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Abstract: A newly developed facility at the 3 MV Tan-
dem Accelerator at Dhaka for measurement of proton in-
duced reaction cross sections in the energy region be-
low 5MeV is outlined and tests for the beam charac-
terization are described. The results were validated by
comparison with the well-known excitation function of
the 64Ni(p, n)®*Cu reaction. Excitation functions of the
reactions "*Ni(p, x)***'Cu, "Ni(p, x)>>*7***¢Co and
"Ni(p, x)>’Ni were also measured from threshold to
16 MeV using the stacked-foil technique, whereby irradia-
tions were performed with 5 MeV protons available at the
Tandem Accelerator and 16.7 MeV protons at the BC 1710
cyclotron at Jiilich, Germany. The radioactivity was mea-
sured using HPGe y-ray detectors. A few results are new,
the others strengthen the database. In particular, the re-
sults of the reaction ™ Ni(p, x)*' Cu below 3 MeV could
serve as beam monitor.
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1 Introduction

The use of low-energy charged particle accelerators (E <
6 MeV) in nuclear research is of considerable significance,
with regard to both fundamental nuclear investigations
and to application-oriented studies. Regarding fundamen-
tal studies, experimental investigation of nuclear reac-
tions is quite interesting, especially near their thresholds,
where the theoretically calculated results have fairly large
uncertainties due to uncertainties in the estimation of the
relative contributions of the three competing processes,
viz. scattering, Coulomb excitation and deep penetration.
Due to the expected low cross section of the latter pro-
cess, clean experiments are needed for an unambiguous
identification of the reaction product. The results obtained
should shed some light on reaction mechanisms and the
data could be useful for radionuclide production.

We chose to study proton induced nuclear reactions
on nickel. It is an important element from practical point
of view, being used as a construction material in nuclear
technology and as a target material in accelerator produc-
tion of medical radionuclides. In its natural composition
it consists of five stable isotopes, namely **Ni (68.077%),
Ni (26.223%), °'Ni (1.140%), **Ni (3.634%) and **Ni
(0.926%). Cross section measurements on proton induced
reactions have been done using all the five isotopes in
highly enriched forms as targets (cf. [1-10]), mainly in the
context of radionuclide production. In particular the non-
standard positron emitters *>Co (T ;2 = 17.57h), 1Cu
(T,/, =3.33h) and %4 Cu (T, j2 = 12.7 h) are produced with
high radionuclidic purity and in quantities sufficient for
medical applications via the reactions **Ni(p, )**Co [9,
11], 61Ni(p, n)®**Cu [6, 12] and 64Ni(p, n)*Culs, 8, 13-15],
respectively. The measured excitation functions of those
reactions have also been subjected to rigorous theoretical
treatment (cf. [16—18]) and recommended sets of cross sec-
tion data have been reported. As far as measurements on
"Nj are concerned, several groups reported data over var-
ious proton energy ranges (cf. [19-30]). In particular, Am-
jed et al. [22] reported extensive experimental data and per-
formed a thorough analysis of all the data. The information
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available is useful for validation of data measured using
enriched target isotopes, for application in thin layer acti-
vation analysis, and for use in monitoring of proton flux
during an irradiation. Many of those data were obtained
via excitation function measurements using the stacked-
foil technique with the incident proton energy on the first
foil around 18 MeV or higher. The energy incident on each
back foil of the stack was obtained by absorption calcu-
lations. Although in recent years adjustment of incident
energies on back foils could be done using monitor foils
rather successfully, it appears worthwhile to perform some
measurements in the low-energy region (below 6 MeV) us-
ing a well-defined beam from a low-energy accelerator.

A 3 MYV Tandem Accelerator (High Voltage Engineer-
ing Europa B.V.) was recently installed within the AERE
Campus, Savar, Bangladesh. It delivers protons of energies
<6 MeV. So far it has been successfully used for analyti-
cal work, mainly using the particle induced X-ray emission
(PIXE) technique [31]. Now it has been adapted to measure
also nuclear reaction cross sections. In this paper we de-
scribe the irradiation facility, the characterization of the
available beam and the validation of the measured data by
comparison with the well-established excitation function
of the 64Ni(p, n)* Cu reaction. Furthermore, several other
excitation functions were measured from their thresholds
up to 16 MeV proton energy using the cyclotron BC 1710 at
the Forschungszentrum, Jiilich, Germany. The results are
compared with the literature experimental and theoretical
data.

2 Experimental details

2.1 Measurements at 3 MV Tandem
Accelerator

2.1.1 Irradiation chamber

A new experimental vacuum chamber was recently incor-
porated in the 3 MV Tandem Accelerator, installed within
the campus of Atomic Energy Research Establishment,
Savar, Dhaka. The set up for irradiation within the vac-
uum chamber is shown in Figure 1. The major function of
the chamber is to allow use of standard ion beam analysis
(IBA) techniques such as proton induced X-ray emission
(PIXE), Rutherford backscattering spectrometry (RBS), etc.
with millimeter-sized beam. To date the irradiation facility
has been utilized for proton irradiations only. The chamber
is 60 cm high and it has 39 cm diameter. It has 14 different
size ports in it. The heart of the IBA chamber is a sample
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wheel with 25 holes, where samples can be mounted for
irradiation. Just after the switching magnet and along the
—30° exit port two pairs of variable beam slits are installed
to define the beam profile for the IBA chamber, as neces-
sary.

A beam profile monitor and a Faraday cup are also in-
stalled in the beam line to tune the beam before entering
the experimental chamber. At the back of the chamber an-
other wide and deep Faraday cup is installed to measure
the beam current. The sample wheel is also connected to
the current integrator in that Faraday cup. A voltage of
—60V is applied both at the entrance of the chamber and
at the entry of the Faraday cup, whereas +60 V is applied
at the sample wheel and the Faraday cup to suppress the
secondary electrons.

Before irradiation the beam current was measured by
the second Faraday cup. After reaching a constant value
of 100 nA, the sample was moved to the proper position in
the proton beam line and irradiated. During the irradiation
the beam current was registered by charge collection.

2.1.2 Beam characterization

The energy of the extracted particle beam is given by
the accelerator parameters. Special attention was paid to
all three beam parameters, viz. shape, energy and inten-
sity, which are very important in nuclear reaction cross
section measurements. The beam shape was checked by
the irradiation of a filter paper. A dark spot of about
5mm diameter was observed which showed that the
beam is focused and it is centric. The primary proton en-
ergy was checked by a comparison of activation prod-
ucts Zn/%Zn. The method involves a comparison of the
normalized activities of two different threshold reaction
products induced in a monitor foil [4, 32]. For this pur-
pose a thin Cu foil (~10 pm thick) was placed in front
of a target and irradiated with protons. The activities of
the two products, viz. **Zn (T, j2 = 38.47 min) and %Zn
(T, = 244.93 d), were determined by y-ray spectrome-
try using a high-resolution HPGe detector, and normal-
ized for the cross section and the irradiation-time depen-
dent saturation factor. Therefrom the ratio of the activities
of ©*Zn/%Zn was obtained. The ratio was also calculated
theoretically from the IAEA recommended excitation func-
tions of the two relevant reactions, namely " Cu(p, x)®Zn
and " Cu(p, x)°°Zn ([33], updated online version). From
a comparison of the experimentally obtained and theo-
retically calculated ratio, the average energy of the pro-
ton beam within the first foil was deduced. A typical re-
sult is shown in Figure 2. The energy deduced in this way
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Figure 2: Ratios of normalised activities at EOB of the products
formed in the irradiation of " Cu with protons; curves: calculated
from the standardised excitation functions given in Reference [33] —
solid line for 22 min irradiation and dotted line for 60 min
irradiation; data points: measured ratios — round symbol for 22 min
irradiation and plus symbol for 60 min irradiation. The average
proton energies in the irradiated foils were deduced as

4.46 + 0.5 MeV and 4.41 +0.2 MeV, respectively, while using

a primary proton energy of 5.02 MeV and 4.62 MeV (given by the
accelerator parameters), respectively.

agreed with that obtained through the accelerator param-
eters, though the uncertainty of the activation method is
high due to very low cross sections of the two products
at energies < 6 MeV. Accelerator energy of 4.62 MeV and
foil energy of 4.41 + 0.2 MeV are in excellent agreement,
but about 10% deviation was found between 5.02 MeV
accelerator energy and 4.46 + 0.5 MeV foil energy. The
main reason was the use of foils of different thicknesses.
For 4.62 MeV irradiation a thin foil was used and for the
5.02 MeV irradiation a thicker foil.
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Figure 1: Schematic diagram of experimental
setup at 3 MV Tandem Accelerator in Dhaka,
adapted to irradiation of thin foils with
low-energy protons.

2.1.3 Proton flux measurement

The proton beam flux was measured by charge integration
before reaching the target. The beam flux effective in the
target was determined using the natCu(p, x)%°Zn monitor
reaction induced in the mounted Cu-foil. The two flux val-
ues agreed within 6%.

2.1.4 Stackirradiation

For cross section measurements of proton induced reac-
tions on " Ni below 6 MeV, three stacks of foils were pre-
pared. Each stack consisted of several 10 um thick Ni foils
(Goodfellow: purity 99.95%) with one (10 or 25 pm thick)
Cu foil (Goodfellow: purity >99%) placed in front to mon-
itor the proton flux. The primary energy of protons falling
on each stack was 5.02 MeV. The duration of irradiation
was between 20 and 60 min. The beam energy degrada-
tion along the stack was calculated using the computer
program based on the energy-range relation described by
Williamson et al. [34].

2.2 Measurements at BC 1710

For studying proton induced reactions in the higher energy
range up to 16 MeV, irradiations were carried out at the
Baby Cyclotron (BC1710) of the Forschungszentrum Jiilich,
Germany. A newly developed target system and the qual-
ity of the available beam have been recently described [35].
For measurements on "*Ni, two stacks were irradiated.
Each stack consisted of about 15 Ni foils of different thick-
nesses, with a few Cu foils (as monitors) and a few Al foils
(as absorbers) interspersed in between. The duration of
each irradiation was 10 min and the proton beam current
was about 1 pA. It was determined exactly via the above
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Table 1: Decay properties of the investigated radionuclides® formed in the interactions of "Ni with protons of energy < 16 MeV.

Radionuclide Half-life E, (keV) I (%) Reaction  Q-value Threshold

(MeV)  energy (MeV)

OCu 23.7 min 826.4 21.7 INi(p, 2n)*’Cu -14.7 14.9

13325 88.0 ONi(p, n)*Cu 6.9 7.0

Icu 3.33h 282.9 12.2 2Ni(p, 2n)61Cu -13.6 13.8

656.0 10.8 5INi(p,n)*'C -3.0 3.1

ONi(p, y)GICu 4.8 0.0

%Cu 127h 13458  0.54" #Ni(p, n)**Cu 2.4 2.5

%Co 17.5h 931.3 75.0 *#Ni(p, ) Co -1.3 1.3
477.2 20.2

7Co 271.8d 122.1 85.6 *8Ni(p, 2p)*’ Co -8.2 8.3

*¥Ni(p, pn)*’Ni — ¥ Co -12.2 12.3

ONi(p, «)* Co -0.3 0.3

%Co 70.9d 810.8 99.0 INi(p, «)**Co -0.5 0.7

2Ni(p, an)**Co -10.1 10.3

S7Ni 35.6h 127.2 16.7 *8Ni(p, pn)*> Ni -12.2 12.4
1377.6 81.7

3 Taken from Reference [39].
b Taken from Reference [40].

mentioned monitor reactions. The primary energy of the
protons incident on the first Cu foil was determined from
aratio of the ®*Zn/%Zn activities [4, 32]. The beam energy
degradation along the stack was calculated using the com-
puter program STACK as mentioned above. The excitation
functions of the monitor reactions were measured to check
the beam parameters along the stack.

2.3 Measurement of radioactivity

The radioactivity of a reaction product in the activated
foil was measured nondestructively using HPGe detec-
tor y-ray spectrometry. The details on detectors and data
analysis programs have already been reported [36-38].
Particularly, the activity measurement of the short-lived
OCu (T, j2 = 23.7 min) was started about 40 min after the
end of irradiation. All samples irradiated at BC 1710 were
counted at a distance of 50 cm from the detector surface
to keep the dead time below 5%. Each sample was re-
counted 2-3 times by giving sufficient cooling interval to
check the half-lives of the activation products as well as to
avoid disturbance by overlapping y-lines from undesired
products. After the decay of the short-lived radionuclides,
the ®'Cu (T, 12 = 3.4 h) activity was measured at sample-
detector distances of 10 and 20 cm. The *’Co and **Co
activities were measured after proper cooling time to al-
low complete decay of short-lived precursor or the isomeric

state. The radioactivity involved in samples irradiated at
tandem accelerator was weak. Measurements were there-
fore done at a distance of 5 cm.

The efficiency versus energy curve of the HPGe
gamma-ray detector was determined using the standard
point sources 57Co, °Co, 1**Ba, *”Cs and *?Eu traceable
to PTB Braunschweig. The decay data of the investigated
radionuclides were generally taken from the LUND/LBNL
database [39] and are given in Table 1. Only in the case of
%Cu the intensity of the weak 1345.8 keV y-ray was taken
from Reference [40].

2.4 Calculation of cross section

The count rate of each product radionuclide was extrap-
olated to the end of bombardment (EOB) and it was con-
verted to decay rate by applying the usual corrections, like
the intensity of the y-ray used, the efficiency of the detec-
tor, etc. From the decay rate and proton flux determined via
monitor reaction, the radionuclide production cross sec-
tion was calculated using the well-known activation equa-
tion. The overall uncertainty in the cross section was ob-
tained by a quadratic summing of the individual uncer-
tainties involved in all parameters needed to calculate the
cross section. The sources of uncertainties are given in Ta-
ble 2. In general, the overall uncertainties associated in
measured cross sections are between 7 and 15%.
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Table 2: Sources of uncertainties in the measured cross sections.

Source of uncertainty Uncertainties (%) in measurements using

Tandem Accelerator BC1710
Number of target nuclei <1 <1
Counting statistics 0.2-10 0.7-9
Spectrum analysis 0.5 0.5
Efficiency of detector 4 4
Half-life of product 0.1-1.6 0.1-1.6
y-ray intensity 0.2-6 0.2-6
Coincidence loss <0.5 <0.5
Monitor cross section 8 6
Total 7-15 7-13

3 Results and discussion

The nuclear reaction cross section data measured in this
work are summarized in Tables 3 and 4, listing the results
of measurements done at the tandem accelerator and the
BC 1710 cyclotron, respectively. The estimated uncertain-
ties in the effective proton energies and the measured cross
sections are also given. A detailed discussion on the forma-
tion of each investigated radionuclide is given in the fol-
lowing sections.

Table 3: Measured production cross sections of the radionuclides
Cu and **Cu in proton irradiation of Ni-nat using the 3 MV Tandem
Accelerator.

Proton energy® Cross section (mb)

(MeV) Sl Cu s4cy?
3.96+0.26 0.43 +0.03 105+11
3.63+0.29 0.36 +0.03 80+9
3.42+0.29 0.38 +0.03 4846
3.03+0.30 0.23 +0.02 4145
2.82+0.30 0.12+0.01 23+3
2.56+0.30 0.07 £0.01
2.37+0.39 0.05 +0.01
2.14+0.39 0.04 +0.005
1.85+0.50 0.02 +0.003
1.66 +0.50 0.009 + 0.001
1.49+0.50 0.005 + 0.001

 The Tandem delivers proton with energy uncertainty
of <0.5%. The deviation given here describes the
energy spread within each foil.

® Data normalized to 100% enrichment of ®Ni.

3.1 %*Ni(p,n)®*Cu reaction: Validation of
experimental techniques

This reaction was investigated to validate our results, i.e.
to demonstrate that the projectile energies and fluxes were
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accurately determined and the radioactivity of the product

was properly assayed. We chose this reaction because of

two reasons:

a) The target nuclide **Ni is the heaviest of all the sta-
ble Ni isotopes so that the product of the (p, n) reac-
tion, i.e. 64Cu, cannot be formed from any other tar-
get isotope. Although %*Ni in "Ni is only 0.926% (see
above), the result can be unambiguously extrapolated
to 100% enrichment.

b) This reaction has been thoroughly investigated by
a large number of groups [1, 3, 5, 6, 10, 19-27] and
avery critical standardization and evaluation of all the
data has been performed [16].

A comparison of our experimental values with the recom-
mended values should therefore vividly reveal the degree
of agreement or deviation. All the literature data, normal-
ized to y-ray intensities in Table 1and to 100% enrichment
of **Ni, are shown in Figure 3 together with the evaluated
and recommended curve by Aslam et al. [16]. The data
obtained in the present work are also given. The agree-
ment between our data and the evaluated curve over the
whole investigated energy range is quite good. With re-
gard to work done at the BC 1710, the authenticity of the
measured data was already demonstrated (cf. [41]) and
the present results confirm it. To show the reliability of
the present measurements done at the tandem accelerator,
we plot our data below 6 MeV (obtained both at tandem
and BC 1710) on an expanded scale in Figure 4 together
with the evaluated curve [16] and the more recent data by
Adam Rebels et al. [10]. The results from the TENDL-2014 li-
brary [42] are also shown. An excellent agreement between
our tandem data and the evaluated curve gives high confi-
dence to our measurements; it demonstrates that the var-
ious techniques used in the determination of the exper-
imental data at the tandem accelerator are reliable. The
results also show that the agreement between the exper-
iment and the global calculation reported in TENDL-2014
is not very satisfactory. A more rigorous calculation involv-
ing some target nucleus-specific parametrization, such as
the one done in Reference [16], gives better agreement.

3.2 "Ni(p,x)*°Cu reaction

The radionuclide ®Cu can be produced via the re-
action channels *“°Ni(p,n)*Cu (Ey, = 7.0 MeV) and
INi(p, 2n)*Cu (Ey, = 149 MeV). Special care was
necessary in the measurement of the short-lived *°Cu
(T, = 23.7 min) because of the high level of radioactivity.
It was performed at 50 cm from the detector surface to

Bereitgestellt von | Forschungszentrum Juelich
Angemeldet
Heruntergeladen am | 19.12.16 07:59



310 —— M. S. Uddin et al., Experimental determination of proton induced reaction cross sections on "Ni DE GRUYTER

Table 4: Measured production cross sections of the radionuclides *>*>%*Cu, *>*”*®Co and *’Ni in proton irradiation of Ni-nat using the
Cyclotron BC 1710.

Proton Cross section (mb)
energy (MeV) Ocy S1cy #Cy? ®Co ¥Co 3Co Ni
159+0.2 443+3.3 5.05+0.36 23.7+1.7 234+17 0.91+£0.07 24.6+1.7
15.7+0.2 46.7+3.2 5.09+0.36 24.1+1.7 222+16 0.80+0.06 20.0+1.4
15.5+0.2 48.2+3.5 4.07+0.29 199+ 20 235+1.6 202+15 0.99+0.08 17.3+1.2
14.9+0.2 58.8+4.1 3.69+0.26 215+21 22.7+1.6 158+11 0.88+0.07 9.3+0.7
14.2+0.2 68.4+4.8 2.76+0.2 21.3+1.5 110+8 0.98+0.08 44+04
13.7+0.3 74.4+52 2.36+0.17 353+35 18.5+1.3 76+6 0.99+0.08 2.4+0.3
13.1+0.3 78.8+54 3.09+0.22 439+ 44 16.1+1.1 42+3  0.92+0.07
12.2+0.3 75.3+5.2 3.78+0.27 538 +54 159+1.1 21.2+1.5 0.84+0.07
11.7+0.3 73.3+5.0 4.19+0.29 558 + 56 143+1.0 14.6+1.1 0.84+0.07
11.1+0.3 73.8+5.0 5.64+0.41 649 + 65 12.0+0.8 11.7+0.8 0.82+0.06
10.0+0.3 79.8+84 5.21+0.37 707+ 71 10.4+0.7 9.6+0.7 0.78+0.06
9.4+0.4 66.3+4.5 4.99+0.35 690 + 60 8.1+0.6 7.5+0.6 0.68+0.05
8.8+0.4 58.4+6.0 5.00+0.35 597 + 60 55+0.4 52+0.4 0.60+0.05
8.0+0.4 41.5+4.2 4.25+0.35 576+ 58 1.4+0.2 26+0.2 0.54+0.04
7.4+0.4 18.1+2.1 3.91+0.40 527+53 0.36+0.05 1.7+0.12 0.32+0.03
7.1+0.4 6.7+0.6 3.61+0.30 457+46 0.10£0.02 0.37+0.04 0.25%+0.03
6.5+0.4 0.32+0.05 3.23+0.28 427 +43 0.13+£0.02 0.22+0.03
6.2+0.5 2.89+0.25 342+ 34 0.19+0.03
5.8+0.5 2.51+0.28 351+35
5.5+0.5 2.27+0.22 248 +25 0.17+0.03
5.0+0.5 1.82+0.19 243 +24 0.14+0.03
4.8+0.5 1.69 £0.18 205+ 20
4.3+0.3 1.16 £0.12 130+ 13
4.0+£0.3 0.91+0.09 118+ 12 0.12+0.03
3.6+0.3 0.73+0.08
33+0.3 0.48 +0.06
3.1+£0.3 0.35+0.05
2.7+£0.3 0.14+0.02
 Data normalized to 100% enrichment of *Ni.
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Figure 3: Excitation function of the **Ni(p, n)**Cu reaction in
comparison with former experimental results and evaluated values.

Figure 4: Excitation function of the **Ni(p, n)**Cu reaction near its
threshold region. The cross section value at the lowest energy given
in Reference [10] is erroneous because it is below the threshold
energy.
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Figure 5: Excitation function of the ™*Ni(p, x)**Cu reaction in
comparison with former results and TENDL-2014 library. The values
by Levkovskij [3] and Tanaka et al. [27] were normalized to "*Ni.

keep the dead time below 5% and to avoid the random
sum-coincidence losses. The results are shown in Figure 5
together with the literature data. Whereas measurements
by Barrandon et al. [21], Al-Saleh et al. [29] and Amjed
et al. [22] were performed on "Ni, the data reported by
Tanaka et al. [27] and Levkovskij [3] referred to enriched
ONi. Due to the much higher abundance of **Ni in "Ni
as compared to that of *'Ni and due to the much lower
energy threshold of the 6ONi(p, n)®°Cu reaction than that
of the 61Ni(p, 2n)*°Cu reaction, the major contribution
to the formation of ®*Cu should originate from ®**Ni. We
therefore normalized the data by Tanaka et al. [27] and
Levkovskij [3] to "*Ni. Furthermore, the data by Lev-
kovskij [3] were reduced as suggested by Takacs et al. [43].
A factor of 0.82 was used as recommended by Qaim
et al. [44] to normalize the monitor cross section used by
Levkovskij. In Figure 5 the spline fitted curve [22] and the
theoretical data from the TENDL-2014 library [42] are also
shown. Our data agree with the spline fit.

3.3 "Ni(p,x)®'Cu reaction

The radionuclide ® Cu can be produced over the pro-
ton energy range up to 16.0 MeV by the reactions
ONi(p, p)®'Cu  (Eg, =0), °'Ni(p,n)*'Cu  (Egy, =
3.07MeV) and ®Ni(p,2n)*'Cu  (Ey, = 13.83 MeV).
The results obtained in this work are shown in Figure 6
together with earlier reported measurements and the re-
sults from TENDL-2014 library. A number of authors have
reported data on this reaction [2, 5, 6, 17, 19-24, 27, 29, 30].
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Figure 6: Excitation function of the natNi(p,x)‘”Cu reaction in
comparison with former results and TENDL-2014 library. The
low-energy data (< 3 MeV) refer to the “°Ni(p, y)*' Cu reaction; they
have been measured for the first time.

Since in the range from 3 MeV to 14 MeV the radionuclide
'Cu would be mostly produced by the *'Ni(p, n)*' Cu
reaction, data for enriched ®INi are shown in Figure 6
after normalization to natural target. The first maximum
in the excitation function around 8 MeV is attributed to
the contribution of the 61Ni(p, n)*'Cu reaction. Above
15 MeV, the cross section rises again due to the increas-
ing contribution of the 62Ni(p, 2n)*' Cu reaction. Below
3 MeV, there is no data available. Somehow that region
was hitherto not explored by any group. Because *'Cu
is produced in that energy region only by the 6ONi(p, )
reaction, the measured cross section is rather low and
a very careful experiment was necessary for this measure-
ment by irradiation of samples at the tandem accelerator.
These results are thus being reported for the first time.

3.4 "*Ni(p,x)**Co reaction

Our results are shown in Figure 7 together with the litera-
ture values. Since the radionuclide **Co (T, ;2 = 17.53h)
is produced in natural nickel up to a proton energy
of about 20 MeV via a single reaction channel, namely
*Ni(p, ®)*°Co (Ey,, = 1.4 MeV), data measured on en-
riched **Ni [3, 9, 27] were normalized to "*Ni. The re-
sults obtained in this work are in good agreement with
Amijed et al. [22], Khandaker et al. [26] and Hermanne
et al. [30]. The data by Barrandon et al. [21] are low in the
energy range of 12—-18 MeV. The TENDL-2014 library data
on the other hand are somewhat high in the peak region of
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Figure 7: Excitation function of the ™ Ni(p, x)**Co reaction in
comparison with former results and TENDL-2014 library. Our data
are close to the spline fit given by Amjed et al. [22].

the excitation function and show an energy shift of about
1.5 MeV in therising part of the excitation curve. Our mea-
sured data agree well with the spline fit given by Amjed
etal. [22].

3.5 "*Ni(p,x)*” Co reaction

The excitation function for the formation of >’Co in the in-
teraction of protons with nickel of natural isotopic com-
position is shown in Figure 8. The available literature
values [22, 23, 25, 26, 28-30] are also given. The ra-
dionuclide *’Co is produced via the reaction channels
*Ni(p, 2p)*"Co (Ey,, = 8.3 MeV), “Ni(p, a)”’Co (Ey, =
0.3 MeV) and **Ni(p, pn)*’Ni — *"Co (E,, = 12.3 MeV).
In the measurement of the >’ Co radioactivity, special at-
tention was paid to complete decay of >’Ni before count-
ing. The results achieved in this work are in good agree-
ment with those of Amjed et al. [22], Tarkanyi et al. [25],
Khandaker et al. [26] and Michel et al. [23, 28]. Below
10 MéV the data reported by Al-Saleh et al. [29] are shifted
towards higher energy. The data obtained by using en-
riched *®Ni [9] were normalized to "Ni. Those data re-
fer only to the contribution of the (p,2p) reaction and
are therefore not shown in Figure 8. From the shape
of the excitation curve given in Figure 8 it is obvious
that the low energy part up to 10 MeV is determined by
the 60Ni(p, «)’’Co reaction whereas beyond 10 MéV the
other two processes contribute strongly. The TENDL-2014
data [42] reproduce the experimental curve quite well.
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Figure 8: Excitation function of the "Ni(p, x)*’ Co reaction in
comparison with former results and TENDL-2014 library.
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Figure 9: Excitation function of the ™ Ni(p, x)*™*8Co reaction in
comparison with former results and TENDL-2014 library.

3.6 "*Ni(p,x)°’®™*Co reaction

The radionuclide **Co has two isomeric states, a long-
lived ground state **¢Co (T, 2 = 70.82 d) and a metastable
state **™Co (T, ;2 = 9.15h). The metastable state decays
completely to the ground state. Therefore, counting was
performed after the complete decay of **™Co to the ground
state and cumulative cross sections were determined. The
excitation function for the formation of **™*¢Co is shown
in Figure 9 together with the available literature values [7,
22, 29] which are rather discrepant in the low energy re-
gion. As shown in Figure 9, Amjed et al. [22] reported data
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which can be categorized into three series. The series with
the lowest values is consistent with our data but the other
values appear to be overestimated and are not compara-
ble to this work. Sudéar et al. [7] reported 61Ni(p, «)*™*8Co
reaction cross sections, based on measurements using
highly enriched target material. Those data were con-
verted to "'Ni. Considering the threshold energies of the
two possible reactions contributing to the formation of
8mteCo, viz. 61Ni(p, «)*®Co and 62Ni(p, an)>®Co, it is ob-
vious that the normalized values of Sudar et al. [7] are
too low because they relate only to one reaction, i.e. the
61Ni(p, «)*®Co. We interpret the rapid increase in the cross
section beyond 16 MeV to be due to the increasing con-
tribution of the 62Ni(p, an)**Co process. The TENDL-2014
supports this rising trend, though there is some energy
shift.

3.7 "*Ni(p,x)*” Ni reaction

Our results given for this reaction in Table 4 are very con-
sistent with the standard data for this reaction published
by the IAEA [34]. This fact confirms again that the exper-
imental parameters, i.e., the detector efficiency curve, the
beam current, the beam incident energy etc., used in the
determination of cross section data at BC 1710 are reliable.

4 Conclusion

A new facility has been constructed at the 3 MV Tandem
Accelerator at Savar in Bangladesh for measuring proton
induced reaction cross sections near their thresholds, and
the beam parameters have been characterized. The au-
thenticity of the data obtained was established by com-
parison with the results for the well investigated reaction
64Ni(p, n)**Cu. Excitation functions of the proton induced
nuclear reactions on nickel leading to the formation of
several other nuclides were also measured from thresh-
old to 16 MeV, using the Tandem Accelerator and the Cy-
clotron BC 1710 at Jiilich, Germany. A few results are new,
in particular the demonstration of the occurrence of the
60Ni(p, y)GICu reaction; the other data are of confirma-
tory nature and strengthen the database. Below 3 MeV,
the data of the reaction "*Ni(p, x)°' Cu obtained in this
work could be useful to monitor beam parameters of low
energy accelerators.
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