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1. Introduction

7Cu is one of the most promising candidates among
the theranostic isotopes of major interest, owing to the
specific role of copper in several biochemical processes
[1,2]. ¥Cu of peculiar physical-chemical characteristics
has been considered an excellent nuclide for
radioimmuno-therapy for a long time. Relatively long
half-life of this nuclide (61.83 h) allows the slow
biodistribution of antibodies, additionally its S-emission
being of a therapeutic effect of short-medium range on
the targeted cells [1,2].

Although, in early days, 6’Cu is limited in producing
from nuclear reactors, it shifts over particle accelerators
over the last decade because of the higher quality of the
final product. It meets the specifications for its use in
targeted therapy [3]. The accurate knowledge of the cross
section is the first important step to optimize of
radioisotopes production [2].

Here we provide a new measurement of the cross-
sections for the ™Zn(p,x)Cu and "Zn(p,x)*’Ga
reactions in the range of 47 to 67 MeV. The ¥'Cu and
67Ga radionuclides show gamma ray peaks at the same
energy and have similar half-life times. The overlapped
gamma spectra for 6’Cu and 6’Ga were separated by
employing an analytical method without the support of
radiochemical separation. Our data are compared with
previous published values and with theoretical
estimations provided by the TALYS code [1].

2. Methods and Results
Cross-section measurements for proton-induced
reactions on natural Zn foils (purity: 99.9%) have been

carried out at an energy of 69 MeV proton beam. The
thickness of the Zn foils was 48.79940.443 um. The
experiments were made by using a 100 MeV proton
accelerator installed at KOMAC. To determine the
incident proton flux, stacked Zn foils (purity: 99.9%)
were activated along with Al monitor foils, as well as the
accumulated particles incident on the foils are directly
measured. To change of incident energy for each foil, we
put the Al degraders onto the foils in between. Each foil
was stacked in the order of Al-Zn-Degrader into a
collimator.

Figure 1 shows the foils and degraders used in this
work. The area and mass of the foils are measured several
times using a Vernier calipers and an electronic scale,
respectively, to diminish systematical errors.

2.1 Calculation of the cross-section for "Zn(p,x)¢’Cu
and "Zn(p,x)®’Ga reactions

The activity A of the radioactive nuclei that produce
and disintegrate during the activation or irradiation time
(ti) is determined [4]

A(t) = Noop(1 — e Hi)e~2t )

where N, is the number of radioactive nuclei at an initial
time, o reaction cross-section of the nuclide, ¢ the flux
of incident particles, and A the decay constant of half-life
(t;/2) of radioactive decay.

The flux on incident particles on the reference foils can
be expressed,

Table I: Deconvolution analysis for overlapped gamma spectra of 6’Cu and 6’Ga

Gamma-ray energy Eo B B2 Es ... En
[keV] | [keV] | [keV] | [keV] [keV]
Absolute y-ray intensity for nuclide A Live | lay, | lay, | lays Luy,
Absolute y -ray intensity for nuclide B Ievo | Isy, | Isy, | IBys Igy,
y -counting efficiency €vo €y, €y, €ys €y
y -peak area for the counting time tc,yneing for nuclide A Sayve | Say, | Say, | Says Sayn
Y -peak area for the counting time t.,yn¢ing for nuclide B Seye | Seyi | SBys | SBys SBy,
Total corrected count numbers, N,, = A,, + B, N, N, N, N, N,
Corrected count numbers for nuclide A, A, = S4,, /€, Ay A A, A, A,
Corrected count numbers for nuclide B, B,, = Sg,, /€, B, B, B, Bs B,
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Fig. 1. Image of the Al reference foils, Al degraders, and Zn
foils used in this work.

NA 1

¢ = NQO‘GI'y (1_e_Ati)e‘_AtW(1—e_Atm) ’ (2)

where I, is the intensity of y-ray, t,, cooling or waiting
time, and t,,, measuring time. Reaction cross-section of
the nuclide can thus be calculated using ¢ from the
reference Al foils,

NA 1 (3)
Nogely (1—e_7‘ti)e‘“W(1—e‘Mm) '

olem?] =

2.2 Peak convolution

The overlapped gamma-ray spectrum analysis was
made by employing a mathematical method, but not with
radiochemical separation. From the definition of y-ray
absolute intensity of the nuclides it is written,

o et <4>

0 Ayo Bo Byo

NO = AO + BO ; ; (5)

N1 = A]_ + Bl = IAAAO + IB’yl BO (6)
Ayo Byyo

Combining the Egs. (5) and (6) gives

_ IA,yo (IB,yo'Nl_IB,y1 -No)

0 1
lay11Byo=layoeBy1

B, = IB.VO(IA,VfNO_IA:VO'Nl) ) (7)
layyIByo—laye By

In Table I, we summarize the parameters being of
physical meaning on deconvolution process. From this
analytical methods we estimated each contribution of
57Cu and ¥’Ga radionuclides from the same peak, the
obtained data being presented in Figs. 2 and 3. The data
being obtained from this work show very similar
behavior compared with previous experimental results,
in which most previous works are made by the support
of radiochemical separation. We thus confirmed the
previous production results are reproducible for both
7Cu and %’Ga radionuclides in our analytical method.
Extending of a larger energy range would be made to
maximize the production of the radionuclide of interest.
The best energy range should be evaluated for each
specific case, considering the cost of the enriched
material and the final use of ®’Cu radionuclide in future
work.

30 T T T T T T T T T T
0 Stoll et al. (2002)
A Cohen et al. (1995)
25 | Szelecsynei et al. (2009) I
@ This work
_g 20 GEZn(p,Zp)wCU h
c
2 151 _
[S]
[}
@ al 4o% /{F)'
2 10} ) %jﬁ% .
9 o
@)
5| ~ 4 4]
0 Il L Il
0 80 100

Proton Energy (MeV)

Fig. 2. Comparison of measured cross sections of 8Cu from
88Zn(p,2p)¥"Cu reaction with those reported previously.
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Fig. 3. Comparison of measured cross sections of 6’Ga from
8Zn(p,2n)5’Ga reaction with those reported previously.

3. Conclusions

In this work, we have obtained the cross-sections for
the "Zn(p,x)¢’Cu and "*Zn(p,x)¢’Ga reactions in the 47
to 67 MeV energy range with an analytical peak
separation method. The experiment data was a good
agreement with previously reported cross-section data.

4. Acknowledgments

Authors would thank Dr. Ky. Kim for a useful
discussion about the estimation of systematic errors. We
also thank KOMAC operation team for proton-beam
experiments. This work was supported by the National
Research Foundation of Korea (NRF) grant (No. NRF-
2018M2A2B3A01071930) and the KOMAC (Korea
Multi-purpose Accelerator Complex) operation fund of



Transactions of the Korean Nuclear Society Autumn Meeting
Yeosu, Korea, October 25-26, 2018

KAERI (Korea Atomic Energy Research Institute),
funded by the Korea government-MSIT (Ministry of
Science and ICT).

REFERENCES

[1] G. Pupillo, T. Sounalet, N. Michel, L. Mou, J. Esposito,
and F. Haddad, New production cross sections for the
theranostic radionuclide ’Cu, Nuclear Inst. and Methods in
Physics Research B, Vol. 415, p. 41, 2018

[2] D. G. Medvedev, L. F. Mausner, G. E. Meinken, S. O.
Kurczak, H. Schnakenberg, C. J. Dodge, E. M. Korach, S. C.
Srivastava, Development of a large scale production of §7Cu
from ®8Zn at high energy proton accelerator: Closing the %8Zn
Cycle, Appl. Rad. Isotope, Vol. 70, p. 423, 2012

[3] L. V. So, P. Pellegrini, A. Katsifis, J. Howse, I. Greguric,
Radiochemical separation and quality assessment for the Zn
target based %Cu radioisotope production, J. Radioanal. Nucl.
Chem. Vol. 277, p. 451-466, 2008

[4] R. Raut, A. S. Crowell, B. Fallin, C. R. Howell, C.
Huibregtse, J. H. Kelley, T. Kawano, E. Kwan, G. Rusev, A. P.
Tonchev, W. Tornow, D. J. Vieira, and J. B. Wilhelmy, Cross-
section measurements of neutron-induced reactions on GaAs
using monoenergetic beams from 7.5 to 15 MeV, Phys. Rev. C
Vol. 83, p. 044621, 2011

[5] F. Szelecsenyi, T. E. Boothe, S. Takacs, F. Tarkanyi, and E.
Tavano, Evaluated cross section and thick target yield data
bases of Zn+p processes for practical applications, Appl. Radiat.
Isot. Vol. 49, p. 1005, 1998



