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ABSTRACT

Over the last years the *’Lu radioisotope has attracted great interest for the use in therapeutic and diagnostic

procedures simultaneously, being what is now called a theranostic radioisotope, with outstanding results in

prostate and neuroendocrine cancer. There are mainly two ways of producing this radioisotope, by direct

neutron capture in a Y’°Lu target (the “direct route™) or by irradiating a *’®Yb sample, producing *'"Yb that will

then decay to '’

Lu (also referred as the “indirect route”). In this work, the technical feasibility of producing

Yu in the IEA-R1 nuclear research reactor via the direct route was assessed, and the specific activity that

could be obtained was estimated both experimentally and theoretically.
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1. INTRODUCTION

Y7 u is a radionuclide of the family of the lanthanides, produced artificially in nuclear reactors,
that is being applied in treatment of neoplasms worldwide in the last years, mostly in
neuroendocrine and prostate cancers, revealing promising outcomes [1-3]. This radionuclide decays
by low-energy S emission (Emax=497 keV, 78.6%) followed by yemmission (most intense
transitions, 113 keV, 6.4%, and 208 keV, 11%) [4], what is ideal for targeted radionuclide therapies,
with theranostic applications: g particles kill tumor cells and gamma radiation can be detected in
SPECT cameras, for diagnostic purposes.

71 u can be produced by two different ways: one called the direct route, in which a 1®Lu target
is irradiated in a neutron flux, generating *’’Lu via the nuclear reaction *°Lu(n, y)*"’Lu; and other
called the indirect route, in which a *"®Yb target is irradiated, generating *’"Yb by neutron capture,
which decay via ~ emission to *’Lu. Both methods have their advantages and disadvantages, and
the choice for one of them must consider the final usage purposes, besides technical and financial
aspects.

Despite of its increasing importance in nuclear medicine, availability of *"’Lu is still restricted,
with commercial production limited to a few countries, like Russia and the Netherlands. In this
sense, local production of this radionuclide is of great interest, since it would reduce final cost and
could potentially supply larger demands. Considering this, the aim of this study is to assess the

technical feasibility of production of *’’Lu in the IEA-R1 nuclear research reactor via direct route.

2. MATERIALS AND METHODS

The specific activity of *’"Lu that would be achievable in the IEA-R1 reactor was estimated by
two distinct theoretical methodologies. To validate the results, an experimental irradiation of a

natural lutetium sample was performed.
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2.1. Theoretical prediction of the "’Lu production

The capture cross section of *®Lu is rather high (2090-+-70 b [5]); however, the estimation of
the activity produced when *"®Lu is irradiated with neutrons is rather tricky, due to a very intense
resonance below 1 eV (see Figure 1). For that reason, the use of the usual Hggdahl convention is

not directly possible, as it assumes a 1/E dependence on the cross section [6].

Figure 1:Neutron capture cross section for *"°Lu
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Source: NGATLAS [7]

One way to overcome this limitation was proposed by Koyama [8], who calculated temperature
dependent effective cross sections for many “non-1/E nuclides” - in the case of the IEA-R1 reactor,
where the pool water temperature around of the irradiation devices is approximately 40°C, the *"°Lu
capture cross section to be used in the Hggdahl convention [9] is, then, 3885 b; a second alternative

is to use the simplified Westcott convention [10], which requires several additional parameters from
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the irradiation facility, not all of which are readily available for our site — in our paper, in order to
check for the validity of each approach, calculations were performed by both methods.

2.1.1 Haggdahl convention using the effective cross section
As the resonance integral of *"®Lu is smaller than the cross section, and in IEA-R1 reactor the

epithermal neutron flux is almost one order of magnitude lower than the thermal one, we decided to
neglect the contribution of epithermal neutrons in this first calculation, so the specific activity of
Y u after an irradiation time t will be given by Equation 1 [9], Na is the Avogadro constant
(6.02214076-x-10% mol~™), and the remaining nuclear data used in the calculation are presented and
described in Table 1. It should be noted that, as it is an approximated calculation, no error
propagation was performed, and both self-shielding and burn-up were neglected; moreover, up to

this point all calculations were performed assuming a natural Lu target.

A X0y XFpy XN _
Ao _ PthX0OtpXImXN4 X (1 —e Axt) 1)
m M

Table 1: Nuclear parameters used in the calculation using the Hggdahl convention.

Parameter Description Value
ot Effective thermal cross 3885 b [8]
section
Fm Isotopic fraction 2.599% [11]
M Atomic mass 174.9668 Da [11]
A Decay constant 0.1042797 h™ [4]
Ot Thermal neutron flux 1.09x108cm st

2.1.2 Simplified Westcott convention
To estimate the final specific activity of "’Lu using the simplified Westcott convention [10],

with the due burn-up corrections [6], one needs to evaluate Equation 2:
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A XOp XKXNXA _ -
Ao _ PthX0th X (e OthXKX@epXt _ o Axt) )

m A—0p XKXQp

where most symbols are the same used for the Hagdahl convention, N is the number of *®Lu nuclei

per gram:

FmXN 4

N=" ®)

and k is the so-called k factor, defined in Equation 4. This formalism requires many more detailed
data on the irradiation facility and nuclide, as T, and T, are, respectively, the standard temperature
for which cross sections are tabulated, (20°C) the actual temperature in the irradiation facility
(40°C); Gy, and Gy, the thermal and epithermal self-shielding factors, both set to one in the present
work, as an infinitely diluted sample is assumed, and the remaining parameters are defined in
Table 2.

k = [Gth X g(T,) + Ry X r(a) X \JT,,/Ty X 5o X (E_r)—a] )

Table 2:Nuclear parameters used in the calculation using the Westcott convention.

Parameter Description Value
o(Ty) Westcott factor 1.8922 [12]
r(@) X [T, /T, Spectral index 0.03 ™
a Epithermal shape factor 0@
So Westcott s-factor 1.67 [13]
E, Effective resonance energy 0.158 eV [13]

(1)r(a) hasn’t been determined for our irradiation position yet, so we used an estimate given by the local
kO-INAA group.
(2). The local kO-INAA group has experimentally determined that « is mostly compatible with 0.
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2.2. Experimental validation

For the experimental validation of the specific activity estimates obtained by either method,
50 uL of a 1 g/L natural Lutetium certified solution were pipetted in Whatman 40 filter paper; after
drying, the paper was folded and placed inside a small polyethylene bag ( ~ 1 cm x1 cm). This
sample was then placed inside an aluminum container and irradiated for 8 h in irradiation position
14A/4 of the IEA-R1 reactor. The sample came out too radioactive, so it had to decay for 15 days
before counting in order to achieve a counting dead time below 15%.

The sample was counted in a Canberra GX4019 HPGe detector for 3600 s; then, the efficiencies
(€) determined using Canberra’s LABSOCS software were used to determine the activity of the
radioisotope by means of Equation 5, where |, are the transition intensities and cps are the observed

count rates.

cps

A= (5)

exly

As the irradiation produces both the desired ground state *’Lu (T1, = 6.647 d) and a 160 d
7'M _u isomer, the activity of the longer-lived isotope also had to be determined; this was achieved
by a weighted average of the activity values obtained using the gamma transitions that are exclusive
to it (see Table 3 for the gamma-ray energies employed in this study). As no transitions are
exclusive to the ground-state *"Lu, the activity of this isomer was calculated by determining the
expected counts using Equation 6 (where A is the activity determined for *"™Lu, I, are the
intensities of the common gamma transitions and ¢ the detection efficiency at those energies) and
subtracting them from the real counts. The experimental activity obtained for Y’’Lu was then

corrected for the decay since the end of irradiation.

cps = AXI, X¢ (6)
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Table 3: Gamma transitions observed and their absolute intensities in the decay of either *""Lu
isomer (from [4]).

Energy (keV) L, ""™Lu) (%) I, (""Lu) (%)
55.15 1.78 +0.10
71.646 0.90 + 0.04 0.154 + 0.008
112.9498 20.4 +0.4 6.4+0.3
136.7248 1.40 + 0.05 0.048 + 0.002
153.2843 16.9+0.3
208.3664 57.7+1.1 11.0+ 0.6
228.4838 37.0+0.7
249.6741 6.14 +0.18 0.212 +0.011
281.7873 141+0.3
327.6829 18.1+0.5
378.5029 29.7+1.2
413.6636 17.4+0.6
418.5391 21.3+0.8
465.8416 2.35+0.12

3. RESULTS AND DISCUSSION

The specific activities determined by the Hggdahl and Westcott conventions for an 8-hour
irradiation are presented in Table 4 together with the experimental results obtained. The results
obtained using both formalisms were compatible within 5%, while the experimental result was 15%
lower than the theoretical estimate, which can be considered acceptable, given the assumptions
made in the calculations. The experimental specific activity of *’"™Lu determined was
(4.6520.20)x10° Bg/g (of natural lutetium), which is (4.2+0.3)x10° times smaller than that of the
ground state *"’Lu, which is rather lower than the findings in [14] (1.5x107%), who irradiated for 7

days.
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Table 4: Specific activity of "’ Lu after 8 hours of irradiation calculated using both the Hagdahl and
the Westcott formalisms compared to the specific activity obtained experimentally, (in Bg/g of
natural lutetium).

Hggdahl Westcott Experimental result

1.30x10™ 1.35x10™ (1.13+0.04) x 10™

As both formalisms reached similar results, the activities that could be obtained in longer
reactor cycles were determined using only the Westcott formalism, where a burn-up correction is
included. In these simulations, two situations were considered: a cycle with 8 h/day for 3
consecutive days (the present operational status of the IEA-R1 reactor) and a cycle with 60
consecutive hours of irradiation, as the IEA-R1 used to operate previously. Moreover, as the
practical production of high activities of *"’Lu should require the use of isotopically enriched
targets, the specific activities in this case were calculated per gram of *°Lu. These results are shown
in Table 5.

Table 5: Specific activity of *"’Lu calculated using the Westcott formalism for two distinct
operation cycles (in TBq/g of *"°Lu).

Irradiation cycle Specific activity (TBqg/g)
8 h/day for 3 consecutive days 5.4
60 consecutive hours 34
14 consecutive days in a 10* cm%.s* 800
position

Comparing the specific activities results with the ones in [14,15], for instance, indicates that
while these values would be useful for bone pain treatment, they would be still below the minimum
requirements for Peptide Receptor Radionuclide Therapy (PRRT) — Chakraborty et al [15] state that
for that purpose a minimum of 740 TBq/g should be obtained. In our reactor, it could be possible to

use an irradiation position with a higher flux (maybe up to one order of magnitude higher), but even
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then to reach those specific activities the reactor would need to operate continuously for the whole
week — the situation is shown in the last line of Table 5, but it must be stressed that at that high flux
position the parameters used in the calculations would be different, so this should be taken simply

as a rough estimate.

4. CONCLUSION

In this study we assessed the technical possibility of producing *"’Lu for nuclear medicine in the
IEA-R1 reactor via the direct neutron capture route. The production yield was calculated both using
the Hogdahl convention with a modified “effective" cross section and the Westcott convention, in
both cases making some simplifying assumptions, and both calculations agreed within 5%. An
experimental measurement was made to validate those calculations, and agreed to the calculated
values within 15%, which is reasonable given the assumptions made (most specifically, to the lack
of a self-shielding correction).

Using the Westcott approach, it was possible to estimate the specific activities that could be
obtained for production purposes, supposing a 100%-enriched "®Lu target, in ~ 5 TBq/g for the
present operating cycle of the IEA-R1 reactor, and in ~ 34 TBqg/g for a 60-straight-hour cycle.
While both values are clearly more than sufficient for bone pain treatment, they are still below the
requirements for Peptide Receptor Radionuclide Therapy, which could only be obtained using the
highest flux position available, and even then only if the reactor operated continuously and the

targets were irradiated for 14 straight days.
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