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The possibility of photonuclear production of Mo medical radioisotope using recoil nuclei of molybdenite na-
noparticles from reaction *®Mo(y,n)*Mo was investigated. The enrichment of radioactive isotopes is carried out by
the effect of Szilard-Chalmers. Molybdenite nanoparticles were irradiated by bremsstrahlung with Eq.x= 39 MeV.
The recoil nuclei of **Mo are separated by electrolysis. The yield of Mo from the extractable phase amounted
to ~3%. This technology will allow producing 0.8 GBg/g of *™Tc with high specific activity per day. Key words:
linear electron accelerator, photonuclear production, electrolysis, specific activity, recoil nuclei, molybdenite nano-

particles.
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INTRODUCTION

The main technology for the mass production of
Mo for obtaining *™Tc is the ***U fission method in
research nuclear reactors. *Tc (T.,=6 h) is produced
from the decay of the Mo (T,=66 h). *™Tc produces
a 140 keV gamma-ray and it is an ideal isotope for nu-
clear medicine [1]. ®**Mo is used in the preparation of the
®Mo/**™Tc-generator. Usually, Mo is produced either
by neutron bombardment of MoO; or as nuclear fission
of enriched uranium [2]. A significant difference be-
tween these two procedures is that Mo obtained from
fission is “carrier free”. This allows for the production
of Mo with a specific activity of tens of thousands of
Ci/g. But this technology has a number of problems:
1 — the formation of a significant amount of radioactive
waste that requires immobilization; 2 —reducing the
spread of nuclear weapons.

Canada, Europe, and the United States are trying to
develop new technologies for the production of *™Tc
without the use of highly enriched uranium to obtain a
*Mo/**™Tc-generator. When developing such technolo-
gies, such issues as disposal of radioactive waste, target
material, radiochemistry, post-isotope separation, com-
mercialization, etc., are necessarily considered.

Therefore, recent attention has been focused on the
development of alternative methods for the production
of this isotope. This is confirmed by the latest Interna-
tional Atomic Energy (IAEA) grant ‘“Production
Tc-99m and Tc-99m-generators beyond fission and cy-
clotron method” (2021), which was carried out by the
authors of this article.

One of the promising methods for the production of
%Mo is the photonuclear method using electron acceler-
ators and a photonic converter to obtain a photon beam
that is directed to the Mo target. As a result of the nu-
clear reaction “®Mo(y,n)**Mo, the isotope **Mo is pro-
duced [3, 4]. The method of photonuclear production of
%Mo is characterized by considerable advantages.

The (y,n)-reaction does not be accompanied by a
change in nuclear charge. A high concentration of *Mo
is required for the manufacturing of *"Tc/*Mo-
generators. These generators will promote the success-
ful using *™Tc in nuclear medicine.

A significant disadvantage of accelerator technolo-
gies compared to reactor technologies is the low specific
activity of the ®*Mo isotope in the target. Accordingly,
the procedure for separating the produced isotope is
quite complex and costly.

The specific activity of radionuclide ®*Mo can be in-
creased in many cases by using the Szilard-Chalmers
process [5]. The enrichment of radioactive isotopes is
been carried out using the effect of Szilard-Chalmers.
This process is based on the fact that after a photonucle-
ar reaction, the daughter nucleus can have sufficient
kinetic energy to leave an activated target. Such high-
energy nuclei can accumulate in a liquid or solid medi-
um. Since the range of molybdenum recoil nuclei is
several nanometers, the effect of knocking out nuclei is
significant only in the presence of a target with small
geometric dimensions. The target dimensions should
correspond to the same order as the range of nuclei in
the target medium. An example of such a target can be a
thin molybdenum foil.

The formation of recoil nuclei occurs due to two
processes: photonuclear reactions on molybdenum nu-
clei and a cascade of elastic collisions of recoil nuclei
and target nuclei. The first process includes the reac-
tions (y,n), (y,2n), (y,3n), the probability of which in-
creases significantly with increasing photon energy. The
second process leads to the knocking out of the target of
molybdenum nuclei, which are part of the target itself. It
should be noted that since the daughter nucleus of the
photonuclear reaction on molybdenum and the molyb-
denum nucleus of the target have practically the same
masses, due to the kinematics of the elastic scattering
process, the energy transfer from the driving nucleus to
the knocked-out nucleus will be significant.

These radionuclides in form of labeled compounds
or conjugates of suitable biomolecules in aqueous or
solid-liquid suspension are at various stages of devel-
opment/clinical investigation. The use of liquid suspen-
sions offers a significant advantage in the reusability of
the target.

The aim of the present investigation is to work out
photonuclear technology for the production of a high
specific activity *Mo with using of molybdenite nano-
particles and the effect of Szilard-Chalmers.
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EXPERIMENTAL TECHNIQUE

The objects of study were molybdenite nanoparticles
(US Research Nanomaterials, Inc., 15...80 nm). The
samples of molybdenite nanoparticles were activated by
bremsstrahlung from a linear electron accelerator with
E =39 MeV and | =4 A within 2 hours. Isotope activity
was measured by a Ge(Li)-detector with a volume of
50 cm® and resolution of 3.2 at a 1332 keV line. Nucle-
ar reaction “*Mo(y,n)*Mo was used to obtain *™Tc.

Extraction problem of technetium. An electrolysis
method has been developed for the extraction of “™Tc.
The parameters of technetium electrolysis were the fol-
lowing: the current is ~150 mA/cm?, electrolyte temper-
ature -30°C. The increase of productivity of electro-
chemical deposition of the technetium on the carbon
cathode is reached by means of the use of a rotating
electrode. The diffusion limiting current iy for a rotating
electrode:

i = 0,62 F D™ C,,

where ig— an angular speed of rotation of an electrode;
v — kinematic velocity; C, — concentration of a required
component in volume; D — diffusion factor; and F —
factor Fano; o — an angular speed of rotation of an elec-
trode. Therefore changing the speed of rotation of an
electrode, we can change the limiting current density.
The electrolysis of irradiated molybdenite was car-
ried out in hydrogen peroxide presence, in the exercise
intensive stirring of an electrolyte, and of temperature
variations of the solution. To isolate *™Tc, electrolysis
was carried out in a 2N sodium hydroxide solution. The
possibility of separating *™Tc from a NaOH solution is
shown. The part deposited on the cathode is about 3%.
An electrolysis method gives the possibility to pro-
duce not only of *™Tc, and of *™Tc/*Mo-generators.

RESULTS AND DISCUSSION

The energy of the recoil nucleus depends on the
pulse gamma-ray, neutron pulse emitted, and the angle
between the directions of doing these pulses. Where E,—
recoil energy molybdenum atom, the M is the mass of
molybdenum atom; m — a mass of the neutron; the Q —
energy nuclear reaction; ¢ — the speed of light; 6 — the
angle between the directions of the neutron is-started-up
and the incident photon; E, — energy gamma-quantum
and has the following form:

E = ME; n m? {(E +Q)2(M +m)—E’2}_
oM My | a1
212
E,Mmcos & (E, +Q)2(M +m)_c72V
ZC(M + m)2 Mm

The estimate of medial energy of neutrons for gam-
ma-radiation with the maximum energy of 39 MeV of
reaction *®Mo(y,n)**Mo is equal to 450 keV (Fig. 1).
Therefore medial energy of recoil nuclei of *Mo is
equal to 4.5 keV. Recoil nuclei ®Mo can leave nanopar-
ticles of MoS; from the depth of 4.5 nm (Fig. 2).

Isotope activity is measured by a Ge(Li)-detector
(Fig. 3). It is known that the diffusion coefficients of
molybdenum and technetium in molybdenite are differ-

ent [6]. This feature was used for the separation of tech-
netium-99m. Thus chemical reagents with affinity to
technetium [7] were used.
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Fig. 1. The energy distribution of photo nucleons
predicted by the statistical theory [3]
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Fig. 2. ®Mo ranges in natural molybdenum disulfide
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Fig. 3. The spectrum of irradiate nano-MoS,
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The wettability of molybdenite increases with the
reduction of the size of nanoparticles. Electrolysis oxi-
dation oxidizes the molybdenite surface slightly and
oxygen becomes attached to the surface of the molyb-
denite layer. With prolonged retention after electrolysis
oxidation, molybdenum oxide can dissolve as molyb-
denum oxide ions, such as MoO, *. As a result, the mo-
lybdenite surface becomes hydrophobic with prolonged
retention. On the other hand for molybdenite, with elec-
trolysis oxidation, molybdenum oxide is produced but
the surface keeps weak hydrophaobic since molybdenum
oxide is soluble. With retention in electrolyte after elec-
trolysis, the surface keeps weak hydrophobic since a
still small amount of molybdenum oxide stayed on the
surface (Fig. 4).
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The crystalline structure of molybdenite with hydro-
phobic faces and hydrophilic edges is shown (Fig. 5).

The method of electrolysis works with a great low
specific concentration of *™Tc [8]. The specific concen-
tration of *™Tc is 100 less for this case than at the use
of extraction with the help of methyl ethyl ketone

(Fig. 6).
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Fig. 4. Properties of MoS, during electrolysis

Hydrophilic edges

Fig. 5. Structure of molybdenum disulfide
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Fig. 6. The spectrum of extract *™Tc

CONCLUSIONS

The possibility of photonuclear production of *Mo
by using recoil nuclei of molybdenite nanoparticles
from reaction *®Mo(y,n)**Mo has been found.

The use of thermally stable molybdenite allows for
solving the problem of thermal loads when using high-
power electron beams.

The electrolysis of molybdenite nanoparticles allows
the separation of technetium-99m at low concentrations.

The use of MoS, nanoparticles with size 13...80 nm
and of bremsstrahlung with E;,=25 MeV on a 10 kW
electron accelerator will allow producing 0.8 GBq/g of
%mTc with high specific activity per day. It simplifies
the use of *™T¢ in medical institutions.
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®OTOSIJIEPHE BUPOBHUIITBO *Mo/*"Tc-TEHEPATOPA 3 BAKOPUCTAHHSIM PEAKIIIT
CHUIAPJA-YAJIMEPCA TA METOJY EJEKTPOJII3Y

MLIL. JTukuii, FO.B. JIawko, O.I1. Meoseocsa, /1.B. Meoseoes, B.JI. Yeapos

JlocIipkeHa MOKIHBICT (OTOSIEPHOr0 BUPOOHHIITBA MEIMIHOTO 130TOmy “*Mo 3 BUKOPHCTAHHSM SIep Biaia-
4i HAHOYACTHHOK MOII6aeHiTy 3 peakmii ‘*Mo(y,n)*’Mo. 36aradesss pagioaKTHBHIMHE i30TOMAMH 3/IiiCHIOETECS 3a
peakuii Crinappa-Hanmepca. HaHouacTHHKM MOJIOAEHITY Oy/iM ONPOMIHEHHI TaIbMIBHMM BUIIPOMIHIOBaHHSM Ha
JITIE 3 Emgx=39 MeB. fAnpa Bimmaui ®Mo OyJH BUILJICHI METOJIOM eJIEKTPOIi3y. Buxin Mo 3 (asu excTpakimii cTa-
HOBHB ~3%. L5 TexHoNOTIs 103BONIUTH BUpOOIsiTH ~0,8 I'Br/T 9MT ¢ 3 BHCOKOKO IIATOMOIO aKTHBHICTIO 3a n00y.
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