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Abstract

Hot cavity ion sources of different kinds are widely used in nuclear and mass spectroscopy, especially
in on-line isotope separation devices attracting attention of scientists and engineers looking for high
ionization efficiency, robustness and beam purity. In the paper a new type of hot ionizer cavity is proposed:
namely cavity having the shape of a flat disc, which may be especially suitable for short-lived nuclides
to be ionized.

A numerical model of the ion source is presented in the paper. The particle tracking code takes into
account ionization at hot surfaces and enables modeling of both flat disc cavity and standard elongated cavity
ionizers. The code enables calculation of total ionization efficiency and is suitable for stable and long-lived
nuclides.

Influence of the flat disc cavity geometry (thickness and radius) and its temperature on total ionization
efficiency was considered — it was shown that the efficiency increases with cavity radius due to the growing
number of particle-wall collisions. This effect may be important in the case of the hard-to-ionize nuclides.

The optimal ionizer geometry is characterized by 90 % efficiency, even for substances with rather low
ionization coefficient (of order 0.05). The role played by the size of the extraction opening is explained —
it is demonstrated that the ionization efficiency increases due to the opening radius reduction. It is also proven
that extraction voltage of 1-2 kV is sufficient to maintain optimal ionizer efficiency.
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IPpPeKTUBHOCTH MOHU3ALUM B rOpsideil MJI0CKOM
AMCKOOOPA3HOM MOJOCTH

M. Typex

Huemumym ¢puszuxu, Ynusepcumem umenu Mapuu Kropu-Crroooeckoii 6 Jliobnune,
ni. umenu M. Kropu-Ckaadoscxot, 1, e. Jlrooaun 20-031, [orvwa

Hocmynuna 14.02.2020
Hpunama k neuamu 20.04.2020

HonusaTopsl ¢ ropsiyeii MoJIoCThIO Pa3IMYHOIO TUIIA HAXOAT IIMPOKOE MPUMEHEHHE B aTOMHON M Macc-
CHEKTPOCKONNH, B YACTHOCTH, B YCTPOUCTBAX JUIsl pa3/elIeHUs] N30TOIOB B pEKMME OHJIAIH, IPEICTaBIISIIOT
OoJIbIION MHTEpeC sl YUEHBIX M MHKEHEPOB BCIEACTBUE BBHICOKOH 3()(EKTUBHOCTH MOHHU3ALMH, HAJEK-
HOCTH M YHUCTOTHI Jiyya. B paboTe mpeioskeH HOBBIA THII FOpsie MOHM3aLMOHHON MOJOCTH, @ UMEHHO
MOJIOCTH B (hOpPME TIOCKOTO TUCKa, 0COOCHHO 3P (EKTUBHOM /11 HOHU3ALUH KOPOTKOKHUBYIINX HYKITUIOB.

IIpencraBnena dncieHHas MOJENb MOHHOTO MCTOYHHMKA. MOJENb OTCIEKUBAHHUS YacTHULl YUUTHIBAET
MOHM3AIMI0 HAa TOPSYMX MOBEPXHOCTSIX M MO3BOJSAET MOJAEIUPOBATH KaK MOJIOCTh IJIOCKOTO JUCKA, TaK U
CTaHJapTHbIC HOHU3ATOPHI C yUIMHEHHOM MOIOCTHI0. MOJIeb O3BOJISIET BHIIOIHATE pacyéT oomei adex-
TUBHOCTH MOHU3AIMU U IPUMEHUMA K CTAOMIIBHBIM U JIOJTOKUBYLIMM HYKJIHIAM.

PaccMmoTpeHo BiIMsHUE reOMETPUH MOJIOCTH TIOCKOTO JMCKa (TOJIIMHA U PaJuycC) U €ro TeMIIepaTyphl
Ha 0011yI0 3()(HEeKTUBHOCTh HOHU3AIMHU — TIOKA3aHO, YTO 3(P(PEKTUBHOCTD YBETUUUBACTCS C PAIYCOM I10JIO-
CTH M3-32 PACTYILETo YKcia CTOIKHOBEHHH YacTHIL cO cTeHKaMu. JlaHHbIH 3 (heKT MOXKET 0Ka3aThCs BaXKECH
JUTSL TPYJTHOMOHHU3UPYEMBIX HYKJIUJIOB.

OnrtrmalnbHasi TeOMETpHsI HOHKU3aTopa XapakTepusyercs 3¢ dextuBHoCcTbIO 90 % naxe s TPyIHOU-
OHH3UPYEMBIX BemecTB ¢ Ko3dunuentom nonnzauuu nopsiaka 0,05. O0bsicHAETCS poJib, KOTOPYIO UTpa-
eT pasMep SKCTPAaKUMOHHOI'O OTBEPCTHA — MOKa3aHO, 4TO 3(PQPEKTHMBHOCTh MOHM3ALUHU YBEIUYNBACTCS
M3-32 YMEHBIIEHHS pajuyca oTBepcTHs. Takke JoKa3aHO, YTO BBIXOAHOE HampsbkeHHe 1-2 kB nocrarouno
JUTSL IOAJIEPKAaHUSl ONTUMANbHON 3QPEKTUBHOCTH.

KiroueBble cjioBa: HOHHU3aTop, 3¢)(bCKTHBHOCTL HOHHM3alMU, IMMOJIOCTh, SKCTPAKIITMOHHOEC OTBCPCTHC.
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Introduction

Surface ionization ion sources equipped with
hot cavities proved to be useful tools e.g. in nuclear
spectroscopy [1], mass spectroscopy [2, 3] and are
widely used in on-line isotope separation (ISOL)
projects [4—7]. Hot cavity ion sources in its pure
form were invented almost five decades ago [8, 9]
and evolved into the resonant ionization laser ion
sources (RILIS) [10—12] based on an excitation of the
valence electron to the continuum by tunable lasers.
It is worth mentioning that the evolution has not
stopped and next hybrid ion sources for ISOL purpo-
ses still appear [13]. Numerous advantages of hot
cavity ion sources like: compact design, robustness
and reliability, very low energy spread of the ion beam
and its high purity and, probably most of all, high
efficiency and very small amounts of ionized substance
needed to obtain a good quality ion beam made these
devices attractive to physicist and engineers.

There is a variety of hot cavity ion sources,
but in their classical form the basic part is a
semi-opened ionizer made of refractory metal or
ceramics, heated to a high working temperature
(= 2500 K or more) either by electron beams [14]
or ohmically [15, 16] or even inductively [17]. Most
often the ionizer is connected to a target irradiated
in order to produce isotopes by a kind of transfer
line [18], but in some solutions the ionizer itself
could serve as the target and the produced isotopes
are released immediately into the hot cavity [14]. As
it has been already said, the cylindrical ionizer is the
most common solution, but spherical ones are also
used in some devices [19, 20].

In a series of previous papers a numerical models
of a variety of hot cavity ion source were presented,
including those concerning tubular [21-23], spherical
or hemispherical [24] and also conical ionizers [25].
Results presented by other groups also showed that
ionizer of complex shapes are characterized by very
high efficiencies [26, 27]. At the early version of the
model ionization of stable isotopes was considered,
later on the model was upgraded in order to take into
account effects of radioactive decay and delays of
the particle emission due to diffusion and effusion in
the ionizer [28]. The ionization model is based on the
assumption that multiple collisions of particles with
hot ionizer walls enhance total ionization efficiency.
It should be mentioned here that e.g. electron
impact ionization could also provide very important
contribution, especially in the case of hard-to-ionize
elements [22].

As it has been said before, geometry of the
ionizer cavity may be crucial for obtaining high
ionization efficiency. It was e. g. demonstrated that
spherical ionizers with small extraction openings
achieve higher efficiency than tubular semi-opened
1onizers in the case stable nuclides, while in the case
of short-lived isotopes either hemispherical or conical
ionizers are superb. In the current paper another shape
of the ionizer is postulated. It is a flat disc cavity
ionizer, which could be understood as a limiting case
of cylindrical ionizer, but characterized by shorter
length compared to its radius. The flat shape of the
cavity should result in a large number of collisions
of the particle traveling to the extraction opening.
Simultaneously, small length of the cavity makes the
penetration of the extraction field easier, leading to
fast and effective ion evacuation. It should be also
mentioned that manufacturing of the flat disc cavity
seems to be easier task than in the case of spherical
or even conical cavities, especially in the case of
hard-to-machine materials. The paper contains brief
description of the numerical model suitable for
stable and very long-lived isotopes. Dependency
of the ionization efficiency on the cavity shape (its
elongation an radius) is studied. The influence of the
extraction opening size on the efficiency is under
consideration. The current-voltage curves obtained
for different values of ionization coefficient are also
presented and discussed. The changes of the ion
yield due the ionizer temperature are investigated.

Numerical model

The numerical code wused for calculation
of ionization efficiency in a disc cavity is a trajectory
tracking code similar to that considered in previous
papers [21-25, 28]. The code follows trajectories
of both ions and neutral particles that are confined in
a hot cavity until they reach the extraction opening.
A schematic cross-section through the simulated
cavity-extraction electrode system is presented in
Figure 1.

It should be stressed once again that standard
cylindrical ionizer is characterized by r,<<L
condition, whilst for a flat disc cavity L should be
much smaller or at least comparable to ;. The results
presented in the paper were obtained for L of order
of I mm. The simulation system is discretized using
by 100x400x400 rectangular numerical mesh with
cell sizes Ax = Ay = Az = 0.05 mm. The electrostatic
potential is worked out by numerical solving of
Laplace equation (with boundary condition imposed
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by electrodes) employing the successive over-
relaxation method, as in [29, 30]. The classical
equations of motion are integrated using 4th order
Runge—Kutta algorithm. The forces used by the
push subroutine are found by linear interpolation
of the electric field values at six nodes nearest to
the particle position. Starting velocities of particles
depend on the ionizer temperature, while their initial
directions are chosen randomly. A neutral particle or
ion that hits the ionizer's hot internal surface could
undergo ionization/neutralization with a probability
(also called ionization coefficient) 3, which is related
to ionization degree by formula:

B=a/(1+a). (1)

The latter magnitude (o) is usually defined as
the ratio of the numbers of ions and neutral atoms
detaching from the hot surface and could be estimated
using the Saha—Langmuir formula:

a=Gexp(-(V;=¢,) / kT). )

In the above formula V; and ¢, are the ionization
potential and the work function of the ionizer
material, respectively, while the G prefactor depends
e.g. on the atom-surface reflection coefficient. As it
was already mentioned, the code follows the particles
until they exit the cavity through the extraction hole
and registers the total numbers of ions (/,) and
of neutrals (N,). The total ion source ionization
efficiency is calculated as:

B. N

+

N, 4N, ®)

[#)
2
! =
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- °
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Figure 1 — Schematic view of the simulated system

One should have in mind that particles inside
the cavity undergo many collisions with the ionizer
hot walls. As the collision number reaches hundreds
or even thousands, and charged particles are caught
by the extraction field, the B, could be by orders

of magnitude larger than ionization probability
during a single collision, predicted by the Saha—
Langmuir formula (2).

Simulation results

The influence of ionizer cavity shape on
ionization efficiency was investigated as the first.
Namely, 7, radius was changed starting from
0.8 mm up to 7mm while the ionizer length L
was kept constant (L =1 mm). The flat extraction
electrode on potential ¥, ,=-2kV) was set at the
distance d=1mm from the extraction hole of
radius 7, = 0.5 mm. The extraction channel length
was chosen as [/=0.2, unless otherwise stated.
The simulation timestep was chosen as 10-2 ps.
Simulation runs were performed using 20000 test
particles of 150 a.m.u. mass. The ionizer temperature
was set to K7=0.3 eV, unless otherwise stated.
Calculation results are shown in Figure 2. As one
can see, P coefficient changed over two and a half
decades. Obtained total efficiency increases very
fast with 3. As one may expect ionization efficiency
increases with the cavity radius and this effect is
especially important in the case of hard-to-ionize
substances (the case of B of order 0.01 or less). The
total ionization efficiency could be several tens times
larger than efficiency predicted by Saha—Langmuir
law. For example, for p=0.01 the total efficiency
reaches 0.5 in the case of flat enough cavities
(r;=4 mm or more). The 90 % efficiency, marked
as a dotted horizontal line, could be achieved for
larger than 0.06, which is significantly better than
efficiencies achieved in the case of cylindrical [21]
and hemispherical ionizers and comparable to that
reached in spherical ionizers [24]. As it was already
mentioned, the efficiency gain is reached due to the
increasing number of particle-wall collisions in the
case of flat cavities. As one can see in Figure 2. the
average number of collisions increase dramatically
with 7,. For small values of B it reaches 700 in the
case of very flat cavity while it is = 30 for the compact
shape. It could be seen that <n,;,> decreases with
B — the easier is an atom to be ionized, the faster
is caught by the extraction field.

On the other hand, in a flat disc shaped cavity
the volume that is far away from the extraction
field increases very fast with the ionizer radius.
Decreasing probability of ion extraction leads to the
saturation of ionization efficiency growth with ;. As
it could be seen in Figure 3 an excessive increase
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ofr;—above 7 mmin the considered case—is pointless,
as it will not result in efficiency improvement.

1.0 A
0.8+
0.6 1
S
0.4 1
0.2
0.01 L 0.1 1
IJ

Figure 2 — Total ionization efficiency as a function of
ionization coefficient B for different values of ionizer
radius 7;

Figure 3 — Average number of particle-wall collisions
calculated for different values of ionizer radius r;

1.0 A

Figure 4 — Total ionization efficiency as a function of
ionization coefficient B for different values of extraction
opening radius 7,

The influence of extraction hole radius was
also under investigation. Calculations were done for
a disc cavity of diameter ;=5 mm and L =1 mm.
Results for re changing in the range from 0.25 mm
up to 4 mm are presented in Figure 4. One can see
that total ionization efficiency increases with r,. Once
again that effect is more important for smaller f.
The explanation is very similar to that given in the
previous case: the smaller is the extraction hole,
the more collision with the hot wall each particle
undergoes, which enlarges the total ionization
probability. The average number of collisions as
function of B is shown in Figure 5. The increase
of the average number of collisions by three orders
of magnitude when the extraction hole radius is
reduced to 0.2 mm is meaningful. One should,
however, have in mind that the presented results
were obtained for stable isotopes. More particle-wall
collisions result in longer total time a particle stays in
the ionizer, which may play a crucial role in the case
of short-lived isotopes.

1000 3

100 4

< Rhir>

10 4

Figure 5 — Average number of particle-wall collisions
calculated for different values of extraction opening
radius 7,

The role played by the disc cavity thickness L
was also checked out. Simulations were performed
for ;=2 mm and r, = 0.05 mm, all other parameters
were as in the previous cases. The results are shown
in Figure 6. One can see slight reduction of ionization
efficiency for a very thin cavity (L = 0.5 mm). This
could be probably due to the fact that the penetration
of extraction field is limited in the case of such
a flat cavity. For larger values of L the changes
of efficiency are rather subtle, independently on the
ionization coefficient.
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Figure 6 — Influence of disc-shaped cavity thickness L on
the total ionization efficiency

Ionizer temperature may play an important role
in achieving large ionization efficiencies. Figure 7
presents results of simulations of B, evolution with
kT for a flat disk cavity. Simulations were performed
for L=1mm, r;=5mm and r,= 0.5 mm. Two cases
were considered: ionization coefficient in the lowest
considered temperature k7 =0.2 eV was set either
to 0.01 or 0.001. Ionization coefficient for higher
temperatures was calculated using Saha—-Langmuir
formula assuming V-¢,=0.9eV. Changes of
ionization coefficient with k7 are shown in Figure 7b.
It could bee seen that B increases several times in the
considered temperature range. This is not the only
magnitude that changes with ionizer temperature.
Hollow symbols show the dependence of the
desorbing particle initial temperature on k7 — that
change was also taken into account by the code. As
it is shown in Figure 7a, total ionization efficiency
increases with k7. The increase is nearly linear for
B(0.2eV)=0.001, while a kind of saturation could
be expected in the cases of higher initial ionization
coefficient f3.

0.8 A

0.6 1 e
./ —u— B, (kT) for B (0.2 eV ) =0.01

Bs

04 | —o— By (kT ) forB (0.2 eV) =0.001
o/”././.

0.25 0.30 035

kT, eV

a

b

Figure 7 — Total ionization efficiency as a function of
ionizer temperature k7" (a) and dependence of ionization
coefficient B and initial velocity of the desorbing particle
on ionizer temperature k7 (b)

As for other shapes of the ionizer, simulations of
the current-voltage curves were done (see Figure 8).

1.0+

—a

0.8
. 0.6

=]

<

~ 0.4

—a— $=0.005
021 —e— B=0.01
0.04 —a— B=0.1
0 2 4 6 8 10
Ve, KV

Figure 8 — Current-voltage curves calculated for different
values of ionization coefficient 3

The case of L=1mm, ;=5 mm and r,= 0.5 mm
was considered (the same set of parameters as previou-
sly). Extraction voltage was increased up to 20 kV. One
can observe very rapid increase of ion current with
V.., rising up to =1 kV. Above 1-2kV a saturation of
current-voltage curve is observed. This happens when
the extraction field is able to catch and extract ions
almost immediately after they are created. It should
be kept in mind that excessive (more than 1-2 keV in
the considered case) increase of the V,, is pointless —
it does not lead to any significant increase of f, and
may result in electrical breakdown. It is worth noting
that the shape of the calculated curves is close to that
obtained for tubular [23, 28] ionizers and to experi-
mental curves measured for the tubular ionizers [31].
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Conclusion

Stable isotope ionization in a novel kind of hot
cavity, namely flat disc-shaped one, was considered
in the paper. The brief description of the numerical
model was given for completeness. Influence
of the ionizer geometry on ionization efficiency
was considered. It was shown that the efficiency
increases with the disc ionizer radius reaching values
higher than these obtained for elongated cylindrical
or hemispherical ionizer. lonization -efficiency
of 90 % could be reached even in the cases of the
ionization coefficient of order 0.05. This effect is
mostly to the large number of particle-ionizer wall
collisions (reaching several hundreds) in the case
of flat cavities.

Numerical simulation performed using the
model showed also that:

— ionization efficiency of stable isotopes could
be significantly enhanced by the reduction of the
extraction opening radius;

— excessive reduction of that thickness (below
0.5 mm) may lower the total ionization efficiency;

— extraction voltage of 1-2 kV is sufficient
to achieve almost maximal efficiencies at given
geometry.

Simulations of the influence of the ionizer
temperature on the total ionization efficiency showed
that the efficiency increases with &7, mostly due
to the fact that ionization probability usually increases
with the surface temperature. Thus, it is crucial
to maintain possible high ionizer temperature (for
typical ionization conditions) and reduce chances
of forming "cold spots" that could reduce efficiency
to a large extent.
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