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*'Sc is considered as a promising beta-emitter for cancer immunotherapy. For its carrier-free production, the
*Ti(y,p)""Sc reaction in the field of bremsstrahlung radiation of an electron accelerator can be used. On the basis of
developed analytical model and a double-foil activation technique, the main characteristics of the photonuclear iso-
tope production and optimal dimensions of a production target have been established. The measured photonuclear
yield of ’Sc and dominant scandium admixtures in thin foils of natural titanium in the electron energy range
of 35 to 95 MeV enabled to specify the available data on the cross-section of the*Ti(y,p)*’Sc reaction. Using those
results, the gross and specific activity of *’Sc in the cylindrical titanium targets of optimal size were calculated by a
simulation technique. The comparison of capacity of the photonuclear method of the *’Sc production with other

techniques is carried out.
PACS: 07.05.Tr, 41.50.+h; 41.75.Fr; 78.70.En

INTRODUCTION

YSc (T,,=3.35d; Eg=162keV; E,~159.4 keV) is
believed as a promising beta-emitter for theragnostic
#Sc /7S¢ pair (see e.g. [1]). The practical application of
*’Sc is hampered by the absence of a high-capacity
technology with tolerant content of admixtures. In a
number of works, the possibility of that isotope carrier-
free production in the field of the bremsstrahlung radia-
tion of an electron accelerator via the **Ti(y,p)*’Sc reac-
tion with threshold Eq=11.4 MeV was studied [2 - 4].

Commonly, estimation of capacity of such a tech-
nology is conducted on the ground of experimental data
on the *’Sc yield in a target of small size (weight) nor-
malized to the accelerator beam current [2]. Such an
approach includes the considerable uncertainties con-
nected with the accuracy of determination of target posi-
tion in a nonuniform flux of X-rays. So in Fig. 1, the
distribution of the *’Sc nuclei generated in a large cylin-
drical target from titanium with the X-ray beam having
end-point energy of 40 MeV, obtained by a simulation
technique, is presented. It is seen, that the reaction
products are essentially nonuniformly distributed over
the target volume.

It should be noted, that calculation of photonuclear
yield by a Monte-Carlo method, even using a HS calcu-
lation technique [5], is borne with the considerable ex-
penditure of time in view of a comparatively small reac-
tion cross-section. Moreover, such an approach requires
experimental checking, as the information sources give
sometimes different data on the reaction cross-section.
So for the **Ti(y,p)"’Sc reaction, the referenced maxi-
mum of the cross-section makes about 30 [6], 13 [7],
and 7 mb [8, 9], respectively.

In [10] on the basis of a simplified analytical model
for the description of photonuclear isotope generation in
a thick target, the principal parameters of the process
have been introduced. In this work, the experimental
study of those characteristics for the *Ti(y,p)*’Sc reac-
tion is conducted and the most appropriate value of the
reaction cross-section are specified. Using the data ob-
tained, an optimal size of a production target and its
activation regime are determined. So the capacity of the
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technology is calculated, and also the yield of the Sc by-
products in a target from natural titanium is measured.
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Fig. 1. Distribution of ¥’ Sc nuclei in titanium target
irradiated with bremsstrahlung radiation

1. METHODS AND MATERIALS
1.1. AMODEL

As it is shown in [10], the volumetric distribution of
specific activity produced via a photonuclear i-reaction,
induced by a pencil electron beam with average current
I and particle energy E, for the irradiation period ¢, is
given by
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where A; is the decay constant, N, is the Avogadro

number, A is the average atomic mass of the target
material, p, is its density, Vv, is the relative content of

the isotope-target nuclei, w(F) is the linear photon
attenuation coefficient of photons with energy F in the
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target material, ,(E,z) — is the standard radial deviation
of the photon flux density at a distance z from the con-

verter (z=0 corresponds to its rear plain), 0;(E') is the
reaction cross-section, E,; is the threshold of the i-
reaction, I y(E ) is the spectral density of X-rays nor-

malized to the one beam electron, and 6,, is the most
probable angle of X-ray exit from a converter.

1.2. A DOUBLE-FOIL ACTIVATION TECHNIQUE
As it is evident from Egs. (1) - (3), that the quantities
Y. (Eo), 6, and Om determine the total activity and its

volumetric distribution in a target. Y, (Ey) denotes the

yield of isotope-product in a thin wide target overlap-
ping fully the photon flux and normal to its axis (a
photonuclear converter — PNC), normalized to the one
beam electron and to the unit of the mass thickness of
PNC. So the Y; quantity is called as a coefficient of
photonuclear conversion.

The Y, 6,, and 6, values can be readily measured us-
ing a double-foil activation method [11]. It includes
joint activation of two stacked foils — PNC and a small
circular foil (S-target) by radius Rg~/z), positioned
normally and axially symmetrically to the radiation flux
axis (Fig. 2).
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Fig. 2. Schematic of double-foil activation device
at exit of LU-40 electron Linac

Electron beam of a LU-40 accelerator was ejected
through an output window cooled with water [12]. On-
line monitoring of the beam axis position was conducted
using a beam position monitor. Via an input window
(stainless steel 0.3 mm thick), the beam was injected
into a target device comprises a bremsstrahlung con-
verter (four tantalum plates each of thickness 1 mm
cooled with water) followed by a pair of foils from natu-
ral titanium each of 50 pum in thickness, located axially
symmetrically to the beam axis. The first foil (PNC) is
by 25 mm in diameter when the second by 6 mm. Every
pair of foils was activated at a specified electron energy
E in the range of 35...95 MeV with mean beam current
of 4 pA for 30 min. After cooling, the induced y-spectra
of foils was measured using a Ge-detector. The ex-
panded uncertainty of the activity measurement did not
exceed 10%.

1.3. SIMULATION

For optimization of the target irradiation regime and
analysis of the experimental results on the yield of *’Sc
and by-products, the calculations were performed with
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the use of a transport code GEANT4 and various data
on the cross-section of the photonuclear reactions on the
Ti isotopes.

In Fig. 3, the dependence of yield of the above-
threshold photons for the **Ti(y,p)*’Sc reaction on the
thickness of a Ta-converter and the electron energy, is
presented. It is evident, that in the Ey span of 30 to
100 MeV the converter thickness of 4 mm is close to
optimal.
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Fig. 3. Normalized yield of gammas with energy higher
11.4 MeV vs the converter thickness and electron
energy (solid curves correspond to a solid converter
when the separate points at dc =4 mm correspond
to its actual configuration)

The data on distribution of the photon flux density at
the converter exit obtained by modelling are given in
Fig. 4. It is obvious, that radial flux distribution is per-
fectly fitted with Gaussian.
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of the above-threshold X-rays

2. RESULTS AND DISCUSSION

2.1. In Fig. 5, the results are presented on the de-
pendence of activity of the *’Sc and *Sc isotopes in
PNC from natural titanium on electron energy E,, ob-
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tained experimentally and by simulation with the use of
cross-section data given in [6] and [7]. The calculations
with the [8] and [9] databases were not performed as
they provide obviously underestimated results.
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Fig. 5. Dependence of ’Sc (a) and **Sc (b) activity
in PNC on electron energy

The data on the “’Sc yield in the both foils of the
stack-targets are listed in Table 1 The results of simula-
tion were obtained using the cross-section data of the
TALYS package for the reactions **Ti(y,p)"’Sc +
“Ti(y,np)*’Sc. The calculations showed, that the contri-
bution of second reaction in the span Ey=35...95 MeV
does not exceed 2.3%. It is seen that at the lower border
of the E, span, the calculated and experimental data are
satisfactory agreed within uncertainty of measurement.
At the same time with the rise of E,, a steady trend is
observed of overestimation of experimental results as
compared with ones using the TALYS database The
results on the specific activity of the small S-target ob-

tained experimentally (AS“P) and by simulation tech-
nique ( A;a’“) are given in Table 1 also, as well as the
estimates of maximum of the *’Sc specific activity Amax,
located in the front surface of the target on the axis of
the radiation flux. The data was obtained with the use of
Eq. (1) and experimental values of Y;** and 5,

2.2. As it follows from Eq. 1, the rate of the isotope
photonuclear generation at periphery of a cylindrical
target falls sharply as its diameter becomes higher than
FWHM of distribution of flux density of the above-
threshold photons (FWHM,=2.354 3,), and the height of
the target (H) exceeds the free range of the photons
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U(E, )', where E; is the value of the photon energy cor-
responding the maximum of the reaction cross-section

max

o™. The free range of the photons with energy
E=20 MeV in titanium makes 7.8 cm. So with due re-
gard to the values of J, listed in Table 1, a production
target from titanium by FWHM, in diameter and up to 2
FWHM, high can be considered as close to optimal.
The TALYS database was used in simulations as it pro-
vides a lower limit of the estimate of capacity of the
photonuclear technology for the *’Sc production

(Fig. 6).
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Fig. 6. Dependence of gross (a) and specific (b) activity
of target from natural titanium on electron energy
and target height

The measured yield of the scandium isotopes at acti-
vation of targets from natural titanium is presented in
Fig. 7. It is evident, that the relative activity of **Sc
(T ;=44 h) at EOB is ~10% of the *'Sc activity and can
be decreased by cooling of a target. The relative yield of
%S¢ (T,,=84 d) makes ~1%.
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Table 1
Characteristics of *’Sc photonuclear generation in thin targets from natural titanium

exp 10> ale 105 —exp —cale —cale
o 5@:;’)“ chm;;” chm;go’ As MBa/(gudh) | As ,MB/(giAh) | An, MBg/(g-uAh)
35 6.4 0.99 0.89 0.20 0.19 0.21
40 4.3 1.51 1.47 0.62 0.54 0.71
45 4.4 1.92 1.68 0.76 0.59 0.98
48 4 2.15 1.87 1.03 0.73 1.16
60 3.5 2.80 2.41 1.63 1.22 1.96
70 3.1 3.18 2.73 2.31 1.72 2.84
80 3.3 3.56 2.99 2.81 1.96 3.63
95 2.2 4.14 3.29 5.51 2.63 7.31
CONCLUSIONS

The spectra of the Ti foils activated at various elec-
tron energies are presented in Fig. 8. The obtained experimental results on the yield of
P —— *Sc via the **Ti(y,p)*’Sc reaction show that the most

/\ applicable data on the maximum of the reaction cross-

47&: ASSC

100000+

section (~13 mb) provides the TALYS database with
possible underestimation of about 10 to 15%.

In the electron energy (Eq) span of 35 to 95 MeV,
the gross activity of *’Sc rises approximately propor-
tional to Eo, when the specific activity ~E,’. The relative
yield of the main Sc by-products in natural titanium at
EOB makes ~10% (**Sc) and ~1% (**Sc) to the activity
of *’Sc and can be decreased considerably by usage of a
target enriched in **Ti. At activation of such a target by
11 mm in diameter and 22 mm in height (the weight is
7 g) with an electron beam having routine parameters
(40 MeV; 0.3 mA), one can provide the *’Sc capacity of
up to 1 GBg/h at a low content of by-products. Applica-
tion of a more powerful machine [13] enables to in-
crease the capacity of the technology by up to an order
of values. The *“’Sc specific activity, obtained with due
regard to the profile of the X-ray flux, appears much
higher (up to by order of values) than the estimates re-
sulting from activation of the small experimental targets
[2]. At the same time, the experimentally determined
b yield of the scandium by-products in natural titanium

turned out lower by orders of values than that obtained
elsewhere by simulation [4].

The comparative characteristics of various methods
of the *’Sc production are listed in Table 2.
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Table 2
Comparative characteristics of *’Sc production methods
Reaction charictaerrrilstics charzacliegritstics Sgélgzlzli:;d’ prclii}:l-cts Rel.‘;:eld’ Ref.
apse | g o [ moiws | e | i | 50T
Tigp)Se | o 11j:f;113,1\1/1[i:\r/n'2~s'1 YTi: 10 up t0 10 405, 5107 | [1]
*Ca(n,y)"'Ca—"Sc q)nj{‘lzg{gzi cinv'z.s'l “Ca; 10 g up to 1-10° *Sc <5107 | [1]
44m,

“Ti(p,2p)""Sc Ef:jSSOMZV "Ti; 17.4 mm 2.5 46sscC 950 [14]

P H *Sc 4
*Ca(p,2n)*'Sc Ep:zlj':'l' 1: AMeV ™CaCO;5; 0.35, g-em™|  3.5:107 i::g &'.27 [15]

**Ti(y,p)"'Sc F}::;tg 01\/:3/ "Ti; 7 g 18 i::g 09'?27 -
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OLIEHKA ®OTOSIJIEPHOI' O BBIXOJA 'S¢ B TEXHOJIOT MUECKON MUILLIEHU
H.II. Tukui, FO.B. Jlawko, B.A. Illeeuenxo, A.J. Tenuwes, B.JI. Yeapos, A.A. 3axapuenko

'S¢ cunraercs mepCEeKTHBHBIM GeTa-5MUTTEPOM B MMMYHOTEpAIUH paka. JIJIs IPOM3BOACTRA M30TONA 6e3 HO-
CHTeNIs MOXET ObITh HCIIOIb30BaHA peakims " Ti(y,p)*’Sc B mose TOPMO3HOro M3TY4eH s YCKOPUTEIS AMEKTPOHOB.
Ha ocHoBe pa3paboTaHHOW aHAJUTUYECKOH MOJIETN M METO/Ia COBMECTHOM aKTHUBALWH JBYX (OJBI YCTAaHOBIICHBI
OCHOBHBIE XapaKTEPUCTUKH (POTOSIEPHOrO MPOU3BOJCTBA M30TOMOB M ONTHMAJBHBIE Pa3Mepbl TEXHOJIOTHIECKON
Mumenn. IToyueHHbIe SKCIIEPUMEHTANbHEIE JAHHBIC 110 BHIXOLY ' SC M OCHOBHBIX IPHMECHBIX H30TOIMOB CKAH/IHS B
TOHKUX (ONBrax M3 MPUPOJHOTO THTaHA B JUAIlla30HE 3HAUYEHWH SHEPTrUM JIEKTpoHOB 35...95 MbB mo3Bonsior
YTOYHHTD HMEIOIIHECS JaHHbIE 0 cedeHmo peakiuu * Ti(y,p)*’Sc. Ha oCHOBE STHX Pe3yIbTATOB METOIOM MOJC-
JIPOBAHMS PACCUNTAHBI OOIIAS M yJAe/IbHAS AKTHBHOCTh * SC B IMTMHAPMYECKUX MHIICHSX M3 TUTAHA ONTHMAIb-
HBIX pa3MepoB. [IpOBE/ICHO CpaBHEHHE POU3BOAUTEILHOCTH (OTOSIEPHOM TEXHONOTHH TPOU3BOACTBA * S¢ ¢ aApy-
TMMHU METOJIaMH.

OLIIHKA ®OTOSIEPHOI'O BUXOAY “'Sc Y TEXHOJIOI'TYHINA MILIEHI
MLIL Qukuia, IO.B. Jlawko, B.A. Illeguenxo, A.E. Teniwes, B.JI. Yeapoes, O.0. 3axapuenxo

*'Sc BBAkKAETHCS TEPCIIEKTUBHAM GeTa-eMiTepoM B iMyHOTepamii paky. Jiis BUpOOHHUTBA i30TONy Ge3 HOCs
Moxe GyTH BUKOpHCTaHa peakiis *Ti(y,p)'’Sc y Mo ranbMiBHOTO BHIPOMiHEHHS TPHCKOpIOBaYa eleKTpoHis. Ha
OCHOBI1 PO3pO0JICHOI aHATITHYHOI MOJICNI 1 METOAY CYMICHOI aKTHBAIlii TBOX (DOJIBI BCTAHOBJICHI OCHOBHI XapaKTe-
puctukH (OTOSAEPHOrO0 BUPOOHMITBA i30TOIB Ta ONTHMAJIbHI pPO3MIpH TeXHOJOTIYHOI MimteHi. OxepxaHi ekcrie-
PMMEHTAIbHI JaHi MO0 BUXOAY *'SC i OCHOBHHX JOMIIIKOBHX i30TOMIB CKAH/IO B TOHKHX (OIBrax 3 MPHPOIHOTO
TUTaHy B Jiana3oHi 3Ha4YeHb eHeprii e’xekTpoHiB 35...95 MeB 103BOJISIOTh YTOYHUTH HasBHI JIaHi MOAO NEPETUHY
peakmii **Ti(y,p)*’Sc. Ha 0CHOBI MX pe3y/IbTATIB METOMXOM MOJCITIOBAHHS PO3PAXOBaHi 3araibHa i MITOMA AKTHB-
HIiCTh *'SC y UWIIHAPUYHUX MIIIEHSAX 3 TUTAHY ONTUMAaJILHOTO po3Mipy. [IpoBeneHO MOpiBHSIHHS MPOAYKTHBHOCTI
dorosaepHoi TexHOMOrIT BHpoOHHITRA *SC 3 iHIIIMY MeTOTAMY.
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