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INTRODUCTION
The 64Cu is a very interesting radioisotope for nuclear biomedical applications, due to

its physical characteristics1,2): 
a. it decay �+ and �- with maximum energy equal to 653 keV and 578 keV respectively,

that correspond to maximum range of �+ in soft tissue � 2.7 mm and “average” range �
1 mm. In this way it is possible to give a local dose in the region of interest and to have
a high resolution in the PET images;

b. it has an half life of 12.7 h, that is suitable for medical applications, reducing the
exposure of personnel and of the patients and the problem of waste discharge.

c. besides the gamma of annichilation (36%), it has only one � emission at 1345.84 keV
(0.473%) with low intensity: this reduces the dose to healthy tissue and to medical
personnel.
For these reasons 64Cu can be considered a dual purpose radionuclide: it can be used

both to localise and measure the tumour mass through the PET tomography and for the
metabolic therapy of the tumour itself. Cu(II) forms a class of stable classical complexes and
chelates with ditiocarbamates (DTC), like ethylmethyl-DTC and tiosemicarbazonates, like
pyruvaldehyde-bis-(N4-methylsemicarbazone (PTSM) and acetyl-bis-(N4-
methylsemicarbazone) (ATSM), and finally with azamacrocyclic chelants (cyclens, cyclams,
sarcofands), like DOTA, DOTP and SarAr 3,4,5). The behaviour of some of them has been
already investigated in both cell cultures, rats and humans since the end of the 90-ties 6-9).

Amongst the possible methods for cyclotron production of NCA 64Cu (together with
the short-lived positron emitter 61Cu, t1/2 = 12.70 h, �+ , 1300 keV End Point, 61 %) 1,2),
we investigated preliminarily the deuteron irradiation on natural zinc targets, via (d,�xn) plus
(d,2pxn) nuclear reactions 10,11). A few data were present in the literature about these
reactions 12).



Several methods have been investigated previously for 64Cu production. They can be
divided in two main classes:

1. Methods based on neutron activation in either nuclear reactor or fast neutron
generator. The neutron irradiation on both natural and 63Cu enriched targets via radiative
neutron capture nuclear reactions (n,�) (�th = 4.5 barn) 1) leads to a very low specific activity
64Cu, characterized by a very high radionuclidic purity. Despite the high yield, the specific
activity achievable with a neutron flux of 1013 n/cm2s is 0.42 MBq/�g of copper only, after a
saturation bombardment of a 100 % 63Cu target. A low yield is achieved by irradiation in fast
nuclear reactor of a boron shielded either natural or 64Zn enriched target, via (n,p) nuclear
reaction, obtaining a specific activity up to 40 GBq/�g with a low yield, even in high flux
reactor. The first method leads to a very low SARN even using the Szilard-Chalmers’s
reaction, via Cu-pthalocyanine, leading to an Isotopic Dilution Factor at the End of
Bombardment (IDF°) of about 5 106 13,14). 

2. Methods based on light ion irradiation by accelerators (normally low energy
cyclotrons). The direct (p,n) nuclear reactions on highly enriched 64Ni target, leads - with
high yield 15,16) - to NCA 64Cu, that have been already applied on both laboratory animals
and human studies3-9). Enriched 64Ni is obviously a very expensive material, due to the very
low abundance of this nuclide in nichel of natural isotopic composition (0.926 %). Other
methods were based on deuteron irradiation on both natural and enriched 64Ni targets17).

In this paper we present the experimental thin-target excitation functions by deuteron
irradiation on Zn targets of natural isotopic composition in the energy range up to 19 MeV,
for: 64Cu, other than 61Cu, 66Ga, 67Ga, 65Zn and 69mZn. As a relevant by-product of 64Cu,
we must remember 67Ga, whose applications in nuclear medicine radiodiagnostic are known
since a long time18,19). In previous papers, we presented some preliminar experimental
values of thick-target yield obtained by cyclotron irradiation on natural Zn target with total
energy absorption of a 19 MeV deuteron beam8,9). A comparison will be made between the
integrated thin-target excitation function and Thick-Target yield that was measured
previously. 

Finally, a very effective and fast radiochemical separation of No Carrier Added 64Cu
(61Cu) from both 67Ga (66Ga) and 65,69mZn (labelled Zn target) was also presented
previously in a very preliminary form10,11) and will be resumed in some details.



MATERIALS AND METHODS

Irradiation technique and thick-target yield measurements
In order to check the reliability of the procedure and to measure the experimental thick-

target yield for all the radioisotopes of interest, preliminary irradiations were carried out on a
very high-purity thick Zn target (99,9999 %), at a deuteron energy of 19 � 0.2 MeV. The
target thickness was chosen in order to have a total energy absorption into the target,
including the longitudinal energy straggling calculated by the SRIM 2000 code20,21). This
irradiation (integrated deuteron charge 180 �C, irradiation time 30 minutes) made it possible
estimating the proper irradiation condition for thin-target determination for all radionuclides,
and 64Cu in particular. 

In order to avoid brem�thralung radiation of high-energy 61Cu and 66Ga positrons
(induced in both detector and Pb well shielding (10 cm thick)), it was effective using 7 mm
thick Al annihilators, put in contact in front and behind the irradiated target (i.e: in contact to
both target and calibration sources). Moreover, in order to decrease the dead counting time at
values lower than 10 %, to avoid counting dead time correction errors, increasing at the same
time the activity of the target, we put a 3 mm thick Pb shielding between irradiated target and
HPGe detector.

The counting chain was calibrated for both energy and efficiency, putting irradiated
targets and certified standard sources with the same counting geometry and assembly.
Furthermore, the use of positron annihilator was conceived in order to try to calculate the
activity of different positron emitting radionuclides, by either analytical or numerical
deconvolution of composite decay curves of 511 keV annihilation emissions. This method
proved to be non effective due to the presence of at least three components in decay curves,
as well as the very similar half-lives of 64Cu and 66Ga, that is present in dominant amounts
in the energy region from threshold (8.43 MeV) up to the maximum deuteron energy. With
this counting assembly, it was possible counting larger activities, obtaining a better S/N ratio
in the high-energy region of gamma spectrum, where is present the only gamma emission at
1346 keV (0.473 %) of 64Cu 2), whose instrumental detection with good statistics is a crucial
point of present work. 

In Tab. 1 are reported the main gamma emissions and intensities of radionuclides
considered in this work, with the calculated Q value2), threshold and Coulomb Barriers for
the main reaction induced by deuterons on Zn isotopes, in the energy range concerned. In
Tab. 2 are reported the experimental thick-target yields of Zn(d,X) nuclear reactions
experimentally determined. For each radionuclide, several tens measurements were carried
out in order to allow a suitable regression fitting of the data. Each gamma line had a typical
statistical error lower than 0.1 - 1 %, except 64Cu, whose statistical errors were typically of
the order of some %. For radionuclides emitting more than one gamma line, other than the
yield calculated for each gamma line, the weighted average value of thick-target yield is also
reported, together with overall statistical error.



TAB. 1: Main nuclear reactions induced by deuteron beams on Zn target of natural
isotopic composition, together with calculated Q value and energy thresholds. ICO and OCB
are the Coulombic Barrier for incoming and outgoing charged particles.

In the Table are reported the gamma emissions and intensities of different radionuclides 2).

Radionuclide Nuclear Reaction
Eth 

(MeV)
ICB (MeV)

Eth+ OCB
(MeV)

� emission (keV)
abundance (%)

64Cu
t ½  = 12.701 h

66Zn(d,�)
67Zn(d,�n)

68Zn(d,�2n)
67Zn(d,He3 2n)

64Zn(d,2p)

0
0

10.31
21.01
1.03

5.83
5.81
5.78
5.81
5.88

11.0
11.0
21.3
32.2
12.4

511 (38)
1345.84 (0.473)

61Cu
t ½  = 3.33 h 64Zn(d,��n) 1.42 5.88 12.6

282.96 (12.2)
373.05 (2.15)

656.01 (10.77)
1185.23 (3.75)

67Cu
t ½  = 61.83 h

67Zn(d,2p)
68Zn(d,He3)
68Zn(d,2p n)
70Zn(d,�n)

70Zn(d,He3 2n)

1.03
4.63

11.53
0

20.78

5.81
5.78
5.78
5.74
5.74

12.3
15.7
22.8
10.9
31.8

184.58 (48.73)
208.95 (0.115)
300.22 (0.797)
393.53 (0.22)

67Ga
t ½  = 3.26 d

66Zn(d,n)
67Zn(d,2n)
68Zn(d,3n)

0
4.13

14.63

5.83
5.81
5.78

0
4.1

14.6

184.58 (21.2)
208.95 (2.4)

300.22 (16.8)
393.53 (4.68)

887.69 (0.149)

66Ga
t ½  = 9.49 h

66Zn(d,2n)
67Zn(d,3n)
68Zn(d,4n)

8.43
15.69
26.19

5.83
5.81
5.78

8.4
15.7
26.2

448.90 (0.107)
686.22 (0.255)
833.50 (5.896)
856.70 (0.116)

1039.35 (37.00)
1232.44 (0.51)

1356.38 (0-296)
1357.33 (0.259)
1333.00 (1.203)
1418.79 (0.629)
1508.37 (0.56)
1918.66 (2.17)

2752.01 (23.384)
65Ga

 t 1/2 = 15.20 min

64Zn(d,n)
66Zn(d,3n)
67Zn(d,4n)

0
17.85
25.11

5.88
5.83
5.81

0
17.9
25.1

n. d.

69mZn
t ½ = 13.76 h

68Zn(d,p)
70Zn(d,p 2n)

0
11.7

5.80
5.7

6.0
17.7 438.63 (94.77)

65Zn
t ½  = 244.26 d

64Zn(d,p)
66Zn(d,p2n)
67Zn(d,p3n)
68Zn(d,p4n)
67Zn(d,d2n)

0
13.16
20.42
30.91
18.66

5.88
5.83
5.81
5.78
5.81

6.1
19.2
26.5
37.0
24.5

1115.55 (50.6)



TAB. 2: Experimental Thick-Target Yields at the End Of an Instantaneous Bombardment,
EOIB, for natZn(d,X) nuclear reactions at 19 MeV beam energy 2). Beam intensity: 100 nA,

irradiation time: 30 min, Zn target thickness: 730 �m (total energy absorption).

Radioisotope t 1/2 � emission
(keV)

Thick-Target Yield
MBq/C (EOIB)

error
MBq/C

error
%

64Cu 12.701 h 1346.84 8.560 240 2.80
61Cu 3.33 h 656.01 28.887 1219 4.22

67Ga 3.2612 d

887.69
184.58
300.22

w. average

4.482 
4.410
4.695
4.523

102
99
105
117

2.29
2.24
2.24
2.59

66Ga 9.49 h

1039.35
1333.00
833.50

w. average

40.098
36.846
38.709
38.441

929
837
867
997

2.32
2.27
2.24
2.59

65Zn 244.26 d 1115.55 132 87 2.99

69mZn 13.76 h 438.63 4.031 90 2.24

58Co 70.82 d 811.00 1.8 0.05 3.01

57Co 271.8 d 122 5.1 0.28 5.43

Thin-target excitation function measurements

In order to measure the thin-target excitation functions for 61Cu, 64Cu, 66Ga, 67Ga,
65Zn and 69mZn radionuclides, it was necessary to irradiate "thin" zinc targets of regular
thickness, in which the particle energy loss was of the order of 100 keV at high energy. At the
lower energies the energy loss into the target was of the order of 400 keV, calculated by the
SRIM 2000 code20,21).  The stacked-foil technique was adopted, with catchers and Al/Ti
monitor foils to control the reliability of charge integration system. As monitor nuclear
reactions were chosen the 27Al(d,X)24Na in the energy region from 10 to 19 MeV and the
reactions Ti(d,xn)48V in the energy region below 10 MeV, by using the cross-section data
recommended by IAEA22). 

The irradiation of the three stacks of thin zinc targets (Goodfellow Metals, UK), were
carried out at the variable energy Scanditronix MC40 cyclotron at the IHCP of the Joint
Research Centre-Ispra (Italy) of the European Commission, whose maximum extracted
energy is 19 MeV for deuteron beam. The three irradiations were performed at about three
months distance each other in order to allow the off-line gamma spectrometry measurements
of all Zn targets, and catchers/ monitor foils. The nominal energies of the extracted beam on
the stacks were 19, 14 and 10 � 0.2 MeV. All stacks were irradiated in the same geometric
configuration, with integrated beam charges of 360, 1080 and 1440 �C respectively,



measured with an error smaller than 2 % by a “long-shaped” Faraday cup, connected to a
charge integrator (EG&G, ORTEC, USA).
A correction factor G(�) for decay of radionuclide during the irradiation of duration �, was
introduced into the equation for calculation of the yield, that holds in case of direct nuclear
reactions, whenever (like in present case) the beam current is constant with time.

The two high-energy stacks of targets (19 and 14 MeV deuterons) were composed by
high purity zinc foils (3N5+, Goodfellow Metals, UK) of regular thickness (nominal
thickness 15 �m �  0.1 %), and high purity (5N, Goodfellow Metals, UK) Al foils (nominal
thickness 10 � 0.1 % and 16 �m � 0.1 %). The catcher thickness of Al foils was chosen of 10
�m thickness, after a calculation by the SRIM 2000 code of the maximum range of recoils in
materials at the maximum beam energy (i.e: about 6 �m of Al). At the same time, the first Al
catcher of each Zn target was used as a monitor foil, obtaining a good agreement with the
cross-section value recommended by the IAEA, for the nuclear reactions 27Al(d,X)24Na. In
Fig. 1 is reported the cross-section measured, compared with the IAEA values. The

experimental errors on each gamma spectrum
were negligible and are within the dimension of
the experimental points.

In the third stack, in the lower energy
region (10 MeV), use was made of high purity
(2N6+, Goodfellow Metals, UK) thin titanium
foils (10 �m � 0.1 %) as catchers and Al foils as
energy degraders. From the experimental data,
we found that in the higher energy region (19
MeV) the losses of activity by recoil were of the
order of not more than 1.5 %, decreasing quickly
to 0.5 % at 14 MeV. For energies lower than 14

MeV the recoil losses were negligible.
The deuteron energy for each

Zn/Al/Ti foil, was assumed to be the
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FIG. 1: Comparison between experimental
and recommended IAEA cross-section for
27Al(d,X)24Na reactions.
 "average" value of the energy in the target

elf, was calculated with the SRIM 2000 code and was set at about 2.5 – 2.0 MeV intervals
m 19 to 3 MeV. Each stack was composed by: 6 Zn targets, 6 Al/Ti catchers/monitor foils,
d several Al degraders.

f-line gamma-spectrometry
The beam spot on the target was set at 5 mm in diameter, thus the irradiated targets

re considered as point sources at a counting distance from detector varying from 5 to 20
, and their activities can be determined by use of certified point �-sources. We used
d. 562, 572 spectroscopy amplifiers and model MCB 918A, 919 ADCs, connected to 50
3 coaxial HPGe detectors, with an intrinsic efficiency of 15 - 20 % (EG&G ORTEC,
A) and a peak to Compton ratio of 30:1 at 1332.50 keV, FWHM 2.3 keV (60Co point

urce). We used a channels/keV conversion ratio of 2:1. The spectra were acquired and
alyzed by the Gamma Vision 5.2 for Windows S/W (EG&G ORTEC, mod. A66-B32,
A).



The certified standard 152Eu �-sources (CEA, France), were chosen depending on the
distance from the detector (41.1 kBq and 4.7 kBq respectively at certification time, with
certified overall uncertainties of 2 %). The decays of the different radionuclides have been
followed for not less than three half-lives and several tens measurements for each
radionuclide and each target.

The duration of the measurements for Zn targets varied from 1000 to 60.000 s and was
chosen for each radionuclide, in order that the counting statistical error on the net photo-peak
areas was always of the order of less than 0.1 to 1%. This was possible for all radionuclides
except 64Cu, which presents a single gamma emission only at 1346 keV characterised by a
very low abundance of 0.473 %. For this radionuclide the counting statistics was sometimes
worse, and of the order of 5 up to 10 %, due to the high Compton background of high-energy
gamma emissions of 66Ga, as well as the presence of single and double escape peaks of this
last radionuclide. The shielding of irradiated target with both Al annihilators and 3 mm Pb
improved significantly the performances of counting method (see previous section).
Moreover, the 1346 keV emission of 64Cu was close to two gamma emissions of 66Ga at
1333 and 1357 keV respectively, as can be see in Fig. 2. In the case of 64Cu, the bad statistics
of each measurement was improved significantly by the weighted decay fitting of the activity.
The weighted decay fitting for all gamma lines showed a correlation factor close to 1 and a
very low 	2 value, while even in the case of 64Cu a 	2 of 1.66 was typical (see Fig. 3). In
order to verify the reliability of counting system, all irradiated thin zinc targets were measured
several times, 6 months after the last irradiation.
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Finally, after the analysis of all data and regression fitting, the cumulative statistical
error on each thin-target yield data, due to errors on photo-peak areas, decay constant,
integrated charge, Zn target and foils thickness and detector efficiency, was in total less than
a few percent. Systematic errors related to the stopping-power calculations and the �-emission
abundances  were not taken into account. The �-spectrometry measurements were carried out
in geometrical conditions suitable to minimise any counting loss due to both dead time and
random pile up corrections. Yield calculations were carried out with conventional equations. 

For the various radionuclides the �-
emissions chosen with the corresponding �-

emission abundances are those reported in bold in Tab. 1. In the case of gallium radioisotopes
the mean value of the three gamma lines is reported.

In Figure 4 are reported the experimental “effective” cross-sections �*(E), (weighted
with weights wi on all cross-sections �i (E) of nuclear reaction channels concerned
(cm2/particle)) of all radionuclides concerned, in the energy range up to 19 MeV, quantity
that is proportional to the thin-target yield. The experimental thin-target yield for 64Cu and
61Cu production is shown in Figure 5, as a function of the “average” deuteron energy in the
thin-targets. The crossing of the two excitation functions suggest the possibility to optimise
the irradiation conditions in order to obtain a 64Cu with high yield and radionuclidic purity.
The yield of 61Cu is very much higher at higher deuteron energies, thus the optimum
irradiation conditions do not correspond to the maximum energy available.
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Thick-Target Yield Calculation

The "thick-target yield" is defined by eq. (1) as the yield of a target of thickness 
E:
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FIG. 7: Contour plot of calculated TTY at
EOIB (MBq/C) for 64Cu, as a function of
deuteron energy and energy loss into the target.
FIG. 6 : Integrated TTY for 64Cu as a function of
energy loss into the target. The data at 19 MeV
deuteron energy are compared with the
experimental value (Tab. 2).
Thus, the thin-target yield data for 64Cu (see Fig. 5) were numerically fitted using a
commercial computer code (Table Curve for Windows, Jandel Sci., FRG), taking into
account, as weights, the overall statistical errors (1 S.D.). The energy threshold for the
different reactions, calculated on the mass excess values taken from ref. 2), was also taken
into account, imposing a yield value equal to zero in the fitting equation. The analytical
expression of the yield was numerically integrated at 0.25 MeV intervals obtaining a set of
families of curves shown in Fig. 6, for 64Cu. The value obtained by integration of the thin-
target at 19 MeV is in very good agreement with the experimental value of thick-target yield
at the same energy. In Figure 7 is reported the contour plot of calculated thick-target yield at
the EOIB, YEOIB(E, 
E) of 64Cu in MBq/C, as a function of both deuteron energy (MeV)
and energy loss (MeV) into Zn target.



Theoretically evaluated cross-sections
By use of the computer code

Penelope, a non commercial S/W code
developed at ENEA (Bologna, Italy),
the excitation functions of nuclear
reactions concerned were calculated30).
Fig. 8 shows the comparison between
calculated and measured cross-sections
for 64Cu, 66Ga, 67Ga in the energy
range 10-20 MeV, for which the
agreement is satisfactory.
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Radiochemical SeparationCu/Ga/Zn

The method presented allows producing very high specific activity NCA 64Cu for both
biomedical and toxicological studies, having as a secondary, but very useful by-product 67Ga,
for radiodiagnostic purposes and 66Ga for both PET and radionuclide therapy.

In order to produce NCA 64Cu, a suitable radiochemical separation of Cu radioisotopes
from Ca and zinc target is necessary. The radiochemical separation of 66Ga (67Ga) from
either proton or deuteron irradiated zinc targets, is a routine procedure for [67Ga]gallium(III)
citrate radiopharmaceutical production18,19). Amongst the various possible methods23-26) to
recover 64Cu, we developed and tested the one showed in Fig. 9 12,13):

RESULTS AND CONCLUSIONS
The possibility of producing high purity Cu radionuclides by irradiation of natural zinc

targets with deuteron beams has been investigated. Theoretical calculations of cross-sections
for main radionuclide produced were performed, obtaining an acceptable agreement between
theoretical and experimental data in the 10 to 19 MeV range. The integration of thin-target
excitation functions gave results in very good agreement with experimental thick-target yield
data that were experimentally measured previously. 

At 19 MeV deuteron energy, an interesting thick-target yield of 8.560 � 240 MBq/C at
the End Of an Instantaneous Bombardment (EOIB), corresponding exactly to 833 � 23
�Ci/�Ah, is achieved. This means that, with a 25.4 hours irradiation (2 half-lives of 64Cu)
with a deuteron beam current of 100 �A of a thick Zn target of natural isotopic composition,
could be produced theoretically 62.5 mCi (2.3 GBq) of NCA 64Cu. With present
radiochemical yield of 80 %, the practical activity achievable for 64Cu (under these
irradiation conditions) would be 50 mCi (1.85 GBq) that is an activity suitable for both PET
and radioimminotherapy of tumours. Even if the main advantage of this production method
for 64Cu is the use of Zn target of natural isotopic composition, the use of enriched 66Zn and
even 64Zn targets is under study, due to the low cost of these enriched materials in respect to
the highly enriched 64Ni, that is commonly used by the majority of research groups for
production of 64Cu by (p,n) nuclear reactions.

Moreover, this method allows contemporary production of both NCA 64Cu and 67Ga
radiotracers, without use of any chelating agent for radiochemical separation. No
mineralization steps are required to bring the very high specific activity radiotracers to
solutions useful for labelling radiopharmaceutical compounds. At the EOIB, are produced 4.5
� 0.1 GBq/C (0.44 mCi/�Ah) and 38.4 � 1.0 GBq/C (3.7 mCi/�Ah) of 67Ga and 66Ga
respectively, with an overall radiochemical yield larger than 99 %. The method investigated is
promising for simultaneous production of both 64Cu and 66,67Ga radionuclides in high
intensity beam and low energy deuteron accelerators.
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