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Abstract. The inverse kinematics methodology using a gas target has been applied to produce medically 
important radionuclides at the Cyclotron Institute at Texas A&M University. The production of the 
theranostic radionuclide 67Cu (T1/2 = 62 h) through the reaction of a 70Zn beam at 15 MeV/nucleon with a 
hydrogen gas target was performed. The activities at end of irradiation and the thick target yield were 
obtained for 67Cu. A test using the forward-focused neutrons from the primary reaction to irradiate natZn to 
produce 67Cu is also presented.  

1 Introduction 
A novel approach to produce medically important 
radionuclides using inverse kinematics has been 
developed at the Cyclotron Institute at Texas A&M 
University. A heavy-ion beam is accelerated at an 
appropriate energy and focused on a light gas target. A 
foil catcher is positioned after the target to collect the 
isotopes of interest, typically emitted in a narrow angle 
along with the beam direction. Secondary emitted 
particles such as neutrons from the primary nuclear 
reaction can be used to irradiate other targets for further 
radionuclide production. As the quantity of material 
required to prepare heavy-ion beam is less than that used 
in the standard solid target approach, material costs are 
expected to be considerably reduced through this 
methodology. A detailed discussion about the 
methodology can be found in [1].  

Medical radionuclides are essential in nuclear medicine 
in the fields of diagnostic imaging and 
radioimmunotherapy (RIT). RIT in nuclear medicine 
involves the injection of a radioisotope-labeled 
monoclonal antibody (mAb) to treat cancer. The 
radionuclides are carried directly toward the tumor and 
the emitted radiation breaks the DNA inducing the 
carcinogenic cell death. Radionuclides emitting low-
range highly ionizing radiation are essential for 
radioimmunotherapy. The longest-lived radioisotope of 
copper, 67Cu, is ideal for both radioimmunotherapy and 
imaging, i.e. radioimmunotheranostics [2], for several 
reasons. First, from a chemical perspective, copper is an 
essential trace element that can be linked to antibodies, 
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proteins and other biologically important molecules. 
The half-life of 67Cu (62 h) is appropriate to deliver a 
high dose rate to the tumor. While the β− decay (Emax = 
562 keV) is responsible for the therapeutic part, the 
emission of the γ radiation of 185 keV (48.7%) and 93 
keV (16.1%) is for the diagnostics. The 67Cu is suitable 
for imaging the radiotracer distribution by single-photon 
emission computerized tomography (SPECT) and it can 
be combined with the same type of 
radiopharmaceuticals as 64Cu (T1/2=12.7 h) or 61Cu 
(T1/2=3.3 h), leading to efficient theranostic pairs. The 
67Cu is also responsible to the theranostic approach to 
pretargeted radioimmunotherapy (PRIT) [3]. The main 
factor limiting preclinical and clinical use is its limited 
availability [4]. 

The production of 67Cu has started in the 1960s using 
nuclear reactors and continues until the present. 
Recently the interest has shifted towards production at 
particle accelerators. The main production route is via 
the reaction 68Zn(p,2p)67Cu [5-8] that makes use of 
intense medium-energy (Ep = 70–100 MeV) proton 
beams. Another production route based on lower-energy 
charged particle reactions is 70Zn(p,α)67Cu [9-11]. The 
present work uses as primary reaction the inverse 
kinematic reaction p(70Zn,67Cu)α and the secondary 
reaction as natZn(n,x)67Cu. The structure of the paper is 
as follows: in section 2 the experimental setup and the 
measurements are described. In section 3, the details of 
the analysis and results are presented including the thick 
target yields and the use of the neutrons for secondary 
isotope production. Finally, conclusions and future 
plans are presented in section 4. 
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2 Experimental set up and 
measurements 

2.1 Irradiation set up  

The 70Zn15+ beam was produced by the ECR source and 
accelerated by the K500 superconducting cyclotron at 
the Cyclotron Institute at Texas A&M University to an 
energy of 15 MeV/nucleon, then transported to the 
target chamber of the MARS recoil separator [12]. The 
beam impinged on a cryogenic gas cell filled with H2 
gas at a pressure of 2.7 atm in contact with a liquid 
nitrogen reservoir [13]. The cryogenic gas cell had a 
length of 9.0 cm with 4 μm Havar entrance and exit 
windows of 1.9 cm diameter. A magnetic stirring system 
was operated to provide circulation of the gas. The 
experimental setup is schematically shown in Fig. 1. An 
aluminum catcher foil, placed after the hydrogen gas 
cell, was used to collect the 67Cu nuclei, along with other 
coproduced nuclides. The Al catcher foil was mounted 
on a rectangular aluminum target frame with a 1.27 cm 
diameter hole.  

 
Fig. 1. (Color online) Schematic diagram of the irradiation 
setup. The energies of the beam are listed as it passes through 
the entrance window, the gas and the exit window (thick 
arrows). The dashed arrows represent the neutrons produced 
via the interactions of the 70Zn beam with the hydrogen gas 
and the Al catcher [1]. 

2.2 Irradiation 

The irradiation time was 6.5 h with a beam current 
of 0.19(5) pnA (particle nA). The current was 
periodically monitored at a Faraday cup positioned after 

the Cyclotron exit and was nearly constant (within 
13%). The measurement of the current after the gas cell 
was performed by a second Faraday cup mounted on the 
same target ladder as the Al catcher frame. The 
measurement of the beam current at this location was 8.0 
nA of 70Zn (7.0 MeV/nucleon) at an average charge state 
of 26+. The average equilibrium charge-state was 
calculated with LISE++ Physical Calculator [14] based 
on model of G. Schiwietz et al. [15] for ions with 
energies lower than 15MeV/nucleon. The beam current 
was determined considering the beam charge state 
before and after the gas cell and the transmission ratio 
between the two Faradays cups. As electron suppression 
of the Faraday cups was not performed in the present 
experiment, the sputtering of electrons from the side of 
the Faraday cup hit by the heavy-ion beam resulted in an 
increase of the measured positive current. A suppression 
test was performed for the Faraday cup positioned after 
the gas target using a 21Ne beam at 28 MeV/nucleon and 
a decrease of 40% of the beam intensity was observed. 
The beam intensity for that Faraday cup was corrected 
by this factor and the uncertainty due to this correction 
was estimated at about 20%. Considering all 
uncertainties, beam intensity, 13%; secondary emission 
electrons suppression, 20%; charge state, 15%; and 
transmission ratio, 4%; the total uncertainty for the 
beam current is 28%. 

2.3 Off-line γ-spectra measurement 

After 36.5 h from the end of the irradiation, the Al 
catcher foil was placed in front of a high-purity 
germanium (HPGe) detector for off-line γ-ray analysis. 
The foil was placed at a distance of d=17.2(10) mm from 
the end cap of the detector. The dead time of the 
counting system was about 2–3%, and the energy 
resolution of the detector system was 2.5–4.0 keV 
(FWHM) for the peaks of interest. The energy 
calibration was performed with a 152Eu source and 
adjusted by using known γ-rays obtained in the spectra. 
The absolute photopeak efficiencies for the actual 
source-detector geometry were obtained with the Monte 
Carlo codes GEANT4 [16] and EGSnrc [17]. The 

 
Fig. 2. Al catcher foil background-subtracted γ-ray spectrum after the interaction of a 70Zn (15 MeV/nucleon) beam with the hydrogen 
gas cell after 36.5 h from the end of the irradiation. The peaks are labelled with the corresponding radionuclides. The peak marked 
22Na(Σ) is the sum peak induced by the simultaneous detection of the β delayed γ−ray (1275 keV) and 511 keV γ-ray from e+ & e- 
annihilation. 
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uncertainty assumed for the efficiency simulation results 
is 10%. The spectrum of the room background was 
measured for 67.3 h. The background-subtracted γ-ray 
spectrum obtained during an accumulation period of 
68h, starting 36.5h after the end of the irradiation, is 
presented in Fig. 2. 

3 Analysis and results 

3.1 Activities  

The activities at the End of Bombardment (𝐴𝐴𝐸𝐸𝐸𝐸𝐸𝐸) were 
calculated with the equation: 

𝐴𝐴𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶
𝜀𝜀(𝐸𝐸)𝑡𝑡𝐿𝐿𝐼𝐼𝛾𝛾

𝑒𝑒𝜆𝜆𝑡𝑡𝑑𝑑 𝜆𝜆𝑡𝑡𝑅𝑅
�1−𝑒𝑒−𝜆𝜆𝑡𝑡𝑅𝑅�

    (1) 

where C is the number of counts, ε(E) the detector 
efficiency, Iγ the intensity of the γ-line of interest, λ the 
decay constant of the radionuclide, tL and tR are 
respectively the live time and real time of the γ-
spectroscopy measurement, and td is the decay time 
elapsed from the end of irradiation to the start of the γ-
spectroscopy measurement. The activities at the end of 
bombardment (AEOB) as well as the activities 
considering a beam intensity of 1pnA and an irradiation 
time of 1h, the so-called 1pnA-1h activity (HEOB), are 
presented in Table 1. Other corrections: (i) 5.3 % for the 
number of 67Cu produced at gas target and not collected 
by the Al foil due to the solid angle, obtained from the 
GEANT4 [16] Monte Carlo simulation (see section 3.2 
for details); and (ii) the 0.97 % dead time correction for 
the data acquisition, already accounted for in equation 
(1) by the ratio tR/tL, were applied to the activity values. 
The AEOB uncertainties include the peak area fit, the 
background determination and the HPGe detector 
efficiency uncertainties. For the HEOB values the beam 
current uncertainty is incorporated. For each 
radionuclide produced, Table 1 shows the decay mode, 
the half-life, and the respective gamma-ray energies (Eγ) 
and intensities (Iγ) used to obtain the activities. The 
principal production routes are also presented. At the 
end of the 6.5 h of irradiation, the activity of the 67Cu 
isotope was 2.16(12) kBq and the 1pnA-1h activity was 
1.8(5) kBq/(pnAh). This result includes the Al foil frame 
contribution. The photopeak associated to Eγ doublet at 
91.3 keV and 93.3keV is not resolved in the present 
measurement. The results were calculated as the 
weighted average of the activities obtained from the 
peaks at Eγ = (91.3 + 93.3) keV and 184.6 keV using the 
respective intensities (relative to 100 beta decays of the 
parent) of Iγ = (7.0% + 16.1%) and 48.7% as weighting 
factors. Note that these photopeaks are pure, i.e., the 
contribution of γ-ray transitions is just from 67Cu decay. 
Other γ-rays are too weak to be used for analysis and 
some are contaminated by impurities. The photopeak at 
209 keV has contributions from 79Kr (T1/2 = 35.04 h, Eγ 
=208.5 keV, Iγ = 0.797%). The next photopeak at 300 
keV is multiply contaminated with 79Kr (T1/2 = 35.04 h, 
Eγ = 299.5 keV, Iγ = 1.54%), 101Pd (T1/2 = 8.47 h, Eγ = 
296.3 keV, Iγ = 19%) and 73Ga (T1/2 = 4.86 h, Eγ = 297.3 
keV, Iγ = 79.8%). Finally, the peak at 393 keV also 
contains 88Zr (T1/2 = 83.4 d, Eγ = 392.9 keV, Iγ = 97%). 

79Kr and 88Zn are produced from the beam interaction 
with Al foil, while 101Pd and 73Ga are from beam 
interaction with Cr from Havar windows.  

Another important radionuclide observed that is 
produced by the reaction 70Zn+p is the 69mZn (T1/2=13.8 
h), the activity of which at the end of the irradiation is 
2.55(26) kBq, and the 1pnA-1h activity is 2.2(6) 
kBq/(pnAh). The transition Eγ = 438.6 keV 
(Iγ =94.77%) was used in the analysis of this isotope. As 
the 69mZn half-live is 4.5 smaller than the half-life of 
67Cu, its activity can be reduced by an appropriate 
cooling period. 

Other coproduced radionuclides are due to the beam 
interaction on the Al catcher foil and on the Havar 
windows. The radionuclides 86Y, 87Y, 89Zr, 90Nb and 
93mMo are fusion-evaporation products of the reaction 
70Zn+27Al (with the beam of 70Zn entering the Al catcher 
at 7.0 MeV/nucleon), of which 90Nb is the main impurity 
with an AEOB = 2.38(23) kBq. The heavier radionuclides 
111In, 117mSn and 119Te are residues of the reaction of the 
70Zn beam with the constituents of the Havar alloy (Co 
42.0%, Mo 2.2%, Cr 19.5%, Mg 1.6%, Ni 12.7%, C 
0.2%, W 2.7%, and Fe balance) of the gas-cell windows.  

Table 1 presents the activities at the end of 
bombardment for 67Cu and the most intense 
radioimpurities, together with some important 
parameters used in the analysis. 

Cross section simulations using the code PACE4 [18] 
for incident 70Zn at 7.0 MeV/nucleon on 27Al, 59Co and 
52Cr were performed to support the impurity analysis. 
The 90Nb production presented a high cross section of 
σ(90Nb) = 25 mb from the beam interaction with 27Al. 
Considering the beam range on Al foil is 65 µm, the 
main contribution is from the reaction 27Al(70Zn,x)90Nb. 
The results for Havar foil, considering the beam 
interaction with the most abundante isotopes of Co and 
Cr are, σ(59Co) = 1.7 mb and σ(52Cr) = 1.2 mb. The other 
radioimpurities shown in the table are at least a factor 
2.5 smaller than 67Cu AEOB with all of them mostly 
produced by the 70Zn + 27Al reactions. 

The radionuclides produced in the proton induced 
reactions on 70Zn in the incident energy range of 7.8 – 
14.3 MeV/nucleon (beam energy at the end of the gas 
cell and after first Havar window) are 67Cu and 69mZn.  

It is worth mentioning that 67Cu and 67Ga are the beta 
minus and electron capture parents of 67Zn daughter, 
using almost the same set of gamma decays, which can 
make more difficult their separation through gamma ray 
analysis (moreover they also have similar half-lives, 
78.3 h for 67Ga and 61.9 h for 67Cu). However, at this 
energy range the production of 67Ga is suppressed 
(70Zn(p,4n)67Ga Ethreshold = 28.081 MeV). The others 
usual radioimpurities coproduced with 67Cu, as 61,64Cu, 
66Ga, 65Zn are also excluded due to high energy 
threshold. 

3.2 Cross sections 

The cross sections up to proton energy of 17 MeV for 
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70Zn(p,x)67Cu and 70Zn(p,x)69mZn from [19-22] are 
presented in Fig. 3. For 67Cu production there are the 
experimental data obtained by Levkovskij et al. [19] 
(triangle) and Kastleiner et al. [20] (square) in 
comparison with the IAEA [21] recommended cross 
section extracted from a fit of these two data sets (dash-
dot line). The experimental data for 69mZn production 
from Levkovskij et al. [19] are also represented (circle).  

The theoretical predictions from the TENDL-2019 
library [22], based on the TALYS code [28], are also 
represented (dot line). These predictions did not 
reproduce well the experimental data, for 67Cu the 
values are systematically higher and for 69mZn the results 
underestimate the experimental cross sections in the 
region of 12-14 MeV. The value adopted by Levkovskij 
et al. [19] in the monitor reaction natMo(p,x)96Tc cross 
section at 30 MeV was 250 mb while more recent cross 
section evaluation recommended by IAEA [21] is 
192.82 mb. The data represented are normalized by a 
factor 0.77 to take into account the correction in the 
monitor cross section. The energy region of interest for 
the present work is within the two dash-dot bars in the 
graph.  

The present measurement is a thick target inverse 
kinematics measurement as the 15 MeV/nucleon 70Zn 
beam impinging on 2.7 atm gas target results in ∆E/E = 

0.45. To take that into account, a Monte Carlo 
simulation with the GEANT4 package [16] was 
performed. The cross sections used for the simulations 
were the IAEA recommended for 67Cu and the 
interpolation of the corrected experimental data from 
Levkovskij et al. [19] for 69mZn. The beam energy loss 
and the position on gas target where the reactions 
p(70Zn,67Cu)α and p(70Zn,69mZn)d occur according to 
GEANT4 simulation are presented in Fig. 4. The beam 
energy is represented on the y axis as a function of the 
target position where the reaction occurs on the x axis. 
Most of the events are concentrated at the beginning of 
the target as expected. The simulation results have 
shown that the number of 67Cu nuclei produced at the 
gas target differs by 5.3 % from that collected in the Al 
foil. This result is due to the solid angle and scattering 
on the gas target. 

The experimental energy loss weighted average cross 
sections in units [cm3] were calculated from: 

〈𝜎𝜎𝜎𝜎〉𝐸𝐸𝐸𝐸𝐸𝐸 =  𝐴𝐴𝐸𝐸𝐸𝐸𝐸𝐸 𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑚𝑚𝑢𝑢 𝑒𝑒
𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝜑𝜑 �1−𝑒𝑒−𝜆𝜆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖�

    (2) 

where 𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the density of the target [g/cm3], 𝜑𝜑 is 
the beam intensity [pA], 𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 is the irradiation time [s], 
𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the atomic mass of the target [u], mu atomic 
mass constant [g/u] and e is the elementary charge [C]. 

Radio-
nuclide 

Decay 
mode 

Half life Eγ 
(keV) 

Iγ (%) Principal 
Production routes 

AEOB 
(𝒌𝒌𝒌𝒌𝒌𝒌) 

HEOB 

�
𝒌𝒌𝒌𝒌𝒌𝒌
𝒑𝒑𝒑𝒑𝒑𝒑.𝒉𝒉

� 
67Cu β− 61.83 h 12 91.266(5) 7.0(1) p(70Zn, 67Cu)α 2.16(12) 1.8(5) 

   93.311(5) 16.1(2)    
   184.577(10) 48.7(3)    

69mZn IT, β− 13.76 h 2 438.63(2) 94.77(20) p(70Zn, 69mZn )d 2.55(26) 2.2(6) 
90Nb ε+ β− 14.60 h 5 1129.224(15) 92.7(4) 27Al(70Zn, 90Nb)x 2.38(23) 2.0(6) 

   2318.968(10) 82.03(16) 59Co(70Zn, 90Nb)x   
   2186.242(25) 17.96(16) 52Cr(70Zn, 90Nb )x   

87mY IT 13.37 h 3 380.79(7) 78 27Al(70Zn, 87mY)x 0.87(9) 0.74(22) 
89Zr ε+ β+ 78.41 h 12 908.96(4) 100 27Al(70Zn, 89Zr)x 0.62(6) 0.52(16) 
22Na ε+ β+ 2.6019 y 4 1.27453(2) 99.944(14) 27Al(70Zn, 22Na)x 0.46(5) 0.41(12) 

     27Al(n,x)22Na   
86Y ε+ β+ 14.74 h 2 627.72(10) 32.6(10) 27Al(70Zn, 86Y)x 0.38(4) 0.32(10) 

   1153.01(4) 30.5(9) 59Co(70Zn, 86Y) x   
   1920.72(13) 20.8(7) 52Cr(70Zn, 86Y) x   
   1854.38(13) 17.2(5)    
   443.14(9) 16.9(5)    
   703.34(10) 15.4(4)    

87Y ε+ β+ 79.8 h 3 484.805(5) 89.7(3) 27Al(70Zn, 87Y)x 0.167(16) 0.15(4) 
   388.531(3) 82 59Co(70Zn, 87Y) x   
     52Cr(70Zn, 87Y) x   

 

Table 1. Activities obtained in the present work as defined in the text (last two columns) for 67Cu and the main contaminants, 
the radioactive decay data of the respective radionuclides, and the contributing reactions. The listed γ rays were used for the 

activity calculation. 
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 𝐴𝐴𝐸𝐸𝐸𝐸𝐸𝐸 is expressed in [Bq] and λ in [s-1].  
The cross section can be estimated assuming a 
parametrization as: 

𝜎𝜎 = 𝑝𝑝0(𝐸𝐸 − 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚)2    (3) 

where 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 is the minimum energy that the reaction 
occurs and 𝑝𝑝0 is a parameter to be extracted from 
experimental data. As the reaction p(70Zn,67Cu)α  has 
zero threshold energy, the minimum energy  is 
associated with the Coulomb barrier potential, 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚. = 
4.4 MeV. Considering the reaction p(70Zn,69mZn)d, it has 
a Qvalue = -7.5 MeV, thus the cross-section is expected to 
decrease rapidly with decreasing beam energy. The 
available experimental data for this reaction indicates a 
minimum energy of 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 =  11.2 MeV (see Fig. 3), that 
value was adopted here. The energy loss weighted cross-
section is given by the following expression: 

〈𝜎𝜎𝜎𝜎〉 = ∫ 𝜎𝜎(𝐸𝐸)
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

   (4) 

where 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is the stopping power. From equation (2) and 
(3) it is possible to extract the parameter 𝑝𝑝0 using the 
experimental results 〈𝜎𝜎𝜎𝜎〉𝐸𝐸𝐸𝐸𝐸𝐸 and the 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
 obtained from 

the SRIM code [23] by: 

𝑝𝑝0 =
〈𝜎𝜎𝜎𝜎〉𝐸𝐸𝐸𝐸𝐸𝐸

∫
(𝐸𝐸−𝐸𝐸0)2

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

    (5) 

The most probable energy where reactions occur was 
determined using the mean value theorem for the 
integral of equation (4). 

〈𝜎𝜎𝜎𝜎〉𝐸𝐸𝐸𝐸𝐸𝐸 = (𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚) 𝑝𝑝0(〈𝐸𝐸〉−𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚)2
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(〈𝐸𝐸〉)
  (6) 

Table 2 presents the energy loss weighted average cross 
sections and the parameter 𝑝𝑝0, equation (2) and (5), 

obtained from the experimental results. The respective 
average energy 〈𝐸𝐸〉 from equation (6) and the average 
cross section 〈𝜎𝜎〉 are also shown in Table 2 and Figure 
3. The estimated parametrized cross section is 
represented in Figure 3 with solid lines. The 〈𝐸𝐸〉 
uncertainty was obtained from the propagation of 
〈𝜎𝜎𝜎𝜎〉𝐸𝐸𝐸𝐸𝐸𝐸 and 𝑝𝑝0 uncertainties. 

Note the results for 67Cu production are in good 
agreement with experimental cross section from 
Kastleiner et al. [20]. For 69mZn, the parametrized cross 
section describes well the experimental values from 
Levkovskij et al. [19] and the average cross section 
considering the errors bars agrees with the experimental 
data. Notice that the ansatz, equation (3), could be easily 
improved if one or more experimental points are added. 
In fact, in that case the parameters Emin and 𝑝𝑝0 could be 
left free . However, the goal is to test a new method to 
obtain cross-sections using thick targets. The approach, 
once is suitably adjusted to the experimental case, can 
be very powerful for instance for the data of 99Mo 
production [24] where there are three experimental 
points. A similar methodology is used by P. Tan et al. 
[25] for sub-barrier fusion reactions, but using 
derivatives of equation (4) instead. The approach here 
does not require derivatives and can be easily extended 
to those reactions. 
Table 2: The energy loss weighted average cross section and 
the parameter 𝑝𝑝0 obtained from experimental results, and the 

respective average energy and cross section for 67Cu and 
69mZn. 

 〈𝝈𝝈𝝈𝝈〉𝑬𝑬𝑬𝑬𝑬𝑬 
(𝒎𝒎𝒎𝒎 ∙ 𝒄𝒄𝒄𝒄) 

𝒑𝒑𝟎𝟎 
�𝒎𝒎𝒎𝒎 𝑴𝑴𝑴𝑴𝑴𝑴𝟐𝟐⁄ � 

〈𝑬𝑬〉 
(𝑴𝑴𝑴𝑴𝑴𝑴) 

〈𝝈𝝈〉 
(𝒎𝒎𝒎𝒎) 

67Cu 53(15) 0.14(4) 12.0(18) 7.7(21) 
69mZn 16(4) 1.3(4) 13.3(5) 4.6(13) 

3.3 The thick target yield in inverse kinematics 

In Nuclear Data of radioactive isotopes, besides the 
cross section, the Thick Target Yield (TTY) is an 
important quantity to be determined. The yield is usually 
defined as the ratio of the nuclei produced in the reaction 
over the number of incident particles. In the yield for a 
radionuclide production, the number of radioactive 
nuclei is associated to the activity and the number of 
incident particles to the beam charge. The Thick Target 
Yield (TTY) is defined for a determined macroscopic 
energy loss and it is given by the equation [26]: 

𝑇𝑇𝑇𝑇𝑇𝑇 �𝐵𝐵𝐵𝐵
𝐶𝐶
� =  𝑁𝑁𝐴𝐴𝜆𝜆𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑍𝑍𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
〈𝜎𝜎𝜎𝜎〉  (7) 

where NA is Avogadro’s number [mol-1], Zbeam is the 
charge of the fully ionized projectile, e is the elementary 
charge [C] and 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 . is the molar mass of the target 
[g/mol]. The respective units for the following quantities 
are: λ [s-1], ρ [g/cm3] and 〈𝜎𝜎𝜎𝜎〉[cm3]. 

The TTY can be determined experimentally from the 
𝐴𝐴𝐸𝐸𝐸𝐸𝐸𝐸 from the following equation: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒[𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 → 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚] = 𝐴𝐴𝐸𝐸𝐸𝐸𝐸𝐸
𝐼𝐼

𝜆𝜆
�1−𝑒𝑒−𝜆𝜆𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖�

 (8) 

 
Fig. 3. (Color online) Experimental cross sections for 
70Zn(p,x)67Cu and 70Zn(p,x)69mZn from Levkovskij et al. [19] 
and Kastleiner et al. [20] in comparison with theoretical 
predictions from the TENDL-2019 library [22], based on the 
TALYS code and the IEAE [21] recommended cross section 
for 67Cu. The present work results for the average cross section 
associated with 67Cu and 69mZn production and the estimated 
cross section for the region are also presented.  
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where I is the beam intensity [A]. The 𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 predicted 
and the 𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒 experimentally determined, seen in 
Table 3, are in good agreement considering the 
uncertainties. There are several programs and tables in 
the literature with information about TTY but in most 
cases, they are forward kinematics reactions [21]. 
Although in inverse kinematics the TTY definition does 
not change, the stopping power  𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
  does. The 

conversion from TTYinv to TTYfor can be done, as 
described in the work of M. Aikawa et al. [27], with the 
ratio R(E) between the differential yields:  

𝑅𝑅(𝐸𝐸) = 𝑍𝑍𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑍𝑍𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓

     (9) 

𝑇𝑇𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓(𝐸𝐸) ≅ 𝑅𝑅(𝐸𝐸)𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖(𝐸𝐸)   (10) 

For the reaction 70Zn + p in the energy range (Ec.m. = 7.8-
14.3 MeV) the ratio is 𝑅𝑅(𝐸𝐸) ≅ 18.4. In this way the 
experimental TTY was converted to forward 
kinematics. The results for the 67Cu are also in good 
agreement with the integral yields recommended by 
IAEA [21], 𝑌𝑌(𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚) − 𝑌𝑌(𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚)  as seen in Table 3.  

Table 3: The thick target yield in inverse kinematics 
determined from cross section and stopping power 𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, 
the thick target yield in inverse kinematics determined with 
the experimental activities and beam current 𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒, the 
conversion of the experimental TTY to forward kinematics 

𝑇𝑇𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓
𝑒𝑒𝑒𝑒𝑒𝑒 and the integral yield, 𝑌𝑌(𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚) −

𝑌𝑌(𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚),  recommended by IEAE [21]. 
 

 𝑻𝑻𝑻𝑻𝑻𝑻𝒊𝒊𝒊𝒊𝒊𝒊𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 
(𝑮𝑮𝑮𝑮𝑮𝑮 𝑪𝑪⁄ ) 

𝑻𝑻𝑻𝑻𝑻𝑻𝒊𝒊𝒊𝒊𝒊𝒊
𝒆𝒆𝒆𝒆𝒆𝒆 

(𝑮𝑮𝑮𝑮𝑮𝑮 𝑪𝑪⁄ ) 
𝑻𝑻𝑻𝑻𝑻𝑻𝒇𝒇𝒇𝒇𝒇𝒇

𝒆𝒆𝒆𝒆𝒆𝒆 
(𝑮𝑮𝑮𝑮𝑮𝑮 𝑪𝑪⁄ ) 

𝒀𝒀(𝑬𝑬𝒎𝒎𝒎𝒎𝒎𝒎)
− 𝒀𝒀(𝑬𝑬𝒎𝒎𝒎𝒎𝒎𝒎) 
(𝑮𝑮𝑮𝑮𝑮𝑮 𝑪𝑪⁄ ) 

67Cu 0.0161(16) 0.021(5) 0.38(10) 0.314 
69mZn 0.0214(21) 0.027(7) 0.50(14)  

3.4  Use of the neutrons from the primary 
reaction for secondary isotope production 

A test using the forward-focused neutrons from the 
primary reaction to irradiate natZn in order to produce 
67Cu was also performed. The interaction of 70Zn beam 
at 15 MeV/nucleon with the proton target produces 
about 1.6 neutrons per reaction, as calculated with the 
code TALYS [28]. These neutrons are kinematically 
focused in the forward direction and can be used for 
further radioisotope production. In the present 
experiment, a block of twenty 25.4 × 25.4 mm2 foils of 
natZn with 1 mm thickness was placed behind the Al 
catcher (Fig. 1). 

The γ-ray spectrum obtained during an accumulation 
period of 40 h, starting 7.5 d after the end of the 
irradiation, is presented in Fig. 5 in comparison with the 
background spectrum normalized for the measurement 
time. Note that both spectra are identical, except for the 
low energy region that is zoomed in the bottom panel of 
Fig. 5. It is possible to observe that the source spectrum 
is lower than the background spectrum with this 
difference increasing for lower energies, this being due 
to the shielding effect of the source on the background 
radiation. On the other hand, the photopeak associated 
to 185 keV energy presents an enhancement. The 
background contribution is associated to 226Ra (T1/2 = 
1600 y, Eγ = 186.2 keV, Iγ = 3.59 %) almost coinciding 
with the 67Cu source (T1/2 = 61.9 h , Eγ = 184.6 keV, Iγ = 
48.7 %). The respective areas for source and background 
were determined and subtracted. The activity of 67Cu 
produced by the neutrons from the primary reaction at 
the end of the 6.5 h of irradiation was 5.3(8) Bq. 
Considering the cross sections and isotopic abundance, 
the main production of 67Cu comes from 67Zn(n,p)67Cu 
reaction [29]. Considering the neutron angular 
distribution produced from the primary reaction 
according to CoMD predictions [30-32], the distribution 
presents a peak around θLAB ~ 10-20o. The experimental 
set up for natZn target covers the angular range 0o - 3o 

which corresponds to collecting of about 2% of the flux 
of the neutrons. Other important corrections are the γ 
attenuation in the source of about 50% and the isotopic 
natural abundance of 67Zn, 4.04%. Note that these 
results are an estimation and more detailed experimental 
investigation is needed. 

 

 
 
Fig. 4. (Color online) Beam energy as a function of reaction 
position on the gas target for the reactions p(70Zn, 67Cu) α  
(upper part) and p(70Zn,69mZn)α (lower part) according to 
GEANT simulation [16]. 
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Fig. 5. (Color online) The γ-ray spectrum obtained during an 
accumulation period of 40 h, starting 7.5 d after the end of the 
irradiation in comparison with the background spectrum 
normalized for the measurement time.  

4 Conclusion and future plans 
The methodology to produce medically important 
radionuclides using inverse kinematics [1] has been 
tested with success. The production of the radionuclide 
67Cu (T1/2=62 h) through the reaction of a beam of 15 
MeV/nucleon 70Zn with a cryogenic hydrogen gas target 
was performed. The activity of the 67Cu isotope after 6.5 
h of irradiation was AEOB = 2.16(12) kBq and the 1pnA-
1h activity was HEOB = 1.8(5) kBq/(pnAh). The thick 
target yield in inverse kinematics is 𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒 = 0.021(5) 
(GBq/C) and the correspondent in forward kinematics is 
𝑇𝑇𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓

𝑒𝑒𝑒𝑒𝑒𝑒 = 0.38(10) (GBq/C). The main radioimpurity in 
the Al catcher coming from the 70Zn + p reaction is 
69mZn (T1/2=13.8 h), the activity of which at the end of 
irradiation is AEOB = 2.55(26) kBq and 1pnA-1h Activity 
HEOB = 2.2(6) kBq/(pnAh). The 90Nb is the main 
impurity from the beam interaction on the Al catcher foil 
with an activity of AEOB = 2.38(23) kBq. The present 
successful test indicates the possibility of producing 
important non-standard radionuclides of high 
radionuclide purity with the approach of inverse 
kinematics. The secondary neutrons from the primary 
reaction were used to irradiate a secondary target of Zn 
for further radioisotope production with promising 
results. The main requirement necessary to achieve the 
production of activities appropriate for preclinical 
studies is the availability of high-intensity (particle μA) 
heavy-ion primary beams. 
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