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ABSTRACT

The main goal of the coordinated project development of therapeutic radiopharmaceuticals of Y-90 and
Re-188 is to exploit advancements in radionuclide production technology. Here, direct and indirect
production methods with medium reactor and cyclotron are compared to evaluate derived neutron flux
and production yield. First, nano-sized ®6wW and %Y specimens are suspended in water in a quartz vial by
FLUKA simulation. Then, the solution is irradiated for 4 days under 9E+14 n/cm2/s neutron flux of
reactor. Also, a neutron activator including three layers—lead moderator, graphite reflector, and poly-
ethylene absorbent— is simulated and tungsten target is irradiated by 60 MeV protons of cyclotron to
generate induced neutrons for ¥8W and °°Sr production via neutron capture. As the neutron energy
reduced, the flux gradually increased towards epithermal range to satisfy (n/2n,y) reactions. The ob-
tained specific activities at saturation were higher than the reported experimental values because the
accumulated epithermal flux and nano-sized specimens influence the outcomes. The beta emitters,
which are widely utilized in brachytherapy, appeal an alternative route to locally achieve a rational yield.
Therefore, the proposed method via neutron activator may ascertain these broad requirements.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Specific activity

1. Introduction

Radioisotopes are radioactive or unstable materials and spon-
taneously emit some radiations that can be utilized in various areas
of industry and medicine [1—-3]. Many of them are generated by
bombarding designed targets with neutrons, which are now widely
available in nuclear reactors [4—6]. Also, small medical accelerators
or cyclotrons can produce the desired radionuclides via high-
energy incident particles on a suitable target [7—10]. The effective
radiation dose is therapeutically resolved by physical and chemical
properties of the radionuclide [11]. Some recent researches have
demonstrated that radionuclides with long-range beta emission,
like °°Y and '88Re, are the most efficient agents for irradiating of
larger tumors [6,12—14]. The fortune of radiotherapy relies not only
on the choice of a suitable radionuclide, but also on the pharma-
cokinetic and pharmacodynamic characteristics of the radio-
labeled targeting medium. As currently the most sensitive non-
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invasive modality for recognizing and outlining biomarkers with
different diseases, nuclear medicine and spectroscopy play a stra-
tegic role in this development [15—18]. Many of these biomarkers
or their disposition ligands may be translated into capable imaging
agents. These agents can be employed to detect the attendance of
suitable molecular targets if labeled with gamma or beta emitters,
or they are also suitable for targeted radiation therapy.

188Re with 17 h half-life, 84% beta with 2.12 MeV maximum
energy and 16% gamma at 155 keV is currently of interest for a
multitude of therapeutic applications like brachytherapy [6]. Also,
its gamma-line at 155 keV enables simultaneous imaging with the
usual 2™Tc settings of Single Photon Emission Computed Tomog-
raphy (SPECT) imaging [19,20]. The '®8Re beta emissions have
adequate penetration over a maximum range of approximately
10.5 mm for tumor excision involving pericapsular lesions while
preventing injury to neighboring normal tissues. By virtue of its
short physical half-life and high energy, '%8Re suggests the oppor-
tunity of depositing more energy in a shorter time than with other
radionuclides with longer half-lives [21].

On the other hand, °Y with 64.1 h half-life, 99.99% B~ with
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2.28 MeV maximum energy decays to °°Zr with 0.01% gamma at
1.76 MeV [22]. During the decay, the interaction between emitted
betas —with 11.3 mm maximum range— and tissue can lead to
bremsstrahlung emission. This radiation may be utilized for imag-
ing by SPECT during treatment to discover the seed location and
relevant metabolism. °°Y is generally produced by p~ decay of 2°Sr,
which has a half-life of almost 29 yrs and is a fission product of
uranium in nuclear reactors. While the 2°Sr decays, the °°Y is iso-
lated in high purity by chemical separation before precipitation
[23,24]. °°Y plays an important role in the treatment of lymphoma,
leukemia and hepatocellular carcinoma (HCC) [25]. Trans-arterial
radioembolization is usually carried out by interventional radiolo-
gists, in which micro-spheres impregnated with °°Y are injected
into the arteries supplying the tumor. The micro-spheres settled in
blood vessels are enclosed the tumor and resulted to damage tumor
cells [26,27].

Fundamentally, there are some key factors in the regular pro-
duction of radioisotopes using nuclear reactors directly or accel-
erators indirectly. The main issue is to collect an adequate neutron
flux to derive a specific neutron interaction. Meanwhile, the target
specification and beam quality are the major parameters in order to
achieve a reasonable amount of efficacious radiopharmaceuticals.
The size of target (in milli-, micro- or nano-scales) besides the
irradiation time till 4 to 6 half-lives can drastically affect the satu-
ration yield [3,9,28—32]. Also, the irradiation angle and the target
distance from the induced neutron source change the trans-
mutation yield by decelerated neutron capture [11].

In this study, "%Y(n,y)Y®° reaction is simulated in nano-sized %Y
(stable with 100% abundance) under neutron flux radiation derived
from medium-sized research reactor. Also, this nuclear reaction is
investigated by induced neutrons from incident 60 MeV protons on
a suitable target to simulate the radiation capture in natural yttrium
specimens located in a neutron activator. Moreover, %6W(2n,y)
W88 reaction is simulated using nano-enriched W specimen
(stable with 28.6% abundance) which its decay product is #%Re
with 99.00% B~ in 0.349 MeV maximum energy range. Here, two
different production technologies are investigated for °°Sr/°°Y and
188y\//188Re generators. Correspondingly, direct and indirect pro-
cedures from the research reactor and cyclotron are compared in
neutron capture and transmutation of 8%y and 86w specimens by
FLUKA simulations.

2. Methods and materials
2.1. Direct production method by research reactor

Nano-sized target materials were defined in FLUKA code as
spherical shapes with a radius of 35 nm. They were suspended in
65 nm water thickness like network shape inside a quartz vial with
a length of 4 cm and a thickness of 0.1 cm. The specimen-water
(S—W) lattice had a uniform distribution in the defined vial, as
shown in Fig. 1. The selection of the vial material so that it does not
significantly change the neutron flux behavior depends on the
physical and chemical characteristics of the target, the heat gen-
eration, the irradiation distance and time as well as the specimen
size and the activity to be generated [21]. The vial located inside the
reactor core was considered under 9E+14 n/cm?/s neutron flux. The
number of particle histories was 1E+8 for the neutron source by an
irradiation time of 96 h.

In the simulated reactor spectrum, the fission neutron spectrum
derived from the thermal fission of 23°U was used from the Gold-
stein spectrum [33] as follows:

% (E) = 1.75 exp (-0.766E) MeV~! fission™! (1)
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Where E is the neutron energy in MeV, and ¥ (E) is the proportion
of the neutrons emitted per energy step per fission. The median
energy of a 23°U fission neutron is about 2 MeV, which is actually
outside the scope of the shape of the spectrum given by Eq. (1).

2.2. Indirect production method by cyclotron

Assorted Nano-sized specimens were simulated by 30 nm ra-
diuses in water as a solution. These specimens were inserted into a
three-layer cubic activator of neutrons to achieve an epithermal
neutron range derived from a natural tungsten target ("*'W) under
60 MeV protons, as shown in Fig. 2. The three neutron activator
layers are lead (Pb) moderator enclosed the MW target, graphite
(C) reflector around the lead cube, and polyethylene absorber sur-
rounds the entire system. The "'W target was cylindrically shaped
under incident 250 pA protons located at the center of the activator
to produce induced neutron spectra. The specimen solution was
separately laid at 20 and 27 cm distances from the target in the
direction of the incident proton beam axis. The S—W solution vol-
ume was 2 x 4 cm? area with 2 cm depth inside neutron moderator
region. The selected lead moderator slows down the induced fast
neutrons speed toward epithermal range by its small mean-free-
path. Besides, the graphite reflector was selected to send neu-
trons back into the moderator region to reach greater neutron flux.
The third layer was designed to entrap the escaping neutrons. The
transmutation is assessed by yield of production in terms of satu-
ration activity (As) during 3 half-lives bombardment, then it is
normalized to S—W mass (m), proton beam current (i), and (1-exp
[-In2*tyyp/t1/2]) term, in where tyy, is running simulation time and
tip is W or %%y half life. The irradiation time is 3 half-lives of
188Re (t1)2 = 17 h) and 9°Y (t1)2 = 64 h) to attain the saturation yield.
The normalized production yield (NPY) in GBq/g per incident pro-
ton current is defined as follows:

NPY = [As/m/i] *[1-exp(-In2*trun/t112)] (2)

The previous study [11] has described the changes in thickness
of lead and/or water moderators (25, 30, and 35 cm) and graphite
reflector (30, 35, and 40 cm) regions to determine the neutron flux
behavior. The thicknesses used here in cyclotron-based method
have lately been optimized in order to accumulate maximum epi-
thermal neutron flux when deriving the relevant interactions. Also,
another survey [9] has compared diverse moderator and reflector
materials in determining neutron flux that gathers at different
energies.

2.3. Nuclear data library

The interaction cross-section library from TENDL-2019 was used
in both simulations to evaluate the production yield [34]. The
neutron capture cross-section of "*W(n,y)W'®”, 187W(n,y)W'8® and
89y(n,v)Y*° reactions have been compared in Fig. 3 with a Q value of
5.47 eV, 6.83 eV and 6.86 eV, respectively, for the lowest energy
state. The maximum cross-section of radiative capture in '¥’W is in
the order of 1E+3 b at epithermal energy range with sparse reso-
nance peaks. For 8%, this amount is in the order of 1E+1 b at epi-
thermal energy range with wider and more compact resonance
peaks. Therefore, in the event of collisions with the moderator
nuclei, the neutrons generated should be decelerated from their
primary energy to appropriate epithermal energy range.

The selected lead moderator with low lethargy and scattering as
well as relatively low energy absorption enables perfect modera-
tion gradually and slowly toward neutron capture within compact
resonance peaks. If the neutron is not absorbed in the first peak of
the resonance, the moderator again reduces a small amount of
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Fig. 1.

polyethylene absorbant

Proton
beam

5 cm

Fig. 2. Specimen-water (S—W) solution inside neutron activator including tungsten
target under proton bombardment, lead moderator with 30 cm thickness, 35 cm
graphite reflector, and 5 cm absorbent polyethylene.

neutron energy due to the low lethargy. Consequently, the possi-
bility of absorption in the subsequent resonances increases because
of dense resonances.

3. Results
3.1. Neutron flux assessment derived from reactor-based method

The obtained neutron flux spectra have been shown in Fig. 4 at
very fast (E; > 1 MeV) and epithermal (0.1eV < En < 5 keV) ranges.
The differential flux (n/cm?/s/MeV) in water and quartz regions had
an almost similar growing behavior toward low energies. The ac-
quired flux showed greater value at epithermal range by about
1E+26 n/cm?/s/MeV to satisfy the (2n,y) and (n,y) reactions for
183w and °°Y production. Also, the very fast neutron flux was
estimated to be about 1E+23 nj/cm?/s/MeV both in the water
moderator and in the quartz vial. Respectively, the production
yields were 223 and 11100 GBq per gram of W and #°Y specimens
at saturation according to Table 1. While the water moderator
reduced the neutron velocity in the direction of epithermal range,
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Quartz vial inside the reactor core which includes segmented nano specimen-water (S—W) solution.

the neutron capture rate for yttrium occurred more than the
tungsten specimen. Since the %W requires two neutrons to cap-
ture, its yield is lower. Meanwhile, '®¥W concentration is reliant
upon the short-lived ®’W concentration and its decay as well as
the radiation time. In comparison with yttrium (p = 4.47 g/cm?)
production and according to the same irradiation time, tungsten
(p = 19.3 g/em?) revealed less production yield due to its density
and disintegration or burn-up per gram. Since 3%Y has more
compact resonance peaks than %W at epithermal range [34], the
yield is greater.

3.2. Production yield evaluation in cyclotron-driven activator

Fig. 5 demonstrates the accumulated neutron flux inside three
regions of the simulated activator at total and epithermal ranges of
neutron energy. At total energy range, the gathered neutron flux in
the graphite region was greater than that of the lead moderator
with a huge difference. The flux gradually increased with
decreasing neutron energy. At epithermal range, the flux behavior
was approximately similar in regions between 1E+14 and 1E+15 n/
cm?/s/MeV. Table 1 shows the predicted production yield for both
specimens at two different distances within the moderator region.
As the distance increased, the neutron energy steadily decreased
within the lead region with a small lethargy. Therefore towards the
epithermal energy range, the obtained yield raised at 27 cm from
the induced neutron source in the center of the activator. Since the
flux showed greater amounts inside the graphite region of the
activator, placing specimens inside the reflector region may in-
crease the production yield due to more reduction in neutron
energy.

4. Discussion

More importantly, ®8Re and °°Y are recently used in radio-
synovectomy in patients with chronic hemophilic synovitis,
recurrent hemarthrosis, and rheumatoid arthritis to reduce the
synovial thickness and effects [35,36]. The mean tissue penetra-
tions of beta particles are 3.6 mm and 3.9 mm for 88Re and %y,
respectively. Also, their decay by isomer transition is useful for pain
relief of bone metastasis besides radio-synovectomy in which the
bone marrow and the nearby normal tissues are damaged less.
Simultaneously, the emitted gamma photon is also ideal for
dosimetry and imaging procedures. Due to the different energies of
the beta particles, the intra-articular radiation can be adapted to
the size of the joint, whereby the cartilage and the surrounding
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more dense resonance peaks by about 10 b.

structures are protected. The limited availability of these radio-
pharmaceuticals and their relatively high costs are the main dis-
advantages for the spread of this form of treatment. Hence, it is
important to identify alternative methods that may be manufac-
tured locally or supplied by long life generators.

The selection criteria for radionuclide therapy must include the
chemical and physical properties of nano-spheres. The ideal char-
acteristics for radioactively labeled particles or nano-spheres for
intra-cavity therapy are: small photo-fraction and intermediate
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Table 1
Normalized Production yield (GB/g) from neutron capture in reactor and cyclotron
methods at saturation.

Method Reaction

185\y(2n,7)W188 89y(n, 1)y
Reactor 223 11100
Cyclotron 92 (at 20 cm) 4625 (at 20 cm)

113 (at 27 cm) 4779 (at 27 cm)

half-life (days), relative simplicity of labeling with high-energy beta
particles, high chemical stability to withstand the elution of
radioactive markers, high mechanical stability against decomposi-
tion, uniform density to avert streaming or settling, uniform size,
and removal of macrophage or radiolysis.

90y can be acquired with a high specific activity (2E+16 Bq/g) by
isolating 2°Sr from nuclear waste with a very long half-life (about
27 yrs). A number of separation methods have been suggested to
isolate %Y from °°Sr, including extraction chromatography, ion
exchange through supported liquid membrane (SLM), solvent
extraction, and electrochemical deposition. Each of these tech-
niques has its own disadvantages and advantages in terms of
complex configuration and the purity of the end products. On the
other hand, there are a number of carrier molecules that can be
utilized to advantage in the manufacture of therapeutic radio-
pharmaceuticals that target various types of cancer. These include
small biomolecules, peptides, and antibodies [23]. By greatly small
size of <100 nm, nanoparticles present the option of conjugation of
binding sites or other targeted units with radionuclides. This
property can passively penetrate the tumor and transfer cytotoxic
radionuclides with extreme selectivity and minimum side impacts
to bind sites within tumor. Two procedures are known for the
transfer:
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Fig. 5. Neutron flux behavior in three regions of neutron activator derived from
cyclotron method for: a) total, b) epithermal ranges.

(a) By passive incorporation specifically for the target tissue

(b) By docking to tumor target structures (receptors, antigens,
and/ or angiogenesis sites), in which it is a procedure inter-
vened in targeting units with elevated tumor affinity.

Therapeutically, active radionuclides can be inserted either in or
on nanoparticles by encapsulation in the particle or by annexing to
existing bind sites on the particle surface. This procedure would
principally enable the combination of emitters with diagnostic and
therapeutic functions besides implementation in several imaging
modalities like PET and SPECT [19,20].

90y, 188Re, 1311 and 7Cu are radionuclides in passive nano-
targeting that can be employed for therapeutic aims via encapsu-
lating in liposome. Attempts have also been made to couple 6Re to
liposome via N,N-bis(2-mercaptoethyl) dimethylethylenediamine.
Researches on the parallel labeling of liposomes with ®8Re and
My are part of the effort to join therapy with diagnostics (thera-
nostics). In addition, different routes have been attempted to ach-
ieve joint delivery of chemotherapeutic agents and radionuclides
for diagnosis and treatment using liposomes. Ting et al. [37] give a
good overview of efforts to attain multi-modal targeting of tumors
by the latest technology using radio-nanoparticles with elevated
tumor affinity. The following major examinations provide an
adequate depiction of the current state of studies:

(1) Induced Auger radiation, antisense-arbitrated cytotoxicity of
tumor cells utilizing a three-component streptavidin release
nanoparticle with In [38];

(2) Intra-tumoral transfer of a theranostic metallofullerene (f-
GdsN@Cgp) labeled with 7Lu and DOTA ('7’Lu DOTA-f-
GdN@C), which enables a possible combination of therapy
and MRI imaging [39];

(3) Examination and synthesis of the cell uptake of a dual pro-
cedure 88Re histidyl-glycyl-arginyl-glycyl-aspartic acid
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F—CdTe quantum dot probe for joint MRI imaging and ther-
apeutic targeting of angiogenesis [40—42].

Since the 2°Y is demanded for preparation of labeled peptides
and antibodies that are used for target therapy, the *°Zr(n,p)Y*°
reaction may be alternatively utilized by a100% enriched *°Zr target
under the neutron flux of reactor-based method. This method ne-
cessitates a very fast neutron flux of approximately
7.5 x 10'3 cm~2s~1 [43]. Although this way is perceptibly favorable
as a feasible procedure, there are some aspects related to the long-
term accessibility and cost of enriched °°Zr. Meanwhile, the need
for a very fast neutron flux, the research and development affiliated
with the target design and the requirement to separate “°Zr and *°y
recycling are significant problems that need to be addressed [44].
The levels of °°Y activity produced in this way will also be restricted.

188w and °°Y production yield is a function of epithermal
neutron flux and irradiation time in high flux reactor or medium
cyclotron methods. Dash and Knapp Jr [13] have reported 44.4 GB/g
of 188W saturation yield under 6E+14 n/cm?/s neutron flux of
reactor and 40 days irradiation time. Also, Mirzadeh et al. [45]
experimentally achieved 8.1 GBq per 183.1 mg of 88W specimen at
saturation under 24 days irradiation of 1E+15 njcm?/s reactor
neutron flux.

In reactor-based method of °°Y production, noticeable levels of
8951 can be observed as impurity that are formed via (n,p) reaction
in corrival. Vimalnath et al. [14] produced *°Y by 851 MBq/mg of
Y,03 micro-sized target under 1E+14 n/cm?/s thermal neutron flux
for 14 days irradiation by a medium flux research reactor. However
this small specific activity is limited by inadequate epithermal
neutron flux, Ponsard [21] has reported 2220 GBq/g of 8°Y enriched
target by 9 days irradiation in a thermal neutron flux of 3.5E+14 n/
cm?/s. In our study, the average energy of 2>°U fission neutron is
about 2.5 MeV, which is actually outside the scope of the spectrum
shaping given by Eq. (1). This is just to highlight that it is the higher
energy, more penetrating fission neutrons that are of the utmost
importance in reactor shielding submissions. A reactor with high
thermal neutron flux (up to 1E+15 n/cm?/s) and high fast neutron
flux (up to 6E+14 n/cm?/s above 100 keV) is required to generate a
suitable production yield of °Y and '®%Re. On the other hand,
research reactors such as Tehran reactor in pool-type light water by
2.5E+13 n/cm?/s neutron flux, which operates with 20% uranium
enrichment and has a thermal capacity of 5 MW, do not provide a
suitable neutron flux for the production of these radioisotopes [44].
Regarding the shielding issue, there are some materials that are of
the utmost importance in the design of the facilities. Of these, lead,
steel and concrete have already been addressed in terms of
shielding against induced gamma and X-rays [46,47]. In cyclotron-
based method, using boron instead of polyethylene can absorb the
waste neutrons. According to the neutron activator plan, the
reflector region was also designed around the lead region in order
to prevent neutron loss. A suitable reflector material should have a
high elastic scattering cross-section and a low absorption cross-
section so that neutrons can re-enter the moderator region. In
the proposed design, graphite with an optimum thickness of 35 cm
was chosen as the reflector material in order to maintain the
neutrons in a superior flux [2,7,11]. During the cyclotron-based
treatment process, the use of collimator and appropriate shield-
ing can reduce the additional dose to the patient along with
reducing pollutant production [48]. By injectable or implanting
treatment techniques, the patient must be quarantined for a while
until the amount of radiation received drops below the non-
harmful level [49].

In both methods, filter design with proper material and suffi-
cient thickness can diminish the undesirable dose to the patient.
Also, the use of wedge with a suitable attenuator can reduce the
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additional dose and induced detrimental effects during the treat-
ment [50,51].

In this study for both radionuclides, the obtained specific ac-
tivities at saturation were higher than the amounts reported
experimentally, because the simulation outcomes are commonly
within a factor of 2—4 of experimental ones. Besides, the accumu-
lated epithermal flux and nano-sized target affect the results in the
reactor-based method. In addition, an indirect production method
based on medium cyclotrons was simulated by a proposed neutron
activator in order to evaluate the behavior of the neutron flux and
the derived yield as technology accessible to hospitals. An impor-
tant effect on the production yield is the target thickness, which
describes self-shielding impact factor, so that different dimensions
of the specimen in micro- and milli-sized target and the type of
specification can cause a significant difference in productivity. On
the other hand, flux tolerances derived from kind of moderator and
reflector materials change the saturation yield at the end of irra-
diation. Here, the type of material selected with high transparency
in relation to the fast neutron for moderator as well as the high
reflectivity for reflector can increase the collected neutron flux.

Future work may address the different or hybrid moderators and
reflectors in the neutron activator via small cyclotron to achieve a
reasonable yield of radionuclide production. In addition, the sour-
ces of uncertainty can be explored using diverse nuclear data li-
braries, physical patterns, the execution of particular models, and
the use of pre-stressing techniques.

5. Conclusion

Although no gamma radiation by °°Y makes difficult the dosi-
metric evaluations, its high-energy beta emission enables local
delivery of high doses with lower risk of induced necrosis due to
limited tissue penetration. Meanwhile, the availability of a kit
formulation process with no mutated radioactive type in the
generator leads in the treatment being fractionated or repeated.
Since '®Re has shorter half-life in comparison with °°Y, approxi-
mately five times more activity is necessary to achieve an equiva-
lent patient dose. On the other hand, the unavailability of the kit
formulation process and the limited accessibility of the 88w/188Re
generator are disadvantages of the ®¥Re radionuclide. Alterna-
tively, an indirect method has been suggested here using a compact
cyclotron in medium range which may be utilized locally in hos-
pitals with a rational production yield.
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