inverse Debye frequency. As
one can see the average sticking time depends strongly
on T, but also may vary for different atom/surface com-
binations. The 7 is determined using the formula tgicx =
—7, InRND.

The atoms inside the ionizer could be ionized by EII,
provided that electrons have kinetic energy larger than
ionization energy FEj;. It is assumed that thermionic elec-
trons from the inner surface of the ionizer near the ex-
traction opening could be accelerated by the extraction
field penetrating the ionizer volume (see Fig. 1a) and gain
energies larger than ionization threshold. It is expected
that only electrons from the cylindrical surface of some
length [ could have E > Ej.
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Fig. 1. Potential distribution along the ionizer (a).
Mean free path for EII inside the ionizer as a function
of its temperature (b).

It is assumed for simplicity that the influence of elec-
tron impact of electrons with the energy larger than
some cut-off energy E.. The density n. of electrons with
E > E; may be estimated as in [25]. The mean free path
inside the ionizer could be estimated by

A= (ome) ", ()
where o is the average value of EII cross-section (some
experimental data could be found e.g. in [30, 31]). The
atom that travels inside the ionizer cavity is ionized by
EII after passing the distance

sg1 = —AIn(RND). (6)

The code tracks the particles until they pass the ex-

traction opening and calculates the total efficiency from
the formula (3).

3. Results

First step in order to study the influence of EII on the
efficiency of the ion source was determination of A. Cal-
culations were done for Vo, = 2 kV, d = 2 mm and kT
varying from 0.25 up to 0.31 eV. As one can see in Fig. 1b,
A decreases with temperature, as well as with o, becom-
ing of order of 10 cm for high enough, but still feasible,
temperatures (above 3000 K). Changes of EII with kT
and o were studied previously [25] for stable isotopes,
similar results (not shown here) were obtained for short-
-lived ones. It is expected that for high kT, the contri-
bution from EII for short-lived isotopes is comparable or
even larger than that from surface ionization, especially
for substances of low 3.
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Fig. 2. f3.(B) curves obtained for different 7/, taking
into account both SI and EII processes in the case of
Ts = 0 (a). The dgr ratio as the function of S (b).
The g1 ratio as the function of 7 /5 (c).

Figure 2a shows the total ionization efficiency as func-
tion of 8 for nuclides of 7,/ changing from 0.01 ms up to
0.1 s in the case of the ionizer of the length L = 40 mm
and the radius » = 2.5 mm. The sticking of particles is
neglected. Simulations were done employing 300000 of
particles of the mass 150 a.m.u. The other parameters
were KT = 0.31 eV and s = 1 x 107 cm™2. As in the
case of pure surface ionization, the efficiency degrades
due to the radioactive decay with the decreasing half-
-life, especially rapidly when 7,5 becomes comparable
with the intrinsic delay time (= 0.1 ms).

Figure 2b shows the dependence of relative change
of Bs due to EII as the function of 5. It is defined as
the ratio:

0
fug = Bs ﬂgﬂs 7 )

where 30 is the ionization efficiency calculated without
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taking the electron impact ionization into account. The
contribution from EII increases rapidly for small 3 reach-
ing the same magnitude as that from surface ionization
for # = 0.01 and becoming almost 1.75 for 5 = 0.005.

Figure 2c¢ presents changes of dg; with 7y /5, also in the
case of 7, = 0. It is worth to notice that for small values
of Bg he contribution from electron impact ionization is
almost twice larger than that from the surface ionization
even for larger 7,/5. The Jgy ratio increases when 7y /o
becomes comparable to the average time a particle stays
in the ionizer. This effect is stronger for smaller .
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Fig. 3. [s(B) curves obtained for different 7, taking
into account both SI and EII processes for 11,2 =
0.1s (a). The Jg1 ratio as the function of 8 (b). The Jg1
ratio as the function of 7, (c).

The changes of dg; with the average sticking time were
also under investigation. Figure 3a shows B5(8) curves
obtained taking into account both electron impact and
surface ionization for 7,5 = 0.1 s and 7, changing from
0.01 ms to 0.1 s. The degradation of s is observed
as 75 grows due to the multiple collisions with walls. The
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mean time of staying in the ionizer exceeds 7/, even for
7, = 1 ms. As in the case of 7, = 0, one can observe that
the contribution of EII is important for small 3, reach-
ing even 200% of that from the surface process (Fig. 3b).
Figure 3c shows changes of gy ratio with 7. Despite the
fact that 8 falls fast with 74, dgr rises, being of order
of 1 for § = 0.01. For small 8 the electron impact con-
tribution is non-negligible in the whole considered range
of 75 reaching even 250% of the surface ionization yield.

4. Conclusions

The realistic model of ionization in the hot cavity sur-
face ion source was considered, including such effects as
radioactive decay, sticking of atoms to hot walls and the
influence of electron impact ionization. It was found that
EII influence rises with decrease of 8 and could not be ne-
glected for substances of 5 < 0.01. The contribution from
that process could be larger (even twice) than the yield
from surface ionization and it rises with decrease of 7y /5.
The changes of relative yield from EII with 7 were stud-
ied. It was found that it rises significantly with ;. This
effect is stronger for substances of low .

The effect of electron impact ionization should be taken
into account for substances of low 3, especially for short-
-lived isotopes and in the case of long sticking times, as
it may change the model predictions by several hundreds
percent.
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