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Abstract
The excitation functions of 66Ga, 67Ga, 65Zn and 64Cu radioisotopes produced
via alpha-induced reaction on natCu were measured using a stacked foil acti-
vation method. The gamma-ray activity produced by the above mentioned
radionuclides was measured using the HPGe detector. The covariance analysis
was performed to quantify the measured cross-section uncertainties as well as
the correlation between different alpha energy cross-sections. A covariance
matrix and cross-sections for the natCu(α, x)66Ga, natCu(α, x)67Ga, natCu(α,
x)65Zn and natCu(α, x)64Cu nuclear reactions in the projectile energy range of
15–37MeV are reported in the present work. The measured reaction cross-
sections are compared with the existing experimental data and theoretically
simulated results from the TALYS code.
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1. Introduction

Nuclear data on alpha-induced reactions are important for the interpretation of astrophysical
observations, nuclear reactors, nuclear medication and radiation therapy [1, 2]. The mea-
surement of alpha-induced nuclear reaction cross-sections on various target materials is useful
for the study of nuclear phenomena, the production of medical radioisotopes and nuclear
transmutation rates. The natCu is an important target material that produces medical radio-
isotopes such as 66Ga, 67Ga and 64Cu. The radioisotopes 66Ga, 64Cu are used in the positron
emission tomography and 67Ga is also a medical radioisotope which is used in the nuclear
medicine for different types of human tumors [3–5]. The experimental nuclear reaction cross-
sections of alpha-induced reactions are also important for testing various statistical nuclear
model codes and the sensitivity of outcomes to various values of the parameters used for
computing the cross-sections [6, 7]. Activation of the target material is a method used to
measure reaction cross-sections to produce a radionuclide by detecting the gamma-ray from
the radioactive element. This method is widely used in the nuclear reactions involving a
variety of projectiles such as alpha, proton, neutrons and photons [8, 9]. In order to determine
a reasonable margin that contributes to both safety and nuclear applications, the uncertainty
associated with the activation reaction cross-section is very essential. If multiple data points
are involved in the measurement of the activation nuclear reaction cross-sections, the cor-
relation between all the data points must also be taken into consideration to prevent the
underestimation of the uncertainty in the quantity of interest [10]. Consequently, con-
temporary evaluations aim to provide the best estimate of not only the cross-section but also
uncertainty and covariance, which describe the correlation between estimated cross-sections
at different projectile energy range for the same reaction and cross correlation between
estimated cross-sections at the same projectile energy for different nuclear reactions [11, 12].
In order to provide better documentation on the uncertainties of the quantities evaluated in
each experiment, we need to provide the covariance with the measured cross-section. Eva-
luators face difficulty in covariance analysis of nuclear reaction cross-section due to very less
documentation on correlation and cross correlation study of measured quantity and also
evaluators are unable to determine the uncertainty in the measured cross-section. In covar-
iance analysis, we can estimate the uncertainty in the measured quantity using the cross
correlation among various attributes [13]. In the present study, we have used natural copper as
the target material. With these goals in mind, we have performed an experiment for the alpha-
induced reaction on natural copper. Experimental data for these nuclear reactions are available
in the exchange format (EXFOR) data repository [14], although none of the data has a
complete covariance analysis. Consequently, there is a need for documentation on covariance
analysis of these nuclear reactions. In this article, we have presented detailed covariance
analysis of reactions natCu(α, x)66Ga, natCu(α, x)67Ga, natCu(α, x)65Zn and natCu(α, x)64Cu,
by examining the micro correlations among different variables such as the efficiency of HPGe
detector, decay constant, γ-ray counts, incident flux, particle number density and γ-ray
intensity. The TALYS nuclear code was used for the theoretical prediction of the above
mentioned nuclear reactions [15]. A comparison of the measured nuclear reaction cross-
sections with the available experimental data on EXFOR and theoretical prediction from the
TALYS nuclear code is also presented.

The present study is divided into the following five sections: section 2 discusses the
experimental setup, section 3 discusses the data analysis section, section 4 deals with the
results and discussion and section 5 concludes the present work.
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2. Experimental details

The experiment was performed using the K-130 cyclotron at Variable Energy Cyclotron
Center (VECC), Kolkata, India. In the present experiment, the alpha beam was produced by
helium gas using the PIG ion source.

The stacked foil activation method [16–19] was used to determine the nuclear reaction
cross-sections of alpha-induced reactions on copper in the energy range from the threshold
energy of resulting reactions up to 37MeV. The main advantage of the stacked foil activation
method is that we can obtain the whole range of excitation functions using less number of
irradiations. In accordance with this method, a stack of the thin target foils i.e. natCu was
followed by the natAl, which enacted as the catcher foil to capture the recoil radioactive from
the target foil. natAl (catcher foil) has low Z-material which reduces the gamma attenuation
during the measurement and does not produce any radioactive in the incident energy range.
We have used natTi foil as monitor foil. We ensured monitor foil (natTi) before every target
foil (natCu) to calculate incident flux on target foils. We arranged the stack as natTi
(10× 10 mm2) followed by natCu (10× 10 mm2) accompanied by natAl (10× 10 mm2). The
thickness of natTi, natCu, natAl foils were 6.27 mg cm−2, 13.50 mg cm−2 and 1.80 mg cm−2

respectively. In this experiment, we irradiated two sets of stacks at two different energy
ranges to get the continuous excitation function for our desired reactions. Table 1 provides
information about the beam current, irradiation time and projectile energy. We employed
SRIM-2008 (Stopping and Range of Ions in Matter) code to calculate energy degradation of
our sequenced stack [20, 21]. A faraday cup was placed after the stack to measure the beam
current falling on the foils. The schematic diagram of the stack foils arrangement and the
layout of the experimental setup are shown in figures 1 and 2 respectively.

To measure the γ-ray activity, firstly we irradiated the samples and then the activated
samples were moved from the experimental hall to the counting room, and opened the target
holder safely. After that, the monitor foils and the target foils were separated. We wrapped the

Figure 1. The schematic diagram of Ti-Cu-Al foils arrangement.

Table 1. Description of beam current, radiation time and projectile energy.

Stack number Incident energy Current Irradiation time Energy range
(MeV) (nA) (h:min) (MeV)

1 37 162 5:00 37–23.33
2 32 130 10:35 32–15.90
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target and the catcher foil in a small thin polythene bag which was sealed properly to prevent
contamination and then placed them on perspex plates for gamma-ray activity counting.
Depending on the half-life of the produced radionuclide, we started the counting after various
cooling intervals where irradiation stops. We have used a high-purity germanium detector
(HPGe) to detect the gamma-ray activity of the samples. The efficiency of the HPGe detector
for different gamma energies was calculated by using a 152Eu point source. A γ-ray spectrum
of irradiated natCu and natTi foils are shown in figures 3 and 4. In our earlier paper [22], we
have provided a detailed explanation of the calibration and efficiency calculations of the
HPGe detector as well as its uncertainty and coincidence summing effect.

3. Data analysis

The activation formula, which is given in the following equation, was used to compute the
reaction cross-sections for the nuclear reactions natCu(α, x);
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In this equation, Iγ stands for γ-ray intensity, Cγ for total counts, ε(Eγ) for detector
efficiency, f for incident flux, λ for decay constant, and Nt for particle density in the target.
The target’s irradiation time is represented by the symbol tirr, the target’s cooling time is

Figure 2. The layout of the experimental setup.

Figure 3. A γ-ray spectrum of the irradiated foil (a) for radionuclide 66Ga (1039.22
keV) and 65Zn (1115.53 keV) (b) for radionuclide 67Ga (300.21 keV).
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denoted by tc, and the sample’s counting time is denoted by tm. When calculating the
uncertainty of the measured nuclear reaction cross-section in this study, variables like particle
number density in target, detector efficiency, counts, gamma-ray intensity, incident flux and
decay constant are taken into consideration. Table 2 provides information about the nuclear
reactions, radioactive half-lives, Q-values of the reactions, and decay characteristics. The
TALYS nuclear code is used for estimating the cross section of natCu(α, x)66Ga, natCu(α,
x)67Ga, natCu(α, x)65Zn and natCu(α, x)64Cu nuclear reactions over the alpha energy range for
reaction threshold to 35MeV.

The TALYS code is based on the Hauser–Fesbach statistical model, which generates the
nuclear data for all open reaction channels, on user-defined energy and angle grid [23, 24].
This nuclear code has been used to calculate many physical observables related to nuclear
reactions analysis and estimation of reaction cross se-tion. All the input parameters required to
calculate the cross section such as—nuclear masses, discrete levels, optical model parameters,
level densities, decay schemes, γ-ray strength functions are taken into consideration during
optimization in TALYS. We can simulate reactions that have photons, deuterons, 3He,
neutrons, protons and tritons particles as an incident particle for target nuclides of mass 12
and heavier energy ranging from 1 keV to 200 MeV. We have used different level density
models for theoretical prediction in the TALYS code [25–30]. The outcome of the theoretical
calculations for all the reactions are documented in the following section, along with the
present measured cross-sections and existing cross-sections data from the EXFOR database.
The EXFOR is the library and format for collecting, storing, exchanging and retrieving
experimental nuclear reaction data [31].

In Covariance analysis, the uncertainty propagation can be explained using the cross
correlation between several observed values [32, 33]. The method we have used to calculate
the covariance matrix of the nuclear reaction in the present work is given in our previous
article [22, 34]. In the present experiment, we have used natTi(α, x)51Cr nuclear reaction as a
monitor reaction. The monitor reaction cross-sections were used to calculate the flux for the
natural copper reaction cross-sections. The flux for natural copper reaction cross-sections was
measured by using the monitor foils and hence the uncertainty associated with flux is

Figure 4. A γ-ray spectrum of the irradiated foil (a) for radionuclide 64Cu (1345.77
keV) (b) for radionuclide 51Cr (320.08 keV).
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Table 2. Nuclear reactions and other parameters of the radionuclides generated by natZn(α, x) reactions and investigated in the present work.

Radionuclide Half-life Decay mode Eγ Iγ Reaction Q-value
(t1/2) (%) (keV) (%) (MeV)

66Ga 9.49± 0.03 h ec+ β+(100) 1039.22 37± 2 63Cu(α, n) −7.50
65Cu(α, 3n) −25.33

67Ga 3.26± 0.0005 d ec (100) 300.21 16.64± 0.12 63Cu(α, γ) 3.72
65Cu(α, 2n) −14.10

65Zn 243.93± 0.09 d ec+ β+(100) 1115.53 50.04± 0.10 63Cu(α,d) −10.38
63Cu(α, n+p) −12.60
65Cu(α, n+t) −21.95
65Cu(α, 2n+d) −28.21
65Cu(α, 3n+p) −30.43

64Cu 12.70± 0.0002 h ec+ β+(61.5) 1345.77 0.472± 0.0004 63Cu(α,3He) −12.66
β−(38.5) 65Cu(α, n+α) −9.91
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measured by taking care of the uncertainty in the number of counts of 320.08 keV gamma-ray,
particle number density in monitor foil as well as detector efficiency. The gamma-ray of
320.08 keV rises from the decay of 51Cr radionuclide. The uncertainty in the flux was 4%. In
this work, the uncertainty in decay constant (Δλ) was calculated according to the following
equation [33];

T

T

ln 2
, 21 2

1 2
2

( )
( )lD =

D

where, ΔT1/2 is the uncertainty in the half-life of radionuclides and T1/2 is the half-life of the
radionuclides. The ΔT1/2 and T1/2 were taken from evaluated nuclear structure data file
(ENSDF). The uncertainty propagation in efficiency of detector (Δò) was done by considering
different attributes such as uncertainties in counts of particular gamma-ray of standard 152Eu
point source (ΔC), uncertainties in gamma-ray intensity (ΔIγ), uncertainties in the known
activity of standard 152Eu point source (ΔAO), uncertainties in decay constant (Δλ) of 152Eu.
The number of particles inside the target was calculated by the following formula:

N
WN

M
, 3t

a ( )=

where W is the weight of the target foil, M is the mass number of target material and Na is the
Avogadro number. The uncertainty in the number of particles in the target foil was
propagated from the uncertainty in the weight of the target foil. To calculate the net counts of
a gamma peak, we subtract the background count from the total number of the gamma peak.
So, the uncertainty in the gamma peak area was calculated from the square root of the total
number of counts and the background counts. The uncertainty in the γ-ray intensity (ΔIγ) was
taken from the ENSDF.

The correlations among the variables we take into account in this work are given in table 3.
The uncertainty in the particles density in the target material (ΔNt) was 0.06%. In table 4,

Table 3. The correlations among the different attributes.

Attributes Correlation

Flux (f) 0
Counts (C) 0
Decay Constant (λ) 1
γ-ray Intensity (Iγ) 1
Number Density (Nt) 1
Detector Efficiency ò(Eγ) 1

Table 4. The uncertainty in decay constant (Δλ), efficiency (Δò), counts (ΔCγ), and
gamma-ray intensity (ΔIγ).

Reactions Δλ (%) Δò (%)) ΔCγ (%) ΔIγ (%)

natCu(α, x)66Ga 0.31 1.27 1–3 0.54
natCu(α, x)67Ga 0.02 1.56 1–2 0.01
natCu(α, x)65Zn 0.04 1.55 1–3 0.002
natGu(α, x)64Cu 0.0004 2.27 3–8 0.08
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percentage uncertainties of decay constant (Δλ), detector’s efficiency (Δò), counts (ΔC) and
γ-ray intensity (ΔIγ) are listed. Figures 5–8 show the estimated spread in the incident alpha
beam energy for each energy point.

4. Results and discussion

In this section, the reaction cross-section uncertainty and a covariance matrix of natCu(α, x)
reaction have been described from threshold energy to 37MeV for individual nuclear reac-
tions. In this study, the obtained nuclear reaction cross-sections were compared with the
experimental data taken from EXFOR and also with the predicted theoretical results from the

Figure 5. Cross sections for natCu(α, x)66Ga reaction from this study in comparison to
the available experimental data from EXFOR and theoretical calculation from TALYS.

Figure 6. Cross sections for natCu(α, x)67Ga reaction from this study in comparison of
the available experimental data from EXFOR and theoretical calculation from TALYS.
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TALYS nuclear code. The measured reaction cross-sections with their covariance matrix are
given in tables 5–8 and the excitation function of these nuclear reactions are shown in
figures 5–8.

4.1. The natCu(α, x)66Ga reaction

In the present work, the computed cross-section values for the natCu(α, x)66Ga nuclear
reaction are shown in figure 5 together with the theoretical excitation curve from the TALYS
nuclear code and previously estimated cross-sections available on the EXFOR data library. A

Figure 7. Cross sections for natCu(α, x)65Zn reaction from this study in comparison of
the available experimental data from EXFOR and theoretical calculation from TALYS.

Figure 8. Cross sections for natCu(α, x)64Cu reaction from this study in comparison of
the available experimental data from EXFOR and theoretical calculation from TALYS.
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γ-ray of energy 1039.22 keV with an intensity of 37% that decays from the 66Ga radioisotope
was used to determine the nuclear reaction cross-sections for natCu(α, x)66Ga. The 1039.22
keV γ-ray measurement from the HPGe detector was started after a cooling time of 57 h from
the end of bombardment. It can be observed from figure 5, that the measured experimental
results overestimate the theoretical result of the ldmodel 4 in the projectile energy range
between 15 and 30MeV and above 30MeV the theoretical result of the ldmodel 4 agrees with
the measured reaction cross-section. The obtained experimental results in this study for
natCu(α, x)66Ga nuclear reaction are consistent with the existing reaction data reported by
Raja et al, Takacs et al, Usman et al and Shahid et al [35–38] as presented in figure 5. In
table 5, the reaction cross-sections obtained for the nuclear reaction natCu(α, x)66Ga are listed
along with their uncertainties as well as covariance matrix.

4.2. The natCu(α, x)67Ga reaction

In the present work, the computed cross-section values for the natCu(α, x)67Ga nuclear
reaction are shown in figure 6 together with the theoretical excitation curve from the TALYS
nuclear code and previously estimated cross-sections available on the EXFOR data library. A
γ-ray of energy 300.21 keV with an intensity of 16.64% that decays from the 67Ga radio-
isotope was used to determine the nuclear reaction cross-sections for natCu(α, x)67Ga. The
300.21 keV γ-ray measurement from the HPGe detector was started after a cooling time of
11.54 d from the end of bombardment. As we can see from figure 6, the theoretical result of
the ldmodel 6 agrees with the calculated reaction cross-section in the projectile energy range
between 15 and 37MeV. The obtained experimental results in this study for natCu(α, x)67Ga
nuclear reaction are consistent with the existing reaction data reported by Raja et al, Takacs
et al, Usman et al and Shahid et al [35–38] as presented in figure 6. In table 6, the reaction
cross-sections obtained for the nuclear reaction natCu(α, x)67Ga are listed along with their
uncertainties as well as covariance matrix.

4.3. The natCu(α, x)65Zn reaction

In the present work, the computed cross-section values for the natCu(α, x)65Zn nuclear
reaction are shown in figure 7 together with the theoretical excitation curve from the TALYS
nuclear code and previously estimated cross-sections available on the EXFOR data library. A
γ-ray of energy 1115.53 keV with an intensity of 50.04% that decays from the 65Zn radio-
isotope was used to determine the nuclear reaction cross-sections for natCu(α, x)65Zn. The
1115.53 keV γ-ray measurement from the HPGe detector was started after a cooling time of
37.34 d from end of bombardment. As we can see from figure 7, the theoretical results of
ldmodel 2 are slightly lower than the measured experimental results. The obtained exper-
imental results in this study for natCu(α, x)65Zn nuclear reaction are consistent with existing
reaction data reported by Raja et al, Takacs et al, Usman et al and Shahid et al [35–38] as
presented in figure 7. In table 7, the reaction cross-sections obtained for the nuclear reaction
natCu(α, x)65Zn are listed along with their uncertainties as well as covariance matrix.

4.4. The natCu(α, x)64Cu reaction

In the present work, the computed cross-section values for the natCu(α, x)64Cu nuclear
reaction are shown in figure 8 together with the theoretical excitation curve from the TALYS
nuclear code and previously estimated cross-sections available on the EXFOR data library. A
γ-ray of energy 1345.77 keV with an intensity of 0.74% that decays from the 64Cu radio-
isotope was used to determine the nuclear reaction cross-sections for natCu(α, x)64Cu. The
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Table 5. The measured cross-sections for natCu(α, x)66Ga reaction from this study with uncertainties and covariance matrix.

Eα (MeV) Cross-section (mb)
(σ± !σ)

Covariance matrix

15.90± 1.02 448.42± 80.87 6541.0
20.41± 1.03 298.68± 54.0 4100.0 2916.5
23.33± 1.16 313.22± 69.66 5223.9 3491.9 4853.6
24.34± 0.94 101.69± 18.40 1400.7 935.5 1193.8 338.8
26.95± 1.09 203.55± 45.41 3405.3 2276.3 3050.0 778.2 2062.3
27.99± 0.74 37.72± 6.83 521.2 348.1 444.6 118.9 289.8 46.7
30.25± 0.96 76.84± 17.23 1289.1 861.7 1155.8 294.6 753.8 109.7 297.1
31.35± 0.35 21.51± 3.91 298.1 199.1 254.5 68.0 165.9 25.3 62.8 15.3
33.44± 0.73 51.86± 11.72 872.6 583.3 782.9 199.4 510.6 74.2 193.5 42.5 137.5
36.41± 0.34 120.91± 27.38 2040.5 1363.0 1831.8 466.3 1194.8 173.6 452.8 99.4 306.7 750.0
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Table 6. The measured cross-sections for natCu(α, x)67Ga reaction from this study with uncertainties and covariance matrix.

Eα (MeV) Cross-section (mb)
(σ± !σ)

Covariance matrix

15.90± 1.02 27.86± 4.50 20.2
20.41± 1.03 176.53± 28.53 120.5 814.3
23.33± 1.16 194.06± 31.33 132.3 838.4 981.6
24.34± 0.94 248.10± 40.08 169.2 1072.8 1177.7 1607.1
26.95± 1.09 251.93± 40.73 171.9 1089.9 1199.6 1531.1 1659.4
27.99± 0.74 326.49± 38.25 161.4 1096.4 1203.7 1540.3 1564.9 1468.8
30.25± 0.96 253.58± 40.97 173.0 1096.4 1203.7 1540.3 1564.9 1468.8 1678.7
31.35± 0.35 195.52± 31.59 133.3 844.8 927.5 1186.9 1205.8 1131.8 1213.0 997.9
33.44± 0.73 201.84± 32.61 137.6 872.4 957.8 1225.6 1245.2 1168.7 1252.6 965.2 1063.6
36.41± 0.34 147.37± 23.79 100.4 636.6 698.9 894.3 908.6 852.8 914.1 704.3 727.3 566.2
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Table 7. The measured cross-sections for natCu(α, x)65Zn reaction from this study with uncertainties and covariance matrix.

Eα (MeV)
Cross-section (mb)

(σ± !σ) Covariance matrix

15.90± 1.02 30.33± 4.86 23.6
20.41± 1.03 389.95± 62.25 281.8 3874.9
23.33± 1.16 443.37± 70.78 320.3 4124.8 5009.4
24.34± 0.94 609.78± 96.16 439.98 5664.9 6438.0 9440.1
26.95± 1.09 623.81± 99.52 450.74 5800.0 6591.5 9052.6 9905.2
27.99± 0.74 642.15± 102.45 463.7 5971.1 6786.0 9319.7 9541.9 10 495.0
30.25± 0.96 620.52± 99.08 448.3 5772.9 6560.7 9010.4 9225.1 9497.3 9816.7
31.35± 0.35 576.06± 91.93 416.2 5358.7 6090.0 8363.9 8563.2 8815.9 8523.2 8451.2
33.44± 0.73 502.79± 80.20 363.0 4674.2 5312.1 7295.5 7469.4 7689.8 7434.5 6901.1 6432.4
36.41± 0.34 435.47± 69.56 314.7 4052.7 4605.8 6325.6 6476.3 6667.4 6446.1 5983.6 5219.3 4838.3
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1345.77 keV γ-ray measurement from the HPGe detector was started after a cooling time of
57 h from end of bombardment. As we can see from figure 8, the theoretical result of the
ldmodel 3 agrees with the calculated reaction cross-section. The obtained experimental results
in this study for natCu(α, x)64Cu nuclear reaction are lower than existing reaction data
reported by Shahid et al and Zweit et al [38, 39] as presented in figure 8. In table 8, the
reaction cross-sections obtained for the nuclear reaction natCu(α, x)64Cu are listed along with
their uncertainties as well as covariance matrix.

5. Conclusion

In the present work, the stack foil activation method was used to determine the nuclear
reaction cross-section in the projectile energy range 15–37MeV for natCu(α, x)66Ga, natCu(α,
x)67Ga, natCu(α, x)65Zn and natCu(α, x)64Cu reactions and for the first time the covariance
analysis was used to calculate the uncertainty of the measured cross-sections for the above
mentioned nuclear reactions. The excitation function of natCu(α, x)66Ga, natCu(α, x)67Ga and
natCu(α, x)65Zn nuclear reactions presented in this investigation are in good agreement with
the existing reaction data from EXFOR, but excitation function of natCu(α, x)64Cu nuclear
reaction in this study is lower than the existing reaction data from EXFOR. We obtained the
best theoretical results using ldmodel 4 for nuclear reactions natCu(α, x)66Ga, ldmodel 6 for
nuclear reaction natCu(α, x)67Ga, ldmodel 3 for nuclear reaction natCu(α, x)64Cu and ldmodel-
2 for nuclear reaction natCu(α, x)65Zn. The measured nuclear reactions presented in this study
are used as monitor reactions for alpha-induced reactions on different target therefore acc-
uracy and precision of the measurements was the primary goal of this study because previous
work by Raja et al, Takacs et al, Usman et al, Shahid et al and Zweit et al [35–39] did not
address various types of corrections and covariance analysis related to the experimental data.
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