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Abstract 

Activation cross sections of 7Li-induced reactions on natCu were measured in order to investigate 

suitability of some reactions for monitoring experimental parameters. Cross sections producing 69,68Ge, 

67,66Ga and 69m,65Zn were determined. Physical thick target yields were experimentally measured and 

compared with those calculated using the measured cross sections. The measured cross sections were verified 

by the agreements between the directly measured thick target yields and the thick target yields deduced from 

the measured cross sections. The 7Li-induced reactions on natCu for the production of 67,66Ga and 65Zn are 

suggested as monitor reactions. 
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1. Introduction 

Charged-particle-induced reactions are used for radionuclide production for different applications, such 

as imaging and therapy in nuclear medicine. One attractive radionuclide for nuclear medicine is 211At, which 

has a half-life of 7.214 h and is promising radionuclide for targeted α-particle therapy [1–3]. Its longer-lived 

parent nucleus 211Rn (T1/2 = 14.6 h) can be employed in the 211Rn/211At generator [4,5]. One potential 

production route of the 211Rn radionuclide is through 6Li- and 7Li-induced reactions on a 209Bi target. In order 

to maximize the production of 211Rn under the constraint to minimize the unnecessary by-products, monitor 
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reactions play an important role to determine and monitor the optimal beam parameters. As there are no 

established monitor reactions for both stable lithium isotopes, 6Li and 7Li, as projectiles, we started a 

systematic study to select target materials for possible monitor reactions. 

Copper is a target material of monitor reactions for proton-, deuteron-, 3He- and α-particle-induced 

reactions [6,7]. As a 7Li beam is more frequently used than the beam of 6Li we focused on 7Li-induced 

reactions on natCu. In the literature survey based on the latest version of EXFOR library [8], only one 

experimental study was found below 100 MeV [9]. We performed experiments at the 72-MeV 7Li energy to 

measure activation cross sections of the reactions in which longer-lived reaction products are formed. The 

reaction cross sections for formation of 69,68Ge, 67,66Ga, and 69m,65Zn on natCu targets bombarded by 7Li 

projectiles were determined. In order to verify the experimentally measured cross sections physical thick 

target yields were also determined experimentally and were compared with calculated ones based on the 

measured cross sections. 

 

2. Experimental details and data analysis 

We conducted three experiments; two experiments were dedicated for measurements of excitation 

functions and one for determination of thick target yields of selected reactions. Beams of 7Li particles at 72 

MeV were used for irradiation at the AVF cyclotron in RIKEN. The stacked-foil activation technique was 

applied. In order to identify the radioactive products γ-ray spectrometry was used in all experiments. 

Three separate targets were prepared for the three experiments. Targets #1 and #2 served for excitation 

function measurements and were composed of thin metallic foils of natCu (5-μm thick, 99.9 % purity, Nilaco 

Corp., Japan), natTi (5-μm thick, 99.5 % purity, Nilaco Corp., Japan), and 27Al (5-μm thick, >99 % purity, 

Nilaco Corp., Japan). The nominal sizes of original foils of natCu, natTi and 27Al were 100 mm × 100 mm, 50 

mm × 100 mm and 100 mm × 100 mm, respectively. The size and weight of each foil were measured to 

determine the average thickness. The obtained average thicknesses of natCu, natTi and 27Al were 4.49 ± 0.04, 

2.34 ± 0.02 and 1.21 ± 0.01 mg/cm2, respectively. The foils were cut into a size of 8 mm × 8 mm to fit in the 

target holders that served also as a Faraday cup to collect the charge during irradiation. To shift the effective 

midpoint energy in the Cu foils the sequence of the foils in the two targets were modified. Both of the stacked 

targets were composed of 17 groups of the foils in the sequence of Cu-Al-Ti-Al for #1 and Ti-Al-Cu-Al foils 

for #2. The 27Al foils were used to catch the recoiled reaction products from the natCu or natTi foils adjacent 

at the beam upstream. The target #3 prepared for the yield measurement consisted of 25-μm thick natCu foils. 

The average thickness determined from the measured size and weight of the original foil (100 mm × 100 mm, 

99.9 % purity, Nilaco Corp., Japan) was 21.5 ± 0.2 mg/cm2. The foil was cut into a size of 10 mm × 10 mm 

pieces and were stacked into another target holder. Only eight of the natCu foils were stacked in the target 

holder without any additional foil. The target information regarding the three targets is summarized in Table 

1. 

The stacked-foil targets #1, #2 and #3 were irradiated with 7Li beams for 60, 60 and 30 min, respectively. 

The average beam currents determined using the irradiation period and the total charge collected by the 



Faraday cup were 314 ± 16 (#1), 321 ± 16 (#2), and 309 ± 15 nA (#3). The beam energy was determined by 

the time-of-flight method [10]. Three subsequent irradiations were performed with the same cyclotron 

settings; therefore the 71.6 ± 0.4 MeV incident beam energy was common for the three experiments. Energy 

degradation of the bombarding particles in the targets was calculated layer by layer using stopping powers 

obtained from the SRIM code [11]. The beam parameters are also summarized in Table 1. 

The emitted γ rays originated from the activated foils were measured using two high-purity germanium 

detectors of the same type (ORTEC GEM30P4-70). One of the detectors was used for γ-ray measurements 

for the experiment #1 and the other for the experiment #2. Both detectors were used in case of the experiment 

#3. Dedicated software (SEIKO EG&G Gamma Studio) was used for spectrum data analysis. The efficiency 

of the two detectors was calibrated using the same calibrated γ-ray sources, a multiple γ-ray source consisting 

of 57,60Co, 85Sr, 88Y, 109Cd, 113Sn, 137Cs, 139Ce, 203Hg and 241Am (Eckert & Ziegler Isotope Products) and an 

152Eu source (Japan Radioisotope Association). For both of the calibrated γ-ray sources the diameter of the 

activity spot was similar to the diameter of the beam spot, therefore no additional geometry correction was 

necessary to apply. Each irradiated foil was measured four times to be able to follow the decay of the products 

with different half-lives. Cooling time varied between 9.49 h and 270.93 d. The associated dead time never 

exceeded 5.2 % due to adjusting the distance between the foils and detector surface. The detailed parameters 

of the measurements are listed in Table. 2. The nuclear data for the γ-ray spectrometry were retrieved from 

the online databases, NuDat 3.0 [12], LiveChart [13], and QCalc [14]. The retrieved data are summarized in 

Table 3. 

Activation cross sections were deduced using the following equation 

𝜎 =
𝑁𝐸𝛾𝜆

𝜀𝐸𝛾𝐼𝐸𝛾𝜀𝑡𝑛𝑡𝑛𝑏(1 − 𝑒−𝜆𝑡𝑏)𝑒−𝜆𝑡𝑐(1 − 𝑒−𝜆𝑡𝑚)
 (1) 

where 𝐸𝛾 is the γ-ray energy, 𝑁𝐸𝛾 is the net count of the peak area, 𝜆 is the decay constant (s−1), 𝜀𝐸𝛾 is 

the detector efficiency, 𝐼𝐸𝛾 is the γ-ray intensity, 𝜀𝑡 is the dead time correction, 𝑛𝑡 is the areal number 

density of target atoms (cm−2), 𝑛𝑏 is the number of projectiles per unit time (s−1), 𝑡𝑏 is the irradiation time 

(s), 𝑡𝑐 is the cooling time (s), and 𝑡𝑚 is the acquisition time (s). 

Experimental and calculational physical thick target yields (Bq/C) [15] were deduced from the following 

equations 

𝑌 =
𝜆

𝑍𝑒

𝑁𝐸𝛾𝜆

𝜀𝐸𝛾𝐼𝐸𝛾𝜀𝑡𝑛𝑏(1 − 𝑒−𝜆𝑡𝑏)𝑒−𝜆𝑡𝑐(1 − 𝑒−𝜆𝑡𝑚)
 (2) 

𝑌 =
𝜆

𝑍𝑒
∫

𝜎(𝐸)

𝑆(𝐸)
𝑑𝐸

𝐸in

0

 (3) 

where 𝑍 is the atomic number of the projectile, 𝑒 is the elementary charge (C), 𝐸in is the incident energy 

of the projectile (MeV), 𝑆(𝐸) is the stopping power per areal number density of the target (MeV cm2). 

 

Table 1. Target and beam information. 

 Exp. #1 Exp. #2 Exp. #3 



Target    

Cu foil (mg/cm2) 4.49 ± 0.04 4.49 ± 0.04 21.5 ± 0.2 

Ti foil (mg/cm2) 2.34 ± 0.02 2.34 ± 0.02  

Al foil (mg/cm2) 1.21 ± 0.01 1.21 ± 0.01  

Configuration 17 sets of Cu-Al-Ti-Al foils 17 sets of Ti-Al-Cu-Al foils 8 Cu foils 

Beam    

Energy (MeV) 71.6 ± 0.4 71.6 ± 0.4 71.6 ± 0.4 

Average current (nA)* 314 ± 16 321 ± 16 309 ± 15 

Irradiation period (min) 60 60 30 

* Electric beam current in nA for the 3+ charge state of 7Li beams. 

 

Table 2. γ-ray measurement information (cooling time, distance, and dead time in each series). 

Series Exp. #1 Exp. #2 Exp. #3 

1 1.4–3.0 h, 100 cm, 0.2–2.1 % 4.9–6.7 h, 100 cm, <0.9 % 33–35 h, 50–100 cm, 0.3–2.7 % 

2 5.2–29 h, 50 cm, 0.3–1.3 % 24–34 h, 50 cm, <1.1 % 43–47 h, 50 cm, 0.2–5.2 % 

3 3.7–4.1 d, 10 cm, 0.2–2.6 % 3.8–4.1 d, 10 cm, <2.3 % 59 d, 5 cm, 0.1–1.1 % 

4 57–58 d, 5 cm, <0.1 % 58–59 d, 5 cm, <0.1 % 59 d, 5 cm, 0.1–1.1 % 

 

Table 3. Reaction and decay data retrieved from online databases [12–14]. The γ lines in bold fonts were used for the 

analysis.  

Nuclide Half-life 
Decay mode 

(%) 
Eγ (keV) Iγ (%) Contributing reaction 

Q-value 

(MeV) 

69Ge 39.05 h ε+β+ (100) 574.11 13.3 ± 1.8 65Cu(7Li,3n) -9.5 

   871.98 11.9 ± 1.6 63Cu(7Li,n) 8.4 

   1106.77 36 ± 4   

68Ge 270.93 d ε (100) - - 65Cu(7Li,4n) -17.7 

     63Cu(7Li,2n) 0.2 

68Ga 67.71 min ε+β+ (100) 1077.34 3.22 ± 0.03   

67Ga 3.2617 d ε (100) 93.31 38.81 ± 0.03 65Cu(7Li,t2n) -16.6 

   184.58 
21.410 ± 

0.010 

63Cu(7Li,t) 1.26 

   300.22 16.64 ± 0.12 67Ge decay  

66Ga 9.49 h ε+β+ (100) 1039.22 37.0 ± 2.0 65Cu(7Li,t3n) -27.8 

     63Cu(7Li,tn) -10.0 

     66Ge decay  

69mZn 13.756 h IT (99.967) 438.63 94.85 ± 0.07 65Cu(7Li,3He) 0.7 

  β－ (0.033)   69Cu decay  



65Zn 243.93 d ε+β+ (100) 1115.54 50.04 ± 0.10 65Cu(7Li,α3n) -13.1 

     63Cu(7Li,αn) 4.7 

     65Ga decay  

Among the contributing reactions only the reaction with the lowest Q-value is listed. 



3. Results and discussion 

Direct and cumulative cross sections for formation of six radionuclides, 69,68Ge, 67,66Ga and 69m,65Zn, 

were determined. The cross sections determined in the experiments #1 and #2 agree well with each other. 

The numerical data are summarized in Tables 4 and 5 and displayed in Figs. 1–6 in comparison with the 

previously published data [9] if available. Experimental physical thick target yields of the radionuclides are 

also summarized in Table 6 and shown in Fig. 7 in comparison with calculated ones using the experimental 

cross sections obtained in this work. 

The total energy uncertainty was calculated from the uncertainty of the primary beam energy (±0.4 MeV) 

and target thicknesses (1 %). The total uncertainty of the cross section and thick target yield data was 

calculated from the square roots of the quadratic summation of each component; beam intensity (5 %), γ-ray 

intensity (0.1–11 %), detector efficiency (5 %), target thickness (1 %) and counting statistics (0.5–37 %). 

 

Table 4. Production cross sections (mb) measured in the experiment #1. 

Energy (MeV) 69Ge (mb) 68Ge (mb) 67Ga(cum) (mb) 66Ga(cum) (mb) 69mZn (mb) 65Zn(cum) (mb) 

71.0 ±0.4 1.52 ±0.27  130 ±9 106 ±10  360 ±27 

68.6 ±0.4 2.00 ±0.35  142 ±10 111 ±11  378 ±28 

66.0 ±0.4 2.63 ±0.43  153 ±11 120 ±11  381 ±29 

63.4 ±0.4 3.09 ±0.49  161 ±12 132 ±12  386 ±29 

60.7 ±0.4 4.08 ±0.62  166 ±12 151 ±14  374 ±28 

57.9 ±0.4 5.28 ±0.78  166 ±12 178 ±17  359 ±27 

55.0 ±0.4 6.77 ±0.97 49.8 ±9.4 162 ±12 206 ±19  320 ±24 

51.9 ±0.5 9.77 ±1.36 48.3 ±10.8 159 ±12 230 ±21  277 ±21 

48.8 ±0.5 14.5 ±2.0 57.1 ±11.6 165 ±12 251 ±23  231 ±17 

45.4 ±0.5 20.4 ±2.8 70.2 ±13.1 183 ±13 251 ±23 1.36 ±0.31 184 ±14 

41.9 ±0.6 32.9 ±4.4 66.8 ±12.2 235 ±17 237 ±22 1.71 ±0.33 147 ±11 

38.2 ±0.6 52.5 ±7.0 63.6 ±11.6 318 ±23 174 ±16 2.20 ±0.32 114 ±9 

34.1 ±0.7 78 ±10 41.7 ±9.3 405 ±29 104 ±10 1.99 ±0.28 98.6 ±7.6 

29.7 ±0.8 100 ±13 38.3 ±8.8 451 ±33 47.3 ±4.6 1.61 ±0.24 102 ±8 

24.8 ±0.9 103 ±14 48.2 ±7.3 387 ±28 21.8 ±2.2 0.756 ±0.150 118 ±9 

19.1 ±1.1 66.8 ±8.9 79.7 ±11.7 193 ±14 10.6 ±1.1  136 ±10 

11.9 ±1.6 7.03 ±0.97 45.1 ±5.0 16.0 ±1.2 0.412 ±0.042  60.5 ±4.5 

 

Table 5. Production cross sections (mb) measured in the experiment #2. 

Energy (MeV) 69Ge (mb) 68Ge (mb) 67Ga(cum) (mb) 66Ga(cum) (mb) 69mZn (mb) 65Zn(cum) (mb) 

70.1 ±0.4 1.74 ±0.31  140 ±10 106 ±10  354 ±27 

67.5 ±0.4 2.07 ±0.36  150 ±11 112 ±11  367 ±27 

65.0 ±0.4 2.49 ±0.41  161 ±12 125 ±12  389 ±29 



62.3 ±0.4 3.52 ±0.54  168 ±12 139 ±13  380 ±28 

59.6 ±0.4 4.44 ±0.66  172 ±13 162 ±15  363 ±27 

56.7 ±0.4 5.91 ±0.86  170 ±12 188 ±17  345 ±26 

53.7 ±0.5 8.86 ±1.24 53.9 ±10.6 170 ±12 227 ±21 0.606 ±0.226 310 ±23 

50.7 ±0.5 12.4 ±1.7 46.3 ±10.0 169 ±12 252 ±23 1.00 ±0.33 252 ±19 

47.4 ±0.5 17.8 ±2.4 54.8 ±9.8 176 ±13 261 ±24 1.21 ±0.35 204 ±15 

44.0 ±0.6 28.0 ±3.8 65.8 ±11.5 217 ±16 251 ±23 1.31 ±0.27 165 ±12 

40.4 ±0.6 44.4 ±5.9 64.1 ±11.3 283 ±21 205 ±19 2.02 ±0.33 126 ±10 

36.6 ±0.7 66.5 ±8.9 51.9 ±9.4 379 ±28 134 ±12 1.92 ±0.28 107 ±8 

32.4 ±0.7 93.5 ±12.5 40.8 ±8.2 441 ±32 64.4 ±6.2 1.78 ±0.26 94.1 ±7.3 

27.8 ±0.8 107 ±14 42.6 ±9.0 437 ±32 28.1 ±2.9 0.987 ±0.193 102 ±8 

22.6 ±1.0 86.8 ±11.6 60.0 ±9.9 284 ±21 15.4 ±1.8 0.394 ±0.137 127 ±10 

16.4 ±1.3 26.2 ±3.5 78.3 ±11.2 63.7 ±4.7 1.89 ±0.43  107 ±8 

8.1 ±2.0 0.110 ±0.039  0.148 ±0.042 0.118 ±0.015  1.71 ±0.19 

 

Table 6. Physical thick target yields (Bq/C) measured in the experiment #3. (1 Bq/C = 0.0036 Bq/μAh) 

Energy (MeV) 69Ge 68Ge 67Ga(cum) 66Ga(cum) 69mZn(cum) 65Zn(cum) 

71.6 ±0.4 4.9±0.7×108 4.1±0.4×106 1.8±0.1×109 9.1±0.8×109 4.0±0.5×107 2.6±0.2×107 

66.2 ±0.4 4.8±0.6×108 4.4±0.5×106 1.6±0.1×109 8.2±0.8×109 3.6±0.4×107 2.1±0.2×107 

60.6 ±0.4 4.7±0.6×108 3.9±0.4×106 1.5±0.1×109 7.1±0.7×109 3.4±0.4×107 1.5±0.1×107 

54.4 ±0.5 4.8±0.6×108 3.4±0.4×106 1.3±0.1×109 5.5±0.5×109 3.0±0.4×107 1.1±0.1×107 

47.8 ±0.5 4.5±0.6×108 2.9±0.3×106 1.1±0.1×109 3.6±0.3×109 2.5±0.3×107 6.6±0.5×106 

40.4 ±0.7 4.0±0.5×108 1.8±0.2×106 9.0±0.7×108 1.5±0.1×109 2.0±0.3×107 4.2±0.3×106 

31.9 ±0.8 2.7±0.4×108 1.3±0.2×106 5.2±0.4×108 2.8±0.3×108 1.0±0.3×107 2.7±0.2×106 

21.5 ±1.2 5.8±0.8×107 6.3±1.2×105 8.3±0.6×107 3.1±0.6×107  1.1±0.1×106 

 

  



3.1 69Ge production 

The production cross sections of 69Ge (T1/2 = 39.05 h) were determined using the γ line at 1106.77 keV 

(Iγ = 36 %) emitted in its decay. The possible interference γ line at 1106.53 keV from 66Ga (T1/2 = 9.49 h) 

was negligible because of its very low intensity (Iγ = 0.0012 %) and the applied long cooling time. The spectra 

measured in Ser. 3 (average cooling time ~4 d) were used to determine the cross sections. 

The derived cross sections are shown in Fig. 1 with the previously published data [9]. Our results in the 

two experiments (#1 and #2) agree with the previously published data except a slight deviation at the lower 

energy region. The excitation function of the reaction shows a smooth curve and a peak at around 30 MeV. 

The reaction has relatively low threshold energy and more than 100 mb cross section values at maximum. 

These features are appropriate for using the natCu(7Li,x)69Ge reaction as a monitor reaction. However, the 

uncertainty of the γ line is relatively large (11 %). This reaction can be used as a monitor reaction after the γ-

ray intensity is determined more precisely. 

 

 

Fig. 1. Cross sections of the natCu(7Li,x)69Ge reaction in comparison with the previously published 

data [9]. 

 



3.2 68Ge production 

Cross sections of the natCu(7Li,x)68Ge reaction were measured. There are no γ lines emitted from the 

decay of 68Ge (T1/2 = 270.93 d). The γ line at 1077.34 keV (Iγ = 3.22 %) from the daughter nucleus 68Ga (T1/2 

= 67.71 min) in equilibrium was used for its quantification. The same γ lines emitted from 68Cu (T1/2 = 30.9 

s) and 68mCu (T1/2 = 3.75 min) could be neglected because of their short half-lives. The spectra measured in 

Ser. 4 were used to determine the cross sections. 

The derived cross sections of the reaction are shown in Fig. 2. No previously published data were found 

for this reaction. The statistical uncertainty is relatively large (8.3–22 %) due to the low γ-ray intensity and 

long half-life. The excitation function shows two local maxima corresponding to contributions from the 

63Cu(7Li,2n)68Ge and 65Cu(7Li,4n) 68Ge reactions. Due to the low γ-ray intensity and long half-life of 68Ge 

this reaction requires long γ-ray measurements for reducing the statistical uncertainty. Thus, this reaction can 

be used as a monitor reaction when long γ-ray measurements are possible to carry out. 

 

 

Fig. 2. Cross sections of the natCu(7Li,x)68Ge reaction. 

 



3.3 67Ga production 

 Cumulative cross sections can be deduced for formation of 67Ga (T1/2 = 3.2617 d). This radionuclide 

can be produced directly in several possible reactions and also in decay of 67Ge (T1/2 = 18.9 min). There are 

three intense γ lines at 93.31 (Iγ = 38.81 %), 184.58 (Iγ = 21.410 %) and 300.22 keV (Iγ = 16.64 %) from the 

decay of 67Ga that is used in data analyses. However, as 67Cu (T1/2 = 61.83 h) is also co-produced and 

generates interference for all the three γ lines with different intensities (Iγ = 16.1 %, 48 % and 0.797 %, 

respectively). Among them the γ line at 300.22 keV was selected to determine the excitation function in order 

to reduce the possible interference. In order to estimate the effect of the 67Cu contribution, the cross sections 

were also calculated using the Eγ = 184.58 keV, the highest intensity γ line of 67Cu. The deduced cross sections 

were for 5.2 % higher than the ones deduced using the 300.22-keV γ line. Considering the ratio of the γ-ray 

intensities the 67Cu contribution to the 300.22-keV γ line was estimated and found to be less than 0.1 % and 

therefore was neglected. The spectra measured in Ser. 4 were used to determine the cross sections. The parent 

nucleus 67Ge decayed completely during the long cooling time. 

The cumulative formation cross sections of 67Ga are shown in Fig. 3 with the previously published data 

[9]. The peak position and amplitude of the previously published data are different from our data. The 

excitation function of the natCu(7Li,x)67Ga reaction is smoothly changed and has a peak at around 30 MeV. 

This reaction is expected to be a monitor reaction using the 300.22-keV γ line for the 67Ga activity calculation. 

 

 

Fig. 3. Cumulative cross sections of the natCu(7Li,x)67Ga reaction with the previously published 

data [9]. 

 



3.4 66Ga production 

Several direct reactions can contribute to the production of 66Ga (T1/2 = 9.49 h). Production through the 

decay of 66Ge (T1/2 = 2.26 h) is also possible above 23.6 MeV. The 1039.22-keV γ line (Iγ = 37.0 %) was used 

to determine production cross sections of 66Ga. The contribution from decay of the shorter-lived nucleus 66Cu 

(T1/2 = 5.120 min) to the same γ line was negligible in the spectra in Ser. 2 with the cooling time longer than 

5.2 h. The parent nuclide 66Ge was produced in negligible amount, because its intense γ line with energy of 

381.85 keV (Iγ = 28.3 %) was missing in the spectra. Another isotope 70Ga (T1/2 = 21.14 min) may contribute 

to the 1039.2-keV γ line, but due to its short half-life and low γ-ray intensity (Iγ = 0.65 %) its contribution 

was also neglected.  

The derived cumulative cross sections are shown in Fig. 4 with the previously published data [9]. The 

previously published data are smaller than our data. The excitation function of the natCu(7Li,x)66Ga reaction 

has suitable shape and sufficiently high cross sections for being used for the beam monitoring. 

 

 

Fig. 4. Cumulative cross sections of the natCu(7Li,x)66Ga reaction with the previously published 

data [9]. 

 

  



3.5 69mZn production 

Among the two stable isotopes of copper, only 65Cu can contribute to the production of 69mZn (T1/2 = 

13.756 h). The strong and interference-free γ line at 438.63 keV (Iγ = 94.85 %) was used to derive the 

production cross sections of 69mZn. The short-lived parent nucleus 69Cu (T1/2 = 2.85 min) decayed to the 

ground state 69gZn soon after the end-of-bombardment and do not populate the excited state 69mZn. The 

spectra in Ser. 2 were used to determine the cross sections. 

The deduced cross sections are shown in Fig. 5 with the previously published data [9]. The peak position 

of the previously published data is consistent with ours although the amplitude is slightly smaller. The 

statistical uncertainty is large (12–37 %) because the cross sections are much smaller than those of Ge and 

Ga radionuclides in sections 3.1–3.4. The reaction does not seem, therefore, to be suitable for the beam 

monitoring purposes. 

 

 

Fig. 5. Cross sections of the natCu(7Li,x)69mZn reaction with the previously published data [9]. 

 

 



3.6 65Zn production 

The intense and interference-free γ line at 1115.54 keV (Iγ = 50.04 %) was used to determine the 

production cross sections of 65Zn (T1/2 = 243.93 d). The two parent nuclei 65Ge (T1/2 = 30.9 s) and 65Ga (T1/2 

= 15.2 min) decayed during the cooling time of Ser. 4. The possible interference from decay of 65Ni (T1/2 = 

2.52 h) was also eliminated during the long cooling time. 

Determination of the cumulative cross sections was straightforward. The results are shown in Fig. 6 in 

comparison with the previously published data [9]. The previously published data are again somewhat smaller 

than ours. The excitation function from the present work is changing smoothly in terms of the projectile 

energy and has two peaks at around 20 and 65 MeV. The cross sections are high up to almost 400 mb. 

Considering the course and amplitudes of this reaction, it can be suggested as a monitor reaction. 

 

 

Fig. 6. Cumulative cross sections of the natCu(7Li,x)65Zn reaction with the previously published 

data [9]. 

 

  



3.7 Physical thick target yields 

Physical thick target yields [15] of 69,68Ge, 67,66Ga and 69m,65Zn were experimentally determined using 

Eq. (2) to assess the measured cross sections. The stack of 8 Cu foils (25-μm thick each) was irradiated. The 

200-μm thick stack was able to stop the incident 7Li beam. By measuring the activity of the eight foils 

separately it was possible to build up the energy dependent thick target yield curves for the investigated 

reactions. In the γ-ray measurements recoil and self-attenuation effects were neglected. The amounts of 

recoiled reaction products were expected to be much smaller than those remaining in the foils because of the 

foil thickness (25-μm thick). The self-attenuation for the lowest γ-ray energy in the measurements (Eγ = 

300.22 keV) by one Cu foil was estimated using the mass attenuation coefficient [16] and found to be less 

than 0.2 %. The maximum γ-ray attenuation by seven Cu foils for the γ rays was estimated to be less than 

1.7 %. The attenuation was affected by the distribution of products in the target foils and neglected. To 

determine the activity of the produced different radionuclides the same γ lines were used for the cross section 

measurements.  

The experimentally determined physical thick target yields (symbols) are shown in Fig. 7 in comparison 

with calculated ones (lines) using Eq. (3) with the experimental cross section data determined in this work. 

The corresponding results are in good agreement with each other. The proper agreements between the 

measured and calculated yields increase the reliability of both the deduced cross sections and the 

experimental yields in this work. 

 

 

Fig. 7. Experimental physical thick target yields of 69,68Ge, 67,66Ga and 69m,65Zn in comparison with 

those derived from the cross sections measured in this work. (1 Bq/C = 0.0036 Bq/μAh) 

 

  



4. Conclusion 

Activation cross sections and physical thick target yields of the 7Li-induced reactions on natCu were 

determined. Production cross sections of 69,68Ge, 67,66Ga and 69m,65Zn were measured and compared with the 

available experimental data. In most cases, the previously published data are lower than our results. For 

benchmarking physical thick target yields were also determined and compared with the calculated values 

based on the experimental cross sections measured in this work. Good agreements are found between the 

measured and calculated yield data for every reaction. This agreement confirms reliability of both the cross 

sections and thick target yield data. As suggested by the obtained data, the reactions resulting in 67,66Ga and 

in 65Zn are potential beam monitors for 7Li. 
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