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Abstract We introduce a novel thick-target concept tai-
lored to the extraction of refractory 4d and 5d transition metal
radionuclides of molybdenum, technetium, ruthenium and
tungsten for radioactive ion beam production. Despite the
more than 60-year old history of thick-target ISOL mass-
separation facilities like ISOLDE, the extraction of these
most refractory elements as radioactive ion beam has so
far not been successful. In ordinary thick ISOL targets,
their radioisotopes produced in the target are stopped within
the condensed target material. Here, we present a concept
which overcomes limitations associated with this method.
We exploit the recoil momentum of nuclear reaction prod-
ucts for their release from the solid target material. They are
thermalized in a carbon monoxide-containing atmosphere, in
which volatile carbonyl complexes form readily at ambient
temperature and pressure. This compound serves as volatile
carrier for transport to the ion source. Excess carbon monox-
ide is removed by cryogenic gas separation to enable low
pressures in the source region, in which the species are ion-
ized and hence made available for radioactive ion beam for-
mation. The setup is operated in batch mode. Initially, we
investigate the feasibility of the approach with isotopes of
more than 35s half-life. At the cost of reduced efficiency, the
concept could also be applied to isotopes with half-lives of at
least one to 10s. We report parameter studies of the key pro-
cesses of the method, which validate this concept and which
define the parameters for the setup. This would allow for the
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first time the extraction of radioactive molybdenum, tung-
sten and several other transition metals at thick-target ISOL
facilities.

1 Introduction

The Isotope mass Separation OnLine (ISOL) technique was
used already in 1951 to extract radioactive krypton isotopes
from a 10 kg uranium oxide target, which was placed between
the coils of a cyclotron magnet and irradiated by neutrons.
The direct connection of the target to an ion source allowed
simultaneous production and extraction of volatile species,
and is today considered as the birth of the ISOL technique
[1,2]. Modern ISOL targets use less material (see Ref. [3]
for a recent review), but their areal densities are typically
above several g/cm?. The thick target is both a blessing and
a curse: the number of radioactive atoms produced inside the
target scales with its thickness, translating into high yields for
volatile elements like mercury. At CERN-ISOLDE, which is
supplied by 1.4 GeV protons from the Proton Synchrotron
Booster (PSB), extractable yields for 1°’Hg from a molten
lead-bismuth target have been measured to be as high as
5 x 10” ions per p.C of protons, while the mean proton cur-
rent for molten targets can reach up to 1.5 pA [4-6].

Issues arise, if (i) the desired element is either chemically
reactive and forms strong bonds to the target or to structural
materials of the target and ion source system, (ii) the diffusion
of the element in the target material is slow, or (iii) if the
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effusion through open space from the target to the ion source
is hindered due to long sticking times at each wall encounter.
The mean sojourn time 7 for a single wall collision can be
estimated by the Frenkel equation [10,11],

T=r10 e*AHads/(RT)7 (1)
where R is the universal gas constant, 7 the period of vibra-
tion perpendicular to the surface in the adsorbed state and
A H,gs the enthalpy of adsorption, which is a measure of
the interaction strength between a single atom, molecule or
ion and a surface. Hence, 7 is a property of the adsorbent
only, while A Hygs depends on adsorbent and adsorbate. The
latter can often be correlated to the macroscopic sublima-
tion enthalpy of the adsorbent, characterizing the interaction
between atoms or molecules of the same kind, which in turn
is related to the vapour pressure of the compound. Hence,
the vapour pressure is a measure for the mobility of a species
during effusion processes for a given surface [12]. As can
be seen from Eq. 1, the mean sojourn time depends expo-
nentially on the temperature. Elements suffering from low
vapour pressure and high boiling point are called refractory,
and their extraction as ISOL beam provides a substential
challenge. Volatile carrier molecules need to be formed, to
enable transport of these elements to the ion source. From
there they are either extracted as a molecular or even ele-
mental ion beam, due to dissociation in the ion source. The
process is called in-situ volatilization, chemical evaporation
or extraction as molecular sideband. Reviews by Koster et al.
give an excellent overview of the method and its limitations
[13,14]. A recent development, not yet listed therein, is the
successful extraction of the refractory and chemically reac-
tive element boron as fluoride [15]. The elements for which
short-lived isotope beams (71,2 < 1h) are available from
thick-target ISOL facilities are shown in Fig. 1. The most
volatile elements, like noble gases, can already be extracted

: [ 2]
H |2 13 14 15 16 17 | He
3 |4 5| 6| 7| 8| 9| 10
Li | Be B|C|N|O| F|Ne
1| 12 13| 1| 15 P16 | 17 | 18
Na |Mg| 3 4 5 6 7 8 9 0 11 12| Al|Si|P|S|Cl|Ar
19 (20 [21 [22 [ N 20N 259 268 27N 289 29 | 30 | 31 | 32 | 33 P34 | 35| 36
K |[Ca |[Sc |Ti |V [Cr |[Mn |Fe |[Co |Ni |Cu |Zn |Ga |Ge | As | Se | Br | Kr
37 38 [39 | @ | o | 2 q oW «Q =¥ 46 | 47 | 48 | 49 | 50 | 51 Po2 | 53| s54
Rb|Sr|Y |2r (Nb Mo| Tc |[Ru|Rh |Pd |[Ag | Cd|In |Sn|Sb|Te| | |Xe
55 |56 |72 |72 | » | #q »N < 7N = | 79|80 | 81| 8| 83| 8| 85| 86
Cs |Ba |la...|Hf |[Ta |W |[Re |Os | Ir | Pt |[Au|Hg [Tl |Pb | Bi | Po | At | Rn

‘ Available Beams H Unavailable Beams ‘

‘ Forms Carbonyl-CompIexe§ rForms other XCO-Compound

Fig. 1 Periodic table of elements showing available and not yet avail-
able thick-target ISOLDE-beams of short-lived isotopes (71,2 < 1h),
in comparison with the elements forming carbonyl compounds [7-9].
S, Se and Te form compounds of type XCO (X= S, Se, Te), analogous
to CO;. Only the first six rows of the periodic table rows are shown
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at low target temperatures. As both the sticking times and the
diffusion processes inside the target material depend expo-
nentially on the temperature, it is possible to extract most of
the elements with the ISOL technique, if the target is oper-
ated at elevated temperatures. Therefore, the ISOLDE target
container is made of tantalum and is designed to be heated
restively to a maximum temperature of ca. 2250 °C.

As illustrated in Fig. 1, many transition metals are not
yet available as ISOL radioactive ion beam. This region of
the periodic table contains the most refractory elements like
molybdenum, technetium, ruthenium and tungsten. These are
at the same time the construction materials of the typical
target and ion source unit. So far, it was only possible to
extract tantalum as TaFs5 [9,16], which is compatible with
the structural materials of a FEBIAD ion source. Long-lived
9mTe (7} /2 = 6h) could be extracted in elemental form from
a tantalum carbide target equipped with a hot rhenium cavity
by resonant laser ionisation. The online extraction of short-
lived Tc isotopes is not reported [17]. Suitable sidebands for
the remaining 4d and 5d refractory metals have not yet been
found.

The requirements for volatile carriers are multifold. The
compound should form easily upon reaction of a produced
radioactive atom and a reaction partner, which is either
present in the target and ion source system or introduced via
injection of reactive gases. The latter can be either directly
injected into the target or produced in-situ by heating a small
solid sample which is connected to the target via a tube.

After formation of the isotope carrier compound, it has to
travel from the target container via a transfer line to the ion
source. On its way numerous wall encounters occur. Hence,
the compound must be chemically inert towards the materials
present in the target and ion source system. High tempera-
tures are often beneficial for fast diffusion and volatile com-
pound formation. However, it can be adverse to the desired
chemical stability of the carrier molecule. This is especially
the case, if decomposition is favored by thermodynamics, but
could be inhibited kinetically, i.e., by slower reaction rates at
lower temperatures. Moreover, if decomposition is required
for beam purification purposes, catalytic processes at low
temperatures can be considered.

After eventually reaching the ion source, the compound
needs to be ionized efficiently. For the extraction of the 4d and
5d transition metals of groups 6 to 9, which the present arti-
cle is addressing, the extraction as fluoride or oxide has been
discussed [9, 13, 16]. Both compound classes suffer from lim-
ited compatibility with the materials present in target and
ion sources. This especially holds for tantalum, which forms
strong bonds to oxygen and fluorine, thus decomposing the
volatilized oxygen or fluorine-containing molecules upon
impact.

Another issue arises from the target material. Typically
uranium carbide targets are used at ISOLDE to produce heavy
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elements, fission products and light neutron-rich fragments.
The reductive environment and the presence of carbon in
the material are adverse to oxidation reactions. The material
structure of uranium oxide has only limited thermal stability
and is prone to fast sintering, which increases the diffusion
time. To follow a classical approach for the extraction of
the refractory metal beams, the development of a new target
material, ideally a target and transfer line free from metallic
surfaces, and the integration of an efficient ECR (Electron
Cyclotron Resonance) ion source would be required, due to
catalytic decomposition of the volatile carrier on metallic
surfaces and the given source temperatures. However, even
after the implementation of all of these developments, the
issue of slow diffusion in the target material remains. Hence,
we propose a new target concept to bypass the limitations of
a more classical high-temperature approach.

2 The target concept

To overcome operation at high temperatures, a novel target
concept is proposed, allowing target operation at ambient
temperature and pressure. The new concept aims at producing
and extracting radioisotopes with half-lives of at least one to
ten seconds in a batch-mode.

The recoil momentum allows ejectils of nuclear reactions
to propagate through and emerge from thin metallic foils. In
the proposed concept, the recoils are thermalized in a reactive
gas and form volatile compounds in-situ (cf. Fig. 2). A com-
pound class that appears well suited for in-situ volatilization
is that of metal carbonyl complexes. As can be seen in Fig. 1,
nine out of fifteen transition metals, of which beams are not
yet available, form volatile carbonyl compounds. Already
in 1961, the extraction of molybdenum from uranium oxide
by formation of a volatile carbonyl compound was demon-
strated [ 18]. Baumgértner and Reichhold irradiated a mixture
of U30g and Cr(CO)¢ with neutrons and were able to extract
molybdenum hexacarbonyl by sublimation. Later, nuclear
reaction products where thermalized in a chromium hexacar-
bonyl catcher, from which they could be evaporated as car-
bonyl compound [19]. However, a catcher made of Cr(CO)g
is incompatible with an ion source as used in ISOL target
units, due to its high volatility [20]. Recently, it was shown
by Even et al. that volatile carbonyl complexes readily form
at ambient temperature and pressure by thermalizing fission
fragments of suitable elements in a carbon monoxide contain-
ing atmosphere [21,22]. Within our concept, the formation of
the volatile compound is followed by removal of the reactive
gas by cryogenic gas separation [23], as illustrated in Fig. 2b.
The system is evacuated while the carbonyl compounds are
retained in a cooling trap.

After excess gas removal, the cooling trap is allowed to
warm up to release the volatile compounds, which are then

fed into the ion source and ionized in collisions with elec-
trons. In the following sections, the feasibility of the concept
is investigated by means of proof-of-principle experiments
of individual steps of the full procedure and numerical simu-
lations. Molybdenum and tungsten were used as model case
for the studies.

Despite their potential as volatile carriers, transition metal
carbonyl complexes are delicate compounds, and decompo-
sition in beam-induced plasmas and at elevated temperatures
is expected [24-27]. In addition, impurities (e.g. oxygen or
humidity) in the reactive gas reduce the chemical yield [28].

The topics addressed in the following sections aim at an
order-of-magnitude estimation of radioactive ion beam yields
that could be achieved. The average expected radioactive ion
beam yield N computes to

N = NJ¥M x € X vpaien, where

) 1, Ny i
Npatch — PT [1-e xt,rr] ,and )
€ = €extr X €stop X €form X €sep(A) X €ion, with

the in-target production yield by nuclear reactions Ny, the
fraction of isotopes propagating through foils €ex(r, and of
those stopped in the gas €stop, the formation of the volatile
carrier molecule €, the conditions required for removal
of excess carbon monoxide gas and the associated efficiency
€sep as well as the ionization efficiency of carbonyl complexes
€ion- The number of isotopes N(l)’atCh with radioactive decay
constant A is produced per batch within the irradiation time
tirr at steady proton current . The repetition frequency of the
batch operation is vpych. Decay during separation is included
in the efficiency factor €gep (1). In the following sections, each
parameter is explained and its numerical value is studied in
detail. The considerations are based on the target concept
shown in Fig. 2 and target geometries listed in Table 1.

The implementation at ISOLDE can be achieved with two
different approaches. Standard target units already combine
a class of target material, some chromatography setup and an
ion source [29]. Following this approach, a compact setup is
mandatory that is also suitable to operate in strong radiation
fields. The dimensions and weight of the setup are limited
by the maximum permitted load for the robot operating the
target unit and the design of the target stations. Due to the
low temperatures required for gas separation, needs arise to
either implement a cryostat system at the target stations, or
follow an alternative strategy for gas separation.

The second approach splits the setup in two assemblies.
The gas-filled target remains installed at the target station,
while the chromatographic setup is installed remotely, e.g.
in the ISOLDE experimental hall. The carbonyl compounds
are extracted as neutrals in a carbon monoxide stream to the
remote location, which is an efficient and established tech-
nique, commonly used in transactinide synthesis to transport

@ Springer
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e Volatile Molecule formation Jﬁ

Fig. 2 Target concept for the extraction of refractory transition met-
als from a metallic foil target, shown exemplarily for the extraction
of 1Mo from uranium foils. Highly energetic protons impinge on a
tungsten neutron converter and produce spallation neutrons. a The neu-
trons induce fission in the uranium foils and fission recoils emerge from
the foil and are thermalized in carbon monoxide. Upon thermalization
molybdenum hexacarbonyl complexes form readily. b The excess car-
bon monoxide is removed by retaining the carbonyl complexes on a

the compound over a distance of several meters in short times
[30]. The split installation circumvents size and weight limi-
tations of the chromatographic setup and the operation of the
latter in radiation environments.

2.1 In-target production

Direct exposure of a gas-filled chamber to an intense ion
beam causes ionizing conditions which are expected to pre-
vent carbonyl complex formation [31]. However, the high
neutron fluences present in nuclear reactors do not hamper
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cooled quartz surface and evacuation of the setup. After evacuation, the
cooling trap is allowed to warm up to release the volatile compounds
into the ion source. ¢ Electron impact ionization is proposed to ion-
ize molybdenum hexacarbonyl. Electrons emerging from a cathode are
accelerated through a grid into a cylindrical anode where ionization
takes place in collisions between neutral molecules and electrons. The
ion source is kept at a potential of +30 kV and ions are extracted through
the grounded extraction electrode. Further details are given in the text

efficient carbonyl complex formation [21]. In addition, an
intense ion beam passing a gas-filled chamber in the vicin-
ity of the region of carbonyl formation does also not prevent
carbonyl complex formation [32]. To avoid direct exposure
to the intense proton beam, a spallation neutron source made
of tungsten is proposed in our model setup. The latter is
commonly found in ISOLDE target units and called proton-
to-neutron converter [33-35]. This converter is concentri-
cally surrounded by uranium or platinum target foils, which
are placed inside a carbon monoxide-containing vessel. High
production rates for molybendum and other 4d transition met-
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Fig. 3 aProton and b neutron fluences at irradiation with 1 x 10'3 protons per second obtained by FLUKA for the uranium foil geometry described
in the text. The proton beam arrives from the left on the neutron converter. A sketch of the target is shown in Fig. 2

als are expected from uranium fission. Platinum was chosen
because high production rates of tungsten are expected in
spallation reactions.

Relative to the 20 cm-long foils, the converter is indented
by 2.5 cm in the beam axis and direction. This layout is ini-
tially proposed to reduce the proton fluence in the target con-
tainer, which emerges by scattering of the primary beam on
the neutron converter [36—38]. The geometry parameters are
listed in Table 1, and chosen under consideration of typical
ISOLDE target size limitations and recoil ranges, but without
further optimization, which is out of the scope of this con-
ceptual work. The geometry could be further optimized (e.g.
towards higher production rates and lower energy deposition
on the tungsten rod) depending on the outcome of experi-
ments studying carbonyl decomposition in such a setup. The
power deposited by the primary proton beam might require
modification of the geometry or the development of a dedi-
cated cooling concept to avoid heating of the gas-volume to
temperatures above the decomposition threshold for transi-
tion metal carbonyl complexes.!

The foil thickness was chosen based on expected recoil
range and commercial availability.

As will be discussed in Sect. 2.2, the recoil energy of tung-
sten isotopes obtained in spallation reactions is lower than
that of uranium fission products. Thus, a dense arrangement
of thin (2 wm) platinum foils is desired. While the design
is mechanically challenging, dense foil arrangements have
already been realized by either using dimpled foils or ded-
icated spacers between the layers [39]. The proposed quan-
tity of platinum foils (26 m?) might be cost-prohibitive or
require a custom manufacturing process. Further investiga-
tions towards a different type of platinum-containing mate-
rial, e.g. films deposited on backing foils [40], could be sub-

! More recent simulations conducted for the design of an irradiation
experiment (see Sect. 4) indicate that a converter length of 9 cm is
sufficient and would significantly reduce the power deposition

ject of further studies. The replacement of platinum foils by
gold foils could equally be considered.

The number of desired isotopes produced inside the target
material per LwC of primary beam Ny was investigated with
the FLUKA particle tracking code [41,42]. The 1.4 GeV
proton beam was assumed to have a Gaussian profile with
o = 0.35 cm, which is the common irradiation mode for an
ISOLDE proton beam focused on the target container. The
resulting proton and neutron fluences are shown in Fig. 3.
Due to scattering of the high energy proton beam on the
converter, the beam broadens to form a plume. Using the
proton-to-neutron converter reduces the proton fluence in
the region of the gas-filled container by two orders of mag-
nitude, in comparison to direct proton irradiation. The neu-
trons emerge isotropically from the tungsten rod. Overall,
the uranium foils are exposed to a neutron fluence exceed-
ing 2 x10'" cm~2 s~1 if the neutron converter is bombarded
with 2.0 A of protons. Figure 4 shows the in-target produc-
tion yield of molybdenum and rhodium as 4d elements, and
tungsten as 5d element. The latter figure contains simula-
tion results for two different target materials and geometries,
which are summarized in Table 1.

The in-target yields for molybdenum in the U(n,f) reac-
tion reach a maximum for %Mo (7} ,2 = 36s) and decrease
towards heavier and lighter isotopes. The yields on the out-
ermost of the three foils are somewhat reduced due to the
lower solid angle coverage and particle fluences. The yields
of %Mo compute to 1.4x10® juC~! for the innermost foil,
1.3x10% wC~! (middle foil) and 1.1x 10® pC~! (outermost
foil), reaching a total yield of 3.8x 108 wC~!. For compari-
son, the in-target production of '%Mo in a typical uranium
carbide target at ISOLDE (ca. 50 g cm? of 233U), irradiated
directly with the proton beam, is computed to 5.4 x 10 nC~!
by FLUKA [8].

The yields of the heavier element rhodium are in the same
order of magnitude as molybdenum yields. The maximum
yield of the tungsten isotopic chain in the Pt(n,spall) reaction,

@ Springer
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Fig. 4 In-target production for selected elements obtained by FLUKA.
The error bars correspond to statistical errors of the simulation. The
target geometry parameters are listed in Table 1

is found near '7*W. The total yield of this isotope produced in
the platinum foil assembly is predicted to be 4.5x 108 pC~1.

2.2 Recoil range, thermalization and molecule formation

After production, the radionuclide propagates through the
target material foil. Subsequently, it is crucial to thermalize
the hot reaction products in the surrounding gas atmosphere
to avoid implantation into the next foil or the container. The
projected ranges in the respective materials depend on the
kinetic energy of the recoil ion, which in turn depends on
the underlying nuclear reaction, and the associated kinetic
energy of the projectile. In addition, the projected range
decreases with carbon monoxide pressure in the target con-
tainer. In the following a pressure of 1bar (abs.) inside the
target container, and a pure carbon monoxide atmosphere
are assumed. These parameters were chosen due to the lin-
ear dependence of chemical yield on the volume percentage
of carbon monoxide in the gas mixture [21] and the recoil
range.

Protons and neutrons have been considered as projectiles
inducing nuclear reactions, and their fluences in the target
foils were obtained with FLUKA. Other secondary reaction
channels are typically negligible and are not considered in
in-target production simulations [43]. Folding the computed
energy-differential projectile fluences with cross sections for
isotope production computed by different codes, allows to
identify the predominant reaction channel and finally, its
associated recoil energy. For the low energy part (below
200 MeV.) of the incident particle spectra, TALYS [44,45]
and GEF [46,47] were used. Higher energies were addressed
with the ABRABLA code [48]. The energy distribution of
spallation neutrons originating from a neutron converter in
similar geometry has already been experimentally investi-
gated and is in agreement with FLUKA simulations [34].
The cross sections given by ABRABLA have also been
benchmarked with experimental results obtained at ISOLDE
[43,49].

The neutron energy spectra obtained within this work fol-
low a broad distribution with a maximum at ca. 3 MeV (evap-
oration neutron peak) and extend to ca. 1.4 GeV, which is
the energy of the incident proton [50]. The spectra of protons
have a maximum at ca. 100 MeV, and also extend to 1.4 GeV.

From simulations with the GEF code in the energy range
from 100 keV to 20 MeV. for incident neutrons impinging on
a 23U target, the mean kinetic energy of '*>Mo fission recoils
is expected to be between 90 and 100 MeV. ABRABLA
equally predicts a recoil energy of ca. 90 MeV for 100 MeV
neutrons. Excitation functions for the production of !74W
from '%3Pt have been calculated and folded with the pro-
ton and neutron fluence spectra. Incident particles from ca.
100 MeV. on significantly contribute to tungsten production.
In total, the contribution of protons and neutrons to the pro-
duction of '74W, computes to 59% and 41%, respectively. The
distribution maximum for the recoil energy of '"*W is near
1 MeV. It exhibits an exponentially decreasing tail towards
higher energies.

The recoil ranges in the target foils and carbon monox-
ide gas have been calculated with SRIM [51,52] and fitted

Table 1 Assumed target foil geometries for in-target production and extraction efficiencies

Unit Uranium foils Platinum foils
Converter radius cm 1.4
Converter length cm 20.0
Target container radius cm 7.0
Number of foils 3 483
Thickness pm 25 2.5
Length cm 20 20
Radii cm 1.9,3.0,4.0 1.90 t0 6.73
Total surface area m? 0.11 26.1

A sketch is shown as part of Fig. 2

@ Springer



Eur. Phys. J. A (2022) 58:94

Page 7of 18 94

with a polynomial function. The results for molybdenum in
uranium foils indicate that a Mo fission fragment has a
range of ca. 6 mm in a metallic uranium foil. The range of
a fission fragment emerging from the uranium foil in carbon
monoxide depends on its energy after it emerges from the
foil. To account for energy losses in the uranium foil and the
target geometry, Monte-Carlo simulations were performed.
Energy losses in the foil have been estimated by inversion of
the obtained range function.

The simulation results predict that for commercially avail-
able uranium foils of 25 mm, in total €}0 = 10% of
all'®Mo fission recoils emerge from the foil. For compari-
son, a released fraction of 22% from an uranium oxide target
at 1140 °C within 60 min was reported for Mo [53]. Release
data at higher temperatures, as they are standard for uranium
carbide targets, are not available and also difficult to predict
due to the susceptibility of uranium oxide targets to undergo
sintering.

The remaining recoil energy after propagating through the
foil and the free flight path till the next surface determine if
the recoil is thermalized in the gas or lost, due to implanta-
tion in a solid. The simulation predicts that eé\{{,‘; = 49% of
the emerging fragments are thermalized in carbon monoxide
gas atlbar (abs.), leading to about 5% of all produced %Mo
fragments being thermalized in gas. The bulk target material
could be reduced by integration of thinner foils of e.g. 10 um
thickness, which would not decrease the total yield. Within

the geometry assumed for platinum foils, €}, = 1.6%
emerge from the foil and thereof esvt%p = 21% are thermalized

in the gas.

After thermalization of the recoils in carbon monoxide
gas, the carbonyl compounds form readily. Measurements
have shown that in gas mixtures with inert gases, the chemical
yield increases with the partial pressure of carbon monoxide.
Using pure carbon monoxide gas, the chemical efficiency
€form Was found to be ca. 80% for the formation of Mo(CO)g
and 30% for W(CO)g [21].2

2.3 Gas separation

A carbon monoxide partial pressure of 1 bar (abs.) inside
the target container is desirable to achieve a high chemical
yield, and is also crucial for efficient stopping of the fis-
sion recoils. However, ion sources typically operate under
high vacuum conditions, and often a pressure of le-3 mbar
may already prevent efficient ionization. Thus, the separa-
tion of radioactive carbonyl compounds from the excess gas
atmosphere is required. Since carbon monoxide, exhibiting
a boiling point of —191 °C [54], is by far more volatile than

2 The given efficiency for molybdenum was obtained as ratio between
transport by carbonyl formation and aerosol transport of atomic species
attached to clusters. An absolute efficiency is given for tungsten.

carbonyl compounds, the two components are separable by
chromatography. The implementation of a suitable cryogenic
trap coupled to an ion source was already evaluated for the
transport of carbon monoxide in a carrier gas by Powell et al.
[55], and Katagiri et al. have also shown the feasibility of the
integration into the process of radioactive ion beam produc-
tion [23]. The option of neutral CO injection via a cryogenic
trap into an electron-beam ion source for charge breeding is
also considered for medical applications [S6-58].

Adsorption enthalpies of carbonyl compounds have been
measured on SiO», gold, Fluorinated Ethylene Propylene
(FEP) and PolyTetraFluoroEthylene (PTFE) surfaces by
isothermal chromatography and by thermochromatography
[27,59-62]. In isothermal studies with radiotracers formed in
the 242Cf(n,f) reaction, an adsorption enthalpy for Mo(CO)g
on SiO; surfaces of —A Hpgs = 42.5(25) k] mol~! was deter-
mined [21]. In thermochromatography experiments, the same
quantity was found to be —A Hygs = 36(8) kJ mol~!. Later
experiments by Wang et al. reported values in agreement
with earlier findings. Adsorption enthalpies of other transi-
tion metal carbonyl complexes (technetium, tungsten, rhe-
nium, osmium, iridium) could also be deduced, all ranging
in the same order of magnitude and indicating a physisorp-
tion interaction. For the following considerations, Mo(CO)g
was chosen as a model case, and an adsorption enthalpy of
-40 kJ mol~! was assumed as average value of the measure-
ments.

The system for cryogenic gas separation must be designed
such that the total gas flow rate into the ion source does
not exceed its maximum acceptable gas load and the pump-
ing capacity of the vacuum system. A typical upper limit of
1x1073 mbar L s~! was estimated for gas injection into an
ion sources operated at ISOLDE. In addition, the time needed
to reach this condition should be as low as possible to min-
imize decay losses. The proposed setup is shown in Fig. 2b,
which is operated in a batch-mode. A schematic flow diagram
is shown in Fig. 6. During irradiation, the target container is
filled with carbon monoxide at atmospheric pressure. After
a defined irradiation time, which depends on the half-life of
the desired isotope, the gas inventory is pumped by a rough-
ing pump through a cooled quartz tube which retains the
less volatile carbonyl compounds. After a certain fraction
is evacuated from the target container, the latter is isolated
from the chromatographic system by closing the reservoir
valve. The residual pressure in the chromatographic tube is
further reduced, till the maximum acceptable flow rate into
the ion source is reached. Finally, the quartz tube is heated
by a resistive heating element to a temperature that is suf-
ficiently high to release the carbonyl compounds. The latter
effuse into ion source, where they are ionized and electro-
statically extracted. In parallel to the heating of the quartz
tube, the irradiation of the next batch can take place, so that
the heating period is not included in the cycle time v,;%ch of
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Fig. 5 Combined efficiency of excess gas removal and consideration
of losses due to irreversible processes (like decomposition) for different
dimensions of the chromatographic tube. The efficiency of excess gas
removal is dominated by decay losses. The figure shows interpolated
data that was obtained by simulation (see text)
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Fig. 6 Schematic flow chart of the batch process for the extraction of
105Mo. Details are given in the text

the batch process. In the following, the separation efficiency
€sep 18 estimated which is composed of (i) the efficiency of
excess gas removal, (ii) decay losses occurring during the
effusion of carbonyl complexes to the ion sources and (iii)
further losses due to irreversible processes.

A Monte-Carlo model proposed by Zvara [63] was used
to investigate the feasibility of the concept, which was also
similar to the model used by Even et al. for the adsorption
enthalpy measurements [59]. The model takes into account
the temperature dependent sojourn times (cf. Eq. 1) and gas
flow conditions. Assuming that the chromatographic tube is
connected to an evacuated vessel (choked flow), the evalu-
ation of Reynolds numbers for tube diameters from 0.5 to
3.5 mm suggests turbulent flow conditions.

The simulation generates particles with a random life-
time, which is sampled from a distribution according to the
given half-life. Subsequently, the propagation of the particle
through the chromatographic system is simulated. The length
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of a displacement is typically approximated by the variance
of the zone profile of the chromatographic peak, and expres-
sions have been obtained for laminar flow e.g. Ref. [64].
Within this work, the mean length of a displacement was
approximated by the diffusional deposition length in devel-
oped turbulent flow [65].

The efficiency of excess gas removal is given by a linear
combination of (i) the fraction of carbonyl compounds evac-
uated from the reservoir (ii) the ratio of molecules which are
inside the quartz column (i.e., not decayed and not eluted)
after the desired fraction was extracted from the reservoir,
to the number of molecules fed into the column and (iii) an
additional factor to account for decay losses during the time
required to reach a flow rate below 10~3 mbar L s~! which
was estimated to be ca. 5 s. The input variables of the sim-
ulation were the fraction of carbonyl compounds extracted
from the reservoir and fed into the quartz tube as well as its
dimensions and temperature.

Quartz tubes with length and diameter of 10 to 90 cm and
0.5 to 3.5 mm, respectively, were considered. For each geom-
etry of the separation channel, the respective highest excess
gas removal efficiencies have been estimated by simulation.
The simulation predicts that excess gas removal efficiencies
above 60% are in reach for '%Mo. Using the same geome-
try boundary conditions, the maximum excess gas removal
efficiency for %Mo (1.11 s) is calculated to be above 0.6%.
Typical temperatures are in the range of —130(40) °C. Fur-
ther details of the Monte-Carlo simulation are discussed in
Ref. [66]. In addition to radioactive decay, irreversible stick-
ing after decomposition or unwanted chemical reaction can
lead to a further decrease of the gas separation efficiency.
The extent of such additional losses can be estimated based
on typical capillary transport losses, which could be in the
order of 50% [22]. The combined efficiency of excess gas
removal and consideration of losses due to irreversible pro-
cesses is shown for %Mo in Fig. 5. At elevated flowrates,
longer channels are required due to the increase in the diffu-
sional deposition length.

After retaining the carbonyl complexes on the quartz tube
and the removal of excess carbon monoxide, the tempera-
ture of the quartz tube is increased by resistive heating to
allow the effusion of the carbonyl compounds towards the ion
source. The transport time through an isothermal tube under
molecular flow conditions can be estimated by the number of
wall collisions, sojourn time per collision and the time spent
in-flight. Equations have been summarised, e.g., by Zvara
in [65]. At a temperature of —30 °C, the transport time of
105Mo(CO)6 through an evacuated quartz tube of 3.5 mm
diameter and 70 cm length computes to ca. 7s, whereof 2s
arise from adsorption and 5s from time spent in non-adsorbed
state. Fast heating can be achieved by using a metallic tube of
high heat conductivity that is coated with SiO,. A dedicated
chromatographic setup needs to be designed and tailored to
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the application, which is out of the scope of this concep-
tual work. Following heating times of commercial setups,
the time required to raise the temperature from —140 to
—30 °C is estimated to be in the order of 10 s. Thus, losses
of ca. 28% need to be considered for the time required to
feed the trapped carbonyl complexes of Mo to the ion
source. Thus, the total gas separation efficiency of %Mo
computes to e;‘gg = 22%. Decay losses for the long-lived
isotope 74W (T »2 = 31min) are negligible, and an effi-

ciency of e;’é’p = 50% is assumed.

2.4 Tonization

A review about ion sources for radioactive ion beam pro-
duction can be found in Ref. [67]. In contrast to ion sources
designed to deliver stable isotope beams, additional require-
ments arise for the ionization of radionuclides. Due to their
limited availability compared to stable isotopes, the ioniza-
tion efficiency is one of the most important figures of merit.
For exotic isotopes with very short half-lives (< 100 M S),
the residence time also needs to be considered. A compact
design is required to meet constraints imposed by robot-
handling of the target and ion source unit and resistance to
the strong radiation field of the driver beam is mandatory.

The three main processes for ion generation are (i) surface
ionization (ii) photo-induced ionization and (iii) electron-
impactionization. Surface ionization in hot cavities is applied
for elements with low ionization potential (IP) of up to ca.
6eV like the alkaline or alkaline earth metals. For elements
with elevated IP, resonant laser ionization can be used if laser
systems are available to excite suitable transitions [68]. Elec-
tron impact ionization is the underlying process in electron
beam (arc-discharge) ion sources and radio-frequency driven
plasma ion sources. Via electron impact ionization, almost
all elements and molecules can be ionized efficiently. Plasma
sources are typically used for volatile species only.

The ionization of carbonyl compounds is a crucial step
towards ion beam production. The method of ionization must
be chosen carefully with respect to the properties of the com-
pound. The ionization potential of Mo(CO)g was measured to
be in the range from 8.2 eV to 8.5 eV [69-72]. The first bond
dissociation energy (FBDE) is significantly lower and was
determined to be 1.7 eV by pyrolysis with a pulsed CO,-
laser in a gas cell [73], in agreement with data obtained
by thermal decomposition on a silver surface [24,25] and
theoretical studies [74,75]. In comparison to typical can-
didates for molecular beams at ISOLDE, the compound is
delicate, and decomposition on hot surfaces is expected.
For species with high ionization potential, Forced Electron
Beam Induced Arc-Discharge (FEBIAD) ion sources [76],
like the VADIS (Versatile Arc-Discharge Ion Source) [77]
are commonly used. However, the high operating tempera-

ture is expected to decompose the carbonyl compounds even
before they reach the ion source volume. Thus, ion sources
operated below decomposition temperature, favoring high
electron energies for ionization and efficient ion extraction
over breakup, are the preferred choice.

2.4.1 Arc-discharge ion sources

In arc-discharge ion sources, electrons are emitted from a
cathode and accelerated to an energy of ca. 100 eV to 200 eV
to enable electron impact ionization. The electrons are typi-
cally emitted thermionically. Arc-discharge ion sources, in
contrast to compact radio-frequency plasma ion sources,
offer the advantage of a narrow electron energy distribu-
tion and relatively high electron energies. The latter avoid
favouring breakup over ionization due to insufficient electron
energy. Thus, the application of electron impact ionization
in a cold environment presents an interesting asset. Penescu
et al. proposed Eq. 3 to model the ionization efficiency of
FEBIAD-type ion sources [78]. The ionization efficiency €jop
depends on the rate of ionization per unit volume Rjqpi,, the
volume of the ionization region V, the number of neutral
particles injected per unit time n;j, and an additional factor f
to account for the probability of ion extraction, electron con-
finement and higher order effects. The rate of ionization can
be expressed as a linear combination of the number densi-
ties of neutral particles N,,, electrons N,, the ionization cross
section o and the relative velocity of electrons and neutral
particles ve.
RionizV

€ion = n—f’ where Rioniz = Ny Ne 0 Vel 3
in

Unfortunately, absolute partial ionization cross sections
for molybdenum hexacarbonyl or its fragments have not yet
been published. Itis interesting to note that also the ionization
cross section of molybdenum has not yet been measured due
to the refractory nature of the element and only theoretical
calculations are available [79].

Due to the lack of available data, we conducted a compara-
tive study of the ionization efficiency of the noble gas krypton
and molybdenum hexacarbonyl in a cold environment. We
chose to use a laser to liberate electrons out of the tantalum
cathode of a standard VADIS source equipped with a water
cooled transfer line (VD7). In contrast to common opera-
tion of the VADIS ion source, the source was not resistively
heated. The laser pulses impinging on the cathode induce a
local raise of temperature during the laser pulse. However,
the heat is dissipated quickly to the water-cooled assembly
[80]. The laser power used in our experiment is not expected
to raise the average temperature of the cathode significantly.
Thus, thermal decomposition of carbonyl compounds on the
cathode is negligible.
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Fig. 7 Principle of the exploratory experiment exploiting electron gen-
eration by a laser beam in a cold environment. The electrons are liber-
ated from the cathode and accelerated through a grid into the positively
biased anode body, where volatile species are ionized in collisions

The candidate mechanisms for electron generation in the
interaction of the laser beam and the tantalum cathode are
either extraction from a plasma plume, thermionic electron
emission or the photo-electric effect. As discussed in the
next paragraph, the used fluences were most likely insuf-
ficient for ablation and plasma formation. Time-dependent
heat transfer and thermionic electron emission models for
tantalum are available [81], but require more precise knowl-
edge of pulse fluence than available from our experiment to
be applied. Since the single photon energies were below the
material work function, the absorption of multiple photons
is required to release electrons by the photo-electric effect.
Efficient multiphoton photoemission has been observed with
ultrashort (7, = 80 f's) laser pulses [82] but data on quan-
tum efficiency are not available for the conditions present in
our experiments. Nonetheless, in both scenarios electrons are
extracted in an environment that is (on average) at ambient
temperature.

Experimental

A sketch of the ion source is shown in Fig. 7. UV light
(343 nm) supplied by a Light Conversion PHAROS PH1-15-
0400-02-30 laser at 50 kHz repetition rate and pulse length
of 265 fs was guided through the ion beam outlet aperture
on the tantalum cathode. The laser power before entering the
vacuum system was measured to be 4.5 W. The dimensions of
the laser spot were estimated with the bare eye and measured
to be ca. 5 mm in diameter. Due to the limited ion beam outlet
aperture of only 1.5 mm in diameter, only a fraction of the
beam power reached the cathode. An upper limit for the flu-
ence per pulse computes to ¢ < 5 x 1073 J cm™24.The min-
imum laser fluence needed for ablation (threshold fluence)
was estimated in Ref. [83] to be 0.17 J cm? at A; = 750 nm
and a pulse length of 7, = 8.5 fs. Thus, the source in
our experiment was most likely not operated in an ablation
regime.’

3 Attempts to further focus the laser beam with a telescope caused high
voltage breakdowns and damage on the cathode surface. However, in
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Table 2 Ionization efficiency estimation of the exploratory cold elec-
tron impact ion source shown in Fig. 7

Nuclide Isotope Current Injected Ionization
abundance neutrals efficiency

%Mo 24.3% 33pA 2238pnA 0.0015%

84Ky 57.0% 200 pA 8999 pnA 0.0022%

The efficiency is given for the most abundent fragment of Mo(CO)g,
and corrected for isotope abundance. The aim of the experiment was to
deduce the relative ionization efficiency of the two species

Krypton (Carbagas, 99.998%) and molybdenum hexacar-
bonyl (Schuchardt Miinchen, TA Mo 36.33%, C 27.18%,
Fe 0.005%, Cu 0.0008%) were supplied through a common
transfer line into the ion source. The krypton flow rate was
controlled with a calibrated leak, which was measured to be
1.15x 107 mbar L s~! for 1bar (abs.) of helium. The setup
for the controlled injection of molybdenum hexacarbonyl
consisted of an evaporation chamber, connected to the com-
mon transfer line via a regulation valve (Pfeiffer EVR116).
The evaporation chamber was equipped with a capacitance
diaphragm gauge (Pfeiffer CMR 373) to monitor the pres-
sure. The residual gas composition was monitored by a resid-
ual gas analyzer (Pfeiffer PrismaPlus) at the extraction site
of the ion source.

After introduction of a solid Mo(CO)¢ sample into the
evaporation chamber, the latter was evacuated with a turbo-
molecular pump, backed by a dry scroll pump, to a pressure
below 1 x 10~2 mbar. Subsequently, the valve to the pump-
ing group was closed. The sample quickly evaporates untill
the saturation vapour pressure is reached inside the reser-
voir. Successive opening of the regulation valve allowed con-
trolled injection into the transfer line. The material consump-
tion was estimated by allowing the complete evaporation of
a known amount, which was monitored via the pressure of
the evaporation chamber and by the residual gas composi-
tion. The material consumption was measured to be 88f251 V8
g h™!. The relatively large error is due to consideration of
material losses during the initial evacuation. The results of
the relative efficiency measurement of Kr and Mo(CO)¢ are
listed in Table 2 and an obtained mass spectrum is shown
in Fig. 8. The ionization efficiencies of krypton and molyb-
denum compute to 0.0022% and 0.0015%, respectively. The
result of the experiment shows that the ionization efficien-
cies of Kr and Mo(CO)g are in the same order of magnitude.
While these ionization efficiencies in combination with high
in-target production rates, or vaporization of a radioactive
Mo(CO)g sample obtained by other means, would already
allow a range of nuclear physics experiments, a higher effi-
ciency is desirable.

the experiments described in this work, the focusing telescope was not
used.
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Fig. 8 Typical mass spectrum of Kr and Mo(CO)e measured simul-
taneously with the cold electron impact source. A mass spectrum of
Mo(CO)g obtained also by electron impact ionization by Henning in
[84] is shown for comparison. Minor deviations in the fragment distri-
bution might arise from different electron energies or source character-
istics

Proposed design of a cold photo-cathode driven ion source

in the following, we explore the feasibility of an electron-
impact ion source exploiting the photo-electric effect for
electron release.* Basic design parameters for a novel photo-
cathode driven ion source will be derived that aims at an
ionization efficiency of ~ 1% for Mo(CO)g. First, the gen-
eral assumptions are presented, then the space-charge limita-
tions of an electron current passing through the gap between
cathode and anode are discussed and finally the basic require-
ments of a suitable laser system are given.

The efficiency estimate of the new design is based on the
assumption that the measured ionization efficiency obtained
in our exploratory experiment scales linearly with the elec-
tron current. This is expected in a first approximation, since
the rate of ionization linearly depends on the electron den-
sity. The probability of ion extraction, which is included
besides other effects in the factor f of Eq. 3, is affected
by source geometry. However, in contrast to the required
increase of several orders of magnitude on the electron cur-
rent, the extraction factor is typically only affected to some
minor extent [78], which could be subject of further studies.

The electron currents in our experiment have been
obtained as drain current of the anode power supply. How-
ever, the instantaneous currents might have exceeded accept-
able values for the used pico-amperemeter. To avoid under-
estimating the electron current, which would lead to overes-
timation of the photo-cathode source efficiency, we assume

4 A more recent experiment has shown that an electron-impact ion
source can be driven by a copper photo-cathode. In the latter experiment,
we did not observe an impact of sputtering of the copper cathode on the
ion source performance during several days of operation [86].

a space-charge limited current in following considerations.
The measured electron currents were about factor two below
the calculated space-charge limited current at a typical anode
potential of 120 V. The observation of saturation effects of
electron current with laser pulse energy might also indicate
operation in proximity of a space-charge limited regime.

The maximum current density J,, that can pass a gap of
length d,; with a potential difference of Vj is classically given
by the Child—Langmuir law [87,88]. If the transition time of
electrons between cathode and anode grid is long compared
to the laser pulse of duration 1, a single sheet approxima-
tion can be applied [89]. Corrections for the two-dimensional
geometry have been proposed in Ref. [90]. The maximum
mean current I, (without virtual cathode formation occur-
ring) is given by

2
dg €0T F gy Ve

1m=me§mgrp=<1+F) y
em g
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where £ is the pulse repetition rate and reny, the radius of
the electron-emitting surface. To allow higher electron cur-
rents, the repetition rate of the laser or the diameter of the
electron-emitting surface can be increased. Increasing the
anode potential Vy; would push the ionization cross sec-
tion into an unfavorable regime, and the further reduction
of anode-cathode distance (typically 1.5 mm ) reduces the
reliability of the ion source since a minor displacement is
sufficient to cause an electrical contact between anode and
cathode.’

The laser driver is most effective if the resulting elec-
tron pulse charge does not the exceed the critical limit
ge = InE~'. The characteristic parameters, such as mean
power Py, pulse energy E] = P&~ ! and pulse energy fluence
o = Em_lre_n% can be estimated by the quantum efficiency
€4, i.e. the ratio of emitted electrons to photons hitting the
surface, as

_he g

E\ = ©)

9
Al €g €

where £ is the Planck constant, and A; the photon wave-
length. Many high-quantum-efficiency materials are semi-
conductors, like cesium telluride. They require sophisticated
vacuum systems (pressures below e-9mbar) to reach their
nominal performance [91]. On the other hand, metal cath-
odes have a lower quantum efficiency but can operate at
higher pressures. Thus, a copper cathode was chosen for the
estimations which has a quantum efficiency of ca. 0.014% at
266 nm and a residual pressure of 10~7 mbar [85,91].

A set of design parameters for a cold photo-cathode driven
ion source and laser system is proposed in Table 2. Following
the previous discussion, the parameters are chosen such that

> Such issues were observed for resistively heated cathodes of VADIS
at ISOLDE.
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Table 3 Parameters of a proposed cold electron-impact ion source that exploits a photo-cathode as source of electrons and is expected to reach an

ionization efficiency of 1% for Mo(CO)g

Exploratory experiment Proposed photo-cathode source

Parameter Symbol Unit
1. Geometry and calculated critical bunch charge

Laser spot diameter’ 2 Fem mm
Anode-cathode distance dy mm
Critical bunch charge’ qc pC

2. Cathode and laser wavelength

Cathode material

Center wavelength Al nm
Quantum efficiency at A & %

3. Required laser system

Pulse repetition rate & MHz
Average power P w

Pulse energy E; wlJ
Fluence per pulse o]} wJem™2
4. Calculated mean electron current and ionization efficiency
Mean electron current In WA
ITonization efficiency €ion %

1.5 12
1.5 3

2 45
Ta Cu
343 257
% 0.014 [85]
0.05 2

< 4.5] 3.7
< 90| 1.9#
< 5093 1.6
0.09 90
0.001 1

The ionization efficiency of the proposed source is estimated by scaling the measured ionization efficiency of Mo(CO)g obtained in an exploratory
experiment by the respective calculated electron currents. In the experiment, electrons were liberated by a laser, however the exact mechanism of
electron production could not be identified. The increase in electron current (cf. Eq. 4) can be achieved by adaptation of the geometry which allows
higher bunch charges without virtual cathode formation and an increase in the repetition rate of the laser. An anode potential of V, = 120V is

assumed. See text for details
 Circular area on the cathode that is illuminated and emits electrons

§ Calculated maximum charge that can be transported in a short pulse between cathode and anode without virtual cathode formation
¥ Data on multiphoton quantum efficiency not available and mechanism of electron production unclear
I' An upper limit is given based on the measured laser power before entering the vacuum system.

# Chosen to match critical charge g

an ionization efficiency of 1% for Mo(CO)e could be reached
under the assumption that the measured ionization efficiency
scales linearly with the space-charge-limited electron cur-
rent. The proposed design assumes a laser spot diameter of
2rem = 12 mm which is equal to the size of the VADIS cath-
ode. In our preparatory experiment (c.f. Fig. 7), the laser beam
was guided through the ion beam outlet hole on the cathode.
An increase of the outlet hole diameter from currently 1.5—
12 mm might significantly decrease the source efficiency
because it reduces the residence time of neutral species in
the anode body. Thus, we propose to introduce the laser
beam perpendicular to the electron beam, a trajectory that
was recently developed for the perpendicularly-illuminated
LIST ion source [92]. The aforementioned laser path is esti-
mated to require an increased anode-cathode distance of ca.
3 mm. The required pulse energy fluence computes to 1.9 pJ
cm~2 which is well below the ablation threshold of 0.77 J
cm™2 even for short (10 fs) pulses [93]. Other factors con-
tributing to damage of photo-cathodes have been identified.
In Ref. [94], the damage threshold for copper photo cathodes
was estimated by simulation and a fluence of less than 40 mJ
cm~2 is recommended. The reliability and efficiency of such
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a photo-cathode source might be impacted by condensation
of molecule fragments on the cathode or the residual pressure
of carbon monoxide. Its behavior needs to be experimentally
verified.

A deep ultra violet (DUV) laser is required for efficient
release of electrons from metal photo-cathodes. Due to the
limited bunch charge, high repetition rates are beneficial. As
listed in Table 2, the desired efficiency of ca. 1% for Mo(CO)¢
could be reached with 3.7 W average power at a wavelength
of 257 nm and repetition rate of 2 MHz. A recent review about
DUV laser generation is given in Ref. [95]. The required laser
system could be based on fourth harmonic generation of a
1 wm Yb fiber laser. Besides pulsed lasers, also continuous
wave (cw) lasers could be considered [96-98]. For the lat-
ter, additional considerations apply for ionization efficiency
estimates, as will be discussed in the following paragraphs.

Continous thermionic source efficiency

The spatial separation of a resistively heated cathode and ion-
ization volume provides an alternative path towards a cold
electron impact ion source. A thermionic electron source
could be placed remotely in an actively cooled environ-
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Fig. 9 Contributions to the extraction factor f = fio—mag fmag
according to Eq. 6, for the exploratory cold ion source shown in Fig. 7
used in this work, in comparison to data from FEBIAD sources, which

ment, with no line of sight to the ionization volume to avoid
radiative heating. The achievable ionization efficiencies of
Mo(CO)g in such a configuration can be estimated from kryp-
ton efficiencies, which are in the range of 30% for known
FEBIAD-type sources [76,77].

For this, our experimental results are compared to the
aforementioned model (Eq. 3). While the ionization cross-
section of a given compound is independent of the ion
source, the extraction factors f of a continuously operated
thermionic emission ion source and a pulsed laser-induced
emission source are expected to differ, even if the geome-
try of the cavity is similar. In the first case, the continous
release of electrons generates an electric field in the ioniza-
tion volume which influences the extraction of ions. It was
proposed that this is due to the formation of a potential well
[77,99-101]. In comparison to the immediate extraction of
a nascent ion guided by a favourable field, a potential well
might also increase the number of wall collisions of an ion
before extraction. The latter would decrease the extraction
factor f, particularly for condensible species which are lost
to surfaces upon collision. The pulsed electron generation in
our experiments is expected to significantly reduce the afore-
mentioned hindrance due to the limited life-time of electrons
[78]. On the other hand, the electric field present in sources
with continuous electron emission might guide produced ions
towards the outlet. In an electron-free environment, the oper-
ation at room temperature contributes to a more efficient ion
extraction. The field produced by the grounded extraction
electrode penetrates into the anode volume and decreases the
potential near the outlet aperture. lons created in this region
are guided along the decreasing field towards the outlet hole.
To overcome the gradient to the outlet hole, a certain ion
energy is required. Thus, as argued in Ref. [78], the region of
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(b) Contribution of source magnet

were taken from [78]. The magnet currents in (b) were 4.5A and 6A for
the continuous thermionic source and the pulsed laser-induced emission
source, respectively. See text for details

direct extraction (active volume) decreases with increasing
ion energy.

By evaluation of the parameters given in Eq. 3 similar to
the derivation discussed in [78], it can be written as

1 2 M
e Sout RT

€ion = ol f, (6)
where [ is the electron current, e the elementary charge, Sou¢
the cross-sectional area of the outlet hole, T the temperature
of the ion source, M the molar mass of the neutral species,
R the universal gas constant, / the length of the ionization
volume in the axial direction and o the ionization cross-
section. As in Eq. 3, the probability of ion extraction (and
other effects) is solely included in the factor f. As already
discussed, the electron current / was approximated with the
theoretical space charge-limited current, estimated for short
pulses [89] and corrected for the limited emitter surface [90].

The dependence of the extraction factor f on the anode
potential is shown in Fig. 9 for krypton beams from the
exploratory cold ion source (cf. Fig. 7) using evaluated cross
sections [102], along with data obtained for argon from
FEBIAD-type sources [78]. For this measurement, light at
a wavelength of 515 nm was used. The extraction factor is
given as linear combination f = fio—mag fmag. The factor
Jno—mag 1s directly obtained from a measurement with dis-
abled source magnet. The factor fi,g is calculated by divid-
ing the extraction factor with enabled magnet by the previ-
ously obtained factor fyo—mag. As can be seen from Fig. 9,
the similarity in the curves for pulsed laser-induced and con-
tinous thermionic electron emission indicates that in both
cases electron impact ionization is observed. As discussed
in more detail in Ref. [78], the factor fho_mag increases
with anode potential, which can be attributed to a reduced

@ Springer



94 Page 14 of 18

Eur. Phys. J. A (2022) 58:94

space-charge repulsion at higher electron velocities leading
to a better electron confinement. For FEBIAD-type sources,
the ion extraction might also be favored at higher voltages
due to a reduced Debye-length and increased active volume.
The magnetic field increases the electron density, an effect
which is significantly more pronounced for the laser-induced
electron emission ion source. Deviations between the cold
exploratory ion source and FEBIAD-type sources arise not
only due to the laser induced, pulsed release of electrons,
but also due to a different geometry of electron extraction.
While the whole cathode surface (ca. 12 mm diameter) emits
electrons in thermionic mode, the laser spot is defined by
the diameter of the outlet aperture of the source, which is
1.5 mm only. Seeing the similar shape of the curves, an
order-of-magnitude estimation of the extraction factor for
the VADIS source in the ionization process of molybdenum
hexacarbonyl is proposed in the following, provided the cath-
ode heating and the ionization volume with the anode can be
decoupled as already discussed.

Due to unknown ionization cross sections of Mo(CQO)g, the
extraction factor f cannot be experimentally obtained from
an efficiency measurement. However, the short lifetime of
electrons after a laser pulse, in comparison to longer extrac-
tion times of ions, suggests that the hindrance of extraction
by electrostatic fields inside the cold exploratory ion source is
low. Thus, as first approximation it is assumed that the kryp-
ton extraction factor fllgr is equal to the extraction factor of
molybdenum hexacarbony! £ o(COy, N the cold exploratory
ion source.® The situation in the VADIS source is differ-
ent, and the extraction factor of Mo(CO)g is approximated
with the extraction factor of carbon monoxide, which suffers
from similar electron-beam induced decomposition issues as
Mo(CO)g¢ inside the source. Under these assumptions, the
ionization efficiency of Mo(CO)g in a cavity with only cold
surfaces (i.e. no thermal decomposition), computes to’

EXD o ~ Ehcoy, FLIO g ™
Mo(CO)g Mo(CO)g gk fD o

The ion source proposed here is exposed to a significant
partial pressure of residual carbon monoxide. While in some
cases results have been obtained which indicate that residual
carbon monoxide might increase the ionization efficiency for
elements with lower ionization potential [99], experimental
results for molybdenum hexacarbonyl are not available.

6 A mass dependence of the extraction factor has been observed, how-

ever even the ratio of xenon and argon extraction factors was found to
VD

f
f’§°D ~ 1.8[78].
Ar

7 The calculation assumes a typical ionization efficiency of 1% for
carbon monoxide, an ionization cross section of ca. 1.9 x 10720 m? at
120 V anode potential [103], space-charge limited electron current, and
a distance between anode and cathode of 1.5mm.

only be

@ Springer

A drawback of ion sources exploiting electron impact ion-
ization is the lack of selectivity. Separation of isobaric con-
taminants in the radioactive ion beam has been achieved by
element-dependent adsorption on quartz columns [29,104].
Unfortunately, this technique might not be suitable to sep-
arate carbonyl compounds from different elements, as their
adsorption enthalpies are in the same range [30]. An alter-
native approach could be based on differences in compound
stabilities. Carbonyl complexes of Tc, Ru and Rh readily
decompose on gold surfaces already at ambient temperature
(30-50 °C), whereas Mo complexes have a survival probabil-
ity of 60% in the same setup [24]. Differences in the ioniza-
tion fragmentation patterns could be exploited for additional
selectivity.

2.4.2 Laser ionization

Resonant laser ionization is a powerful tool for element-
selective ionization. However, the technique is typically only
applied to single atoms. Recently, a resonant laser ionization
scheme for molybdenum was developed and tested online at
ISOLDE [106]. Exploiting this scheme for carbonyl com-
pounds requires first to strip the molybdenum atom of its
carbonyl ligands. Laser induced breakup of the compound
[107,108] is widely discussed in literature and resonant
breakup is also reported in Ref. [109]. The concept of laser-
induced neutral dissociation followed by resonant laser ion-
ization is further discussed in Ref. [110]. While the efficiency
of laser induced breakup and ionization has not yet been
quantified, the method would allow element-selective ion-
ization.

3 Conclusions and implementation at ISOLDE

Within the previous sections, we have provided a concept for
a gas-filled recoil target, which can be used at ISOL facili-
ties. Thin metallic foils acting as target material are placed
around a tungsten rod, which serves as a spallation neutron
source. Instead of diffusion, the recoil energy of the reaction
product is exploited to extract the radioisotopes from the foil.
They are subsequently thermalized in carbon monoxide gas.
Volatile carbonyl complexes form at ambient temperature
and pressure. The carbonyl complexes are chromatographi-
cally separated from the carbon monoxide gas and fed into
an ion source. Following the discussion in the previous sec-
tion, the estimated efficiency for each step is listed in Table 4.
Experimentally obtained ionization efficiencies in a proof-of-
principle setup along with expected values after successful
ion source development are given. In the former case, inten-
sities in the order of 37 s~! for %Mo from uranium foils
and 6 s~! for '7*W from platinum foils can be expected.
After successful development of the proposed ion source, a
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Table 4 Estimation of expected ion beam yields of %Mo from uranium foils, and 7#W from platinum foils

Symbol Unit Description 105Mo 174w Ref.
Ti)» s Half life 36 1860 [105]
Predominant production reaction U(n,f) Pt(n,spall) Sect. 2.1
No x108 pC-! In-target production 3.8 x 108 4.5 % 108 Sect. 2.1
tirr S Irradiation time 50 400 Sect. 2
Ip WA Proton current 2.0 2.0 [5]
Ngawh Isotopes per batch 2.4 x 1010 3.3 x 10° Eq.2
Voatch s Cycle time 83 454 Sect. 2
Eoxtr % Extraction eff. 10 1.6 Sect. 2.2
Estop % Stopping eff. 49 21 Sect. 2.2
€form % Chemical eff. 80 30 [21]

€sep % Gas-separation eff. 22 50 Sect. 2.3
€ion % Tonization eff. § 1 0.0015 1 0.0015 Sect. 2.4
N s7! Average ion rate 2.5 x 10* 37 3.9 %103 6 Eq.2

1Two ionization efficiencies are given. The lower efficiency was measured in an exploratory experiment with a cold VADIS, in which electrons
were released by a laser. The higher efficiency is an estimated value that is believed to be in reach after development of a cold FEBIAD-type ion

source (cf. Sect. 2.4)

total intensity of 2.5 x 10* s™! for 'Mo and 3.9 x 103 s~!
for '74W is expected. Typically, intensities in this order of
magnitude are compatible with post-acceleration within the
HIE-ISOLDE linac [111].8

Presently, radioactive ion beams of 4d refractory elements
are available from in-flight separation facilities like BigRIPS
(Japan) and gas-cell facilities like IGISOL (Finland) and
CARIBU (USA) [112]. For example, at BigRIPS beams of
105\ have been extracted [113]. Based on an observed pro-
duction rate of 7.44 x 10> pnC~! [114] and a typical 238U
primary beam current of 70 pnA at 345 MeV u~! [115], a
beam intensity of 5 x 10°s~!would be expected for '“Mo.
Radioactive ion beams of tungsten were reported from the
FRS at GSI, which were produced from 2381 [116] or
208pp-peam at 1 GeV u~! [117]. Alternative means for the
production of a wide range of tungsten isotopes are multi-
nucleon transfer reactions [118] or fusion-evaporation reac-
tions. Based on calculated production cross section, target
thickness and primary beam intensity as given in [116], a
beam intensity in the order of ~ 10* s~! would have been
expected for the isotope '"*W at the FRS.

4 Outlook

Following this study, we have started to experimentally inves-
tigate the feasibility of the concept. A target unit was built,

8 The actual intensity of the post-accelerated beam depends on addi-
tional factors such as presence of isobaric contaminants, molecular
break-up and charge state distribution in the electron beam-ion source
(charge breeder).

which allows the characterization of the neutron converter
setup and the in-target production rates along with beam-
induced breakup of carbonyl compounds.

The recently started development of a two chamber
approach for the synthesis of carbonyl compounds is not yet
included in the considerations of this work [119]. Within
this approach, the target foils can be directly irradiated by
the proton beam. The nuclear reaction products are flushed
with an inert gas stream into a second chamber, in which the
radioactive atoms are allowed to react with carbon monox-
ide to form carbonyl compounds. In this setup a transport
efficiency between the two chambers of more than 50% was
measured. The spatial separation of isotope production and
molecule formation would allow benefiting from higher in-
target production rates and avoids exposure of delicate com-
pounds to strong radiation fields at the same time.
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