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The cross sections of alpha particles induced nuclear reactions on natural germanium were investigated
by using the standard stacked foil target technique, the activation method and high resolution gamma
spectrometry. Targets with thickness of about 1 um were prepared from natural Ge by vacuum evapora-
tion onto 25 pm thick polyimide (Kapton) backing foils. Stacks were composed of Kapton-Ge-Ge-Kapton
sandwich target foils and additional titanium monitor foils with nominal thickness of 11 pm to monitor
the beam parameters using the "¥Ti(o,x)°!Cr reaction. The irradiations were done with E, =20.7 and
Ey=51.25 MeV, I, = 50 nA alpha particle beams for about 1 h. Direct or cumulative activation cross sec-
tions were determined for production of the 727373Se, 7172747678 A5 and ®9Ge radionuclides. The obtained
experimental cross sections were compared to the results of theoretical calculations taken from the
TENDL data library based on the TALYS computer code. A comparison was made with available experi-
mental data measured earlier. Thick target yields were deduced from the experimental cross sections
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1. Introduction

As a part of the project focused on systematic measurement of
the charged particle induced nuclear reaction cross sections going
on in Atomki for several years now, alpha particle induced reac-
tions on germanium were investigated up to E, =51.25 MeV. In
the interaction of Ge target material and alpha particles, isotopes
of Se, As, Ge and Ga can be considered as primary reaction prod-
ucts. Additional reaction channels are also possible with lower
probability producing Cu isotopes. Proton and deuteron bombard-
ment of Ge have been already investigated [1-6]. For alpha particle
induced reactions the available data are limited and show large
discrepancies [7-12]. The aim of our study was to measure cross
section data in well-controlled experimental circumstances and
to try to resolve the discrepancies among the available data sets.
The cross sections were measured on Ge target with natural
isotopic composition in this work. The presented data are linear
combinations of the cross section values of the reactions, which
take place on stable isotopes of germanium with different mass
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number. The weighting factors are the isotopic abundances.
Naturally occurring Ge has five stable isotopes: "°Ge (20.57%),
72Ge (27.45%), 3Ge (7.75%), "*Ge (36.50%) and "°Ge (7.73%) [13].

The excitation functions of the alpha particle induced reactions
on natural germanium leading to the longer-lived y-emitting
radionuclides are presented here. The arsenic radioisotopes ”!As,
72As and 7#As have decay characteristics that make them suitable
for use in PET investigations [14-16], while 7As and 7#As are suit-
able for tracing environmental processes [17], due to their longer
half-lives. The 7®As could potentially be used for tumour therapy
[18] due to the longer half-life, the higher dose rate and the suit-
able p-particle energy. The long-lived y-emitting 7>Se and 7°Se
can be also potentially used in medical applications because Se is
one of the essential bio-trace elements in the body.

As part of the effort to develop theoretical models and computer
codes to describe the probability of different nuclear reactions as a
function of the bombarding particle energy, the deduced experi-
mental cross section data may contribute to further development
of the theoretical models and their computer codes.

The new experimental data were compared with the available,
earlier published data, and with the results of recent calculations
performed by using the TALYS code for the investigated radionu-
clides. Physical thick target yields were calculated from the
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measured cross sections and were compared to the available
experimental yields.

2. Experimental
2.1. Target preparation

The germanium targets were prepared by vacuum evaporation.
A 25 pm thin polyimide (Kapton) foil was used as target backing.
The evaporation was done from a direct current resistive heated
open tungsten boat. The cooled Kapton foils of d = 14 mm in diam-
eter were placed about 20 cm from the source of the evaporated
germanium. A circular mask with diameter of 11 mm was applied
to determine the size of the evaporated Ge spot. The 20 cm dis-
tance assured production of a quasi-uniform deposited germanium
layer. Each Kapton backing was numbered and its weight was mea-
sured before and after the evaporation, thus the amount of the
deposited germanium was determined. From the mass of the
deposited germanium and area of the deposited spot an average
thickness of 1 um thick Ge layer was calculated. The prepared
Kapton-Ge samples were sorted by the amount of deposited Ge
mass, then Kapton-Ge-Ge-Kapton sandwich targets were created
by grouping always the lowest and highest Ge mass samples
together. This way 35 sandwich Ge targets were prepared. Four
complete stacked targets were assembled using the Ge sandwich
foils interleaved with some Ti foils (10.9 um thick, Goodfellow,
99.99%) for monitoring the beam intensity and to moderate the
beam energy. One stack was irradiated at E, = 51.25 MeV in RIKEN
at the AVF cyclotron beam line, the other three at E, = 20.7 MeV
primary alpha particle beam at the Atomki MGC-20E cyclotron.
The sandwich target has the advantage that no recoil corrections
needed to be applied since the Kapton backing served as a catcher
foil for the possible recoiled reaction products.

2.2. Irradiation

The irradiations were done in a specially designed air cooled,
Faraday cup like vacuum chamber equipped with a long collimator,
assuring a negligible small solid angle for the secondary electrons
escape. Four irradiations were performed. The irradiation at RIKEN
took place at an external beam line of the AVF cyclotron. The initial
beam energy was set to be E, =51.25 MeV which was confirmed
by time-of-flight energy measurement [19,20]. The beam current
was kept constant at about I, = 50 nA during the 1.0 h irradiation
time. The collected charge was recorded every minute to check
the beam stability. The irradiated stack contained 23 Kapton-Ge-
Ge-Kapton sandwich targets interleaved with Ti monitor foils
(10.9 pm thick, Goodfellow, 99.99%).

The three E, =20.7 MeV irradiations took place at an external
beam line of the MGC20E cyclotron of Atomki. Each stack con-
tained 4 Ge sandwich target foils and different number of Ti foils
to monitor the beam parameters and to shift the mean energy
inside the Ge sandwich targets in order to cover the available
energy region more evenly. Another stack containing only Ti mon-
itor foils was irradiated with the same cyclotron tuning parameters
in order to double check the beam parameters. Each irradiation
lasted 1 h and the beam intensity was kept at I, = 50 nA. Compar-
ison of the recommended cross sections for the ™'Ti(a,x)*'Cr mon-
itor reaction and the recoil corrected experimental values deduced
in our study can be seen in Fig. 1. The experimental cross section
points and the recommended data [21] are in good agreement,
indicating that the deduced beam parameters, the energy scale cal-
culation, and the data deduction method are correct.

2.3. Activity measurements

After irradiation and applying a short cooling time, the acti-
vated Ge targets and the Ti monitor foils were separated from
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Fig. 1. Comparison of the recommended excitation function of the "Ti(o,x)*'Cr reaction [21] and the experimental cross section data points deduced in these experiments.
The open circle represents the experiment in RIKEN, the full dot represents the stack in Atomki containing only Ti foils, and the open triangle represents the combined three

experiments in Atomki with Ge targets.
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the stacks and enclosed individually in small plastic bags for
gamma spectroscopic measurement. The activity of the produced
radionuclides in each target and monitor foil was assessed with
no chemical separation using high-resolution, HPGe based
gamma-ray spectrometry. The detectors were manufactured by
Ortec Company in RIKEN and by Canberra Company in Atomki.
Gamma-spectra were acquired at different sample-detector dis-
tances to keep the dead time low. At least three series of measure-
ments were performed for the Ge targets to follow the decay of the
produced radionuclides. The first series started about 1-6 h cooling
time after the end of bombardment (EOB), and each measurement
lasted about 10 min. The second series of measurements were per-
formed with an average cooling time of 15 h after EOB and the
applied measuring times were between 0.3 and 2 h. The third ser-
ies were started after minimum 100 h of cooling time. The activity
of the Ti monitor foils was assessed after a week of cooling time. To
keep the pileup effect and the dead time of the electronics low, the
detector sample distance was set between 25 and 5 cm. Spectra
measured in one series were acquired at the same distance. The
typical dead time value was about 7% for the first series of mea-
surements and <1% for the late measurements.

The geometry dependent detector efficiency was determined for
the used sample-detector distances by using standard activity

Table 1

calibrated gamma-sources. The net photo-peak area in the spectra
was calculated using the fitting algorithm included in the acquisi-
tion software packages. Separation of overlapping complex peaks
was done by the FORGAMMA [22], an interactive peak analysis code.

2.4. Cross section determination

The cross section was calculated from the measured activity of
the target foils using the activation and decay laws, the irradiation
parameters, decay data and necessary corrections. The following
general approximations were considered in data analysis

- Constant beam current during the irradiation.

- Thin target foil in which the energy degradation of the bom-
barding particles can be approximated by a linear function.

- The energy dependent cross section within one irradiated foil
can be approximated by a linear function.

Accepting the above three estimations the deduced cross sec-
tion value can be assigned to the mid-energy point of the target
foils. The mid energy point for a target foil was calculated as the
mathematical average of the incoming and outgoing energy of
the bombarding particles. The energy loss of the bombarding

Decay data of the investigated radionuclides and list of contributing reactions. For emission of complex particles the Q-values have to be corrected by the respective binding
energies of the outgoing particles: deuteron: 2.2 MeV; triton: 8.48 MeV; *He: 7.72 MeV; o: 28.30 MeV.

Half life Ey (keV) Iy (%) Contributing reactions Threshold energy Q-value
725e 8.4d 45.89 57.2 70Ge(o,2n) 17.35 -16.41
72Ge(a,4n) 36.50 —34.58
3Ge(a,5n) 43.63 —41.36
73mge 39.8 min 67.07 2.6 70Ge(o,n) 8.44 -7.98
IT: 72.6% 84.0 2.03 72Ge(a,3n) 27.60 -26.15
&1 27.4% 253.7 2.36 3Ge(a,4n) 34.74 -32.93
74Ge(a,5n) 45.46 —43.13
7e5e 7.15h 67.07 70 70Ge(at,n) 8.44 —-7.98
361.2 97 72Ge(a,3n) 27.60 -26.15
3Ge(a,4n) 34.74 -32.93
74Ge(a1,5n) 45.46 -43.13
75Se 119.78 d 121.115 17.2 72Ge(at,n) 6.40 ~6.06
136 58.5 3Ge(a,2n) 13.55 -12.85
264.66 58.9 74Ge(o,3n) 24.29 —23.04
279.54 25.02 76Ge(a1,5n) 41.03 —38.98
400.66 11.41
71As 65.3h 175.0 824 70Ge(o,p2n) 25.03 —-23.68
326.8 3.05 72Ge(al,p4n) 44.17 —41.84
1095.49 4.1 73Ge(aL,p5n) 51.29 —48.63
72ps 26.0h 834.0 80.0 79Ge(o,pn) 16.14 -15.27
630.0 7.92 72Ge(a,p3n) 35.29 —-33.43
894.3 0.79 73Ge(at,p4n) 42.42 —40.22
74Ge(a,3nt) 44.20 —-41.93
74ps 17.77d 595.8 59 72Ge(o,pn) 15.48 —~14.66
634.8 15.4 73Ge(a,p2n) 22.62 —21.44
74Ge(o,p3n) 33.35 —-31.64
76Ge(a1,p5n) 50.08 —47.57
76As 26.24h 559.1 45.0 Ge(aL,p) 4.08 -3.87
657.1 6.2 74Ge(oL,pn) 14.83 -14.07
1216.1 34 76Ge(at,p3n) 31.58 —30.00
78ps 90.7 min 613.8 54 76Ge(o,pn) 14.03 —-13.33
694.9 16.7
1308.7 13
59Ge 39.05h 872.0 11.9 79Ge(ar,0n) 12.19 ~11.53
1106.8 36 72Ge(a,03n) 31.35 —-29.70
3Ge(o,014n) 38.48 —36.48
74Ge(o,05n) 49.21 —46.68
2Ga 14.1h 629.967 26.13 72Ge(a,3pn) 33.26 -31.51
834.13 95.45 3Ge(at,0p) 10.55 ~10.00
894.327 10.136 74Ge(oL,0pn) 21.29 —-20.19
76Ge(o,0ip3n) 38.03 —-36.13
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particles in the stacked target was estimated by using the STOP-
PING computer code based on the polynomial approximation
method of Andersen and Ziegler [23]. The energy scale provided
by the energy loss calculation and the direct measured number
of incident particles per unit time were compared with the one
deduced from the re-measured recoil corrected excitation function
of the "Ti(o,x)*'Cr monitor reaction. The recommended cross sec-
tion data for the ™'Ti(o,x)>!Cr monitor reaction were taken from
the upgraded web version of the IAEA database [21]. The direct
measurement provided an average beam current of 49 nA, which
was 3.5% higher than the one deduced by using the monitor reac-
tion. This can be considered as a good agreement. The recom-
mended and experimental excitation functions of the monitor
reaction are compared in Fig. 1. The overall agreement between
the measured and recommended data validates the energy degra-
dation calculation throughout the stack, the beam intensity mea-
surements and cross section deduction method.

The corresponding cross section in each target foil was calcu-
lated from the primary experimental data (number of target atoms
per unit surface Ny, number of bombarding particles per unit time
Ny, net peak area of the photo-peak T,, detector efficiency &g,
gamma ray intensity &y, measurement dead time &, decay constant
J, bombarding time t,, cooling time t. and acquisition time ty,)
according to the well known activation formula for charged parti-
cle activation Eq. (1).

. T, "
T €48,6:NeNp(1 — e~/tb)e—2e (] — e~/tm)

The formula includes corrections for decay of the investigated
radionuclides during irradiation, cooling and measurement time.
Nuclear decay data of the investigated radionuclides and reaction
Q-values were taken from the corresponding on-line NuDat2.6
database [24] and QCalc calculation tool [25] respectively and are
summarized in Table 1.

2.5. Uncertainties

The uncertainty of the deduced cross section data was estimated
as the square root of the quadratic summation of the relative,
independently contributing error components. The uncertainty
assigned to the deduced cross section data includes the following
components: number of incident charged particles per unit time
(4%), number of target nuclei (5%), decay data (3%), energy depen-
dent detector efficiency (4-9%), and statistical uncertainty on total
energy peak area (1-8%) (in cases of overlapping of complex peaks
(15-25%)). The overall uncertainty corresponds to 9-14% (17-28%
for radionuclides with interfering gamma-lines). The uncertainty
of the time parameters (irradiation, cooling and measuring time)
was not included. For long half-life radionuclides contribution of
uncertainties of time parameters can be neglected. The initial uncer-
tainty of the bombarding energy was +0.2 MeV which increased
gradually as the beam penetrated into the target due to straggling
effects and target thickness uncertainty. The uncertainty of the
energy scale originates mainly from the cumulative effects of
the uncertainty of the energy loss calculation. The uncertainty of
the layer thicknesses influences the layer-by-layer stopping
calculation for the stack. The overall energy uncertainty increases
throughout the stack from 0.2 MeV (first Ge layer) up to +1.2 MeV
(last Ge layer) for the RIKEN experiment and from 0.3 MeV up to
+0.5 MeV for the short stacks of the Atomki experiments.

3. Model calculations

In this work no dedicated model calculation was performed.
Instead, results of a priori model calculations were compared to

the deduced experimental cross section data. The tabulated data
are results of model calculations based on the standard input
parameters and the latest version of the TALYS code system. The
estimated results were taken from the tabulated TENDL data
library available on-line [26]. For each investigated process, the
involved individual reaction cross section data were retrieved from
the database, then they were normalized to the natural isotopic
abundance of the Ge target and summed up to be able to compare
with the measured experimental production cross section for a
given reaction product. The comparison showed disagreement
among the measured and calculated values in most cases. Detailed
analysis of the disagreement trends between the measured and
calculated cross sections may explain the differences among them
and can contribute to the development of the used theoretical
models as well as revision of the computer code.

4. Results

On the five stable isotopes of Ge several reactions can take place
and result in production of series of different radionuclides at the
used 50 MeV bombarding energy. It is obvious that the experimen-
tal conditions cannot be optimized for all the reaction products in
one irradiation. Reaction products with half-lives longer than
about 1 h were possible to identify and investigate at the used irra-
diation parameters and measuring conditions. The excitation func-
tions deduced from the measurements for the investigated
processes are presented in Figs. 2-10 in comparison with the avail-
able data from previous experiments. The retrieved results of the
TALYS calculation from TENDL library also included in the corre-
sponding figure. The numerical cross sections data are presented
in Tables 2 and 3.

4.1. Production of selenium radioisotopes

Selenium isotopes can be produced on natural Ge targets in (o,
xn) processes. The initial E,=51.25MeV bombarding particle
energy makes possible production of selenium isotopes with mass
numbers from 70 to 80. Due to the experimental constrains we

could only deduce cross section data for the reaction products of
72'73'7556.

4.1.1. Production of "Se

Selenium-72 has a half-life of 8.4 d. Its decay is followed by
emission of only low energy gamma photons at E,=45.89 keV.
This energy was out of the measuring range of the used detector
set-up, therefore the activity of the produced 7?Se was determined
using the gamma-lines of its shorter-lived 7?As daughter nuclide in
secular equilibrium. The measurement was done after a long cool-
ing time when the directly-produced 72As was considered to be
decayed away completely.

For production of 7?Se isotope on natural Ge target, the main
contributing reaction is the 7°Ge(a,2n)”?Se. It is the only reaction
up to E4=36.5MeV, to the threshold energy of the 72Ge
(o,4n)”%Se reaction. The 7?Se decays to "?As. Since "?As and °Ga
isotopes are produced simultaneously in different processes and
probabilities their contribution should be eliminated from the
measured photo peak. Applying long cooling time the contribution
of these two decaying radionuclides can be neglected and the
activity of 72Se in secular equilibrium with 7?As can be measured.
The cross section data measured in this work are shown in Fig. 2
and the numerical values are collected in Table 2. There are four
earlier measured datasets. Out of them the Calboreanu’s data [9]
clearly overestimates the cross section. It may contain contribution
from decay of 72As and 7?Ga isotopes if it was measured via the
decay of 7?As. A clear explanation of their high values was not
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Fig. 2. Experimental cross section data for the "*Ge(o,x)”%Se reaction in comparison with the earlier measured data and the results of theoretical calculations. The thick solid

line is a spline fit over the experimental points measured in this work.
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Fig. 3. Experimental cross section data for the "*Ge(o.,x)”>™*8Se reaction in comparison with the available literature data and the result of the theoretical calculations. The

thick solid line is a spline fit over the experimental points measured in this work.

found. The data of Amiel [7] and Mushtaq [11] are somewhat lower
than our result. The normalized data of Levkovskij [12], which
were measured on enriched Ge target isotopes, have good agree-
ment with our cross sections regarding both the amplitude and
the shape of the excitation function. The TALYS theoretical model
calculation provides an excitation function with lower amplitude

and an energy scale shifted toward lower energy. Results were
taken from the TENDL data library.

4.1.2. Production of 7Se
The radionuclide 73Se has two isomeric states, the E = 25.7 keV
excited state with T;>=39.8 min and the ground state with
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Fig. 4. Experimental cross section data for the "Ge(a,x)”*Se reaction in comparison with the earlier measured data and the result of the theoretical calculations. The thick

solid line is a spline fit over the experimental points measured in this work.
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Fig. 5. Experimental cross section data for the "'Ge(a,x)”'As reaction in comparison with the earlier measured data and the result of the theoretical calculations. The thick

solid line is a spline fit over the experimental points measured in this work.

T2 =7.15 h half-life. The higher energy excited state decays to the
ground state by IT decay mode with 72.6%, while the remaining
27.3% decays directly to 73As. The data analysis was based on the
spectra measured after more than 10 h cooling time. This long
cooling time assured decay of the excited state below the detection
limit. The intense gamma-line, E, = 361.2 keV, was used to assess

the activity of the 738Se radionuclide which contains contribution
of 72.6% from 7>™Se. The numerical values of the cross sections
deduced in this work are collected in Table 2 and are shown in
Fig. 3 together with the literature data and results of theoretical
calculations. Below Ey=27.6 MeV bombarding particle energy,
the only contribution to the total activity is the 7°Ge(o,n)”>Se
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Fig. 7. Experimental cross section data for the "3'Ge(o,x)”#As reaction in comparison with the earlier measured data and the result of the theoretical calculations. The thick

solid line is a spline fit over the experimental points measured in this work.

reaction. The higher energy hump of the excitation function may
contain contributions from the 7?Ge(a,3n), 7>Ge(o,4n) and 74Ge
(o,5n) reactions. The earlier measured data form two groups. The
data of Guillaume [8], Calboreanu [9] and the normalized ones of
Levkovskij [12] form a lower amplitude group, while the data of
Qaim [10] and Mushtaq [11] form higher amplitude one. The

difference between these two groups is roughly a factor of two at
maximum. While data of Calboreanu [9] for 72Se represent the
highest value in this case their data are in the lower amplitude
group. Data of Mushtaq [11] belong to the higher amplitude group
for the "Ge(o,x)”3Se case, but their data represents one of the
lowest results in the case of 72Se. Overall the earlier experimental
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Fig. 9. Experimental cross section data for the "'Ge(o,x)’3As reaction in comparison with the earlier measured data and the result of the theoretical calculations. The thick

solid line is a spline fit over the experimental points measured in this work.

data are scattered both in amplitude and in energy scale. The the-
oretical estimation for the low energy bump around E, = 20 MeV
for the 7°Ge(a,n)”3Se reaction is even lower than the lower ampli-
tude experimental data group, while the theoretical estimation for
the high energy bump around E, = 40 MeV is considerably higher
than the experimental data.

4.1.3. Production of Se

The long-lived 7°Se (Ty,=119.78d) was assessed from the
spectra measured after a long cooling time. The activity determina-
tion was straightforward, since the decay of ">Se is followed by
several strong interference free gamma-lines. ’>Se can be produced
on four stable isotopes of germanium by the "2Ge(a,n), ">Ge(a,2n),
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Fig. 10. Experimental cross section data for the "‘Ge(o,x)%°Ge reaction in comparison with the earlier measured data and the result of the theoretical calculations. The thick

solid line is a spline fit over the experimental points measured in this work.

Table 2

Experimental activation cross sections of the "'Ge(a,x)">7>7>Se and "*'Ge(o,x)%*Ge processes.

Energy (MeV) Cross section (mb)

natGe(a'X)7ZSe natce( Ot,X)73m+gSE "“‘Ge(ot,x)”Se MtGe(OL'X)SSGe
50.73+0.20 29.1+94 100.7 £9.0 1346+12.0 214+20
49.17 £0.22 26.1+9.5 105.1+9.4 174.8 £15.8 174+1.8
48.09 £ 0.24 23.0+8.1 105.2+9.4 181.9+£16.5 16315
46.99 £0.25 22377 107.8 £9.6 197.5+17.6 155+14
45.86 £0.27 221+76 118.4£10.6 227.2+203 163 +1.5
4471 £0.29 22.1+84 119.2 £10.6 2383 +21.3 16.2+1.5
43.54£0.31 225+84 1249+11.1 2739+24.4 176 +1.7
42.35+0.33 28.0+9.7 1241 +£11.1 306.6 +27.4 194+1.8
41.13+£0.35 39.0+9.8 1323 +£11.8 340.5+30.3 237+22
39.29+0.38 55.1+£10.7 121.9£10.9 3653 £325 266+2.4
38.00 £ 0.40 63.2+13.1 108.7 £9.8 355.5+31.7 26.7+25
36.67 £0.43 741 +£13.7 87.8+79 339.7+£30.1 253+24
35.29+£0.47 85.1+14.8 64.2+59 328.3+29.3 255+24
33.87+£0.50 91.0+15.1 52.6+4.9 318.9+£285 27125
32.40+0.53 90.0+17.6 30.0+3.1 271.5+24.4 248+23
30.88 £0.57 90.1£15.8 193+19 228.6+21.0 21.6+2.0
29.29+0.61 85.1+16.8 139+15 144.4 £25.6 18.6+1.9
26.85+0.65 79.1+£14.8 180+1.8 121.8+11.0 13.1+14
25.07 +£0.69 65.2+13.8 33.0+£3.0 118.5+£10.5 83+09
23.18+0.75 325+17.3 74.5 £6.7 1.2+0.2
20.21+0.82 5017 133.8+13.8 225.6+20.0 0.38 £0.06
19.68 £0.31 3.0+03 115.7 £12.1 209.0+19.4
18.66 £ 0.32 03+0.1 1284+11.4 243.1+23.1
17.60 £0.33 113.1£10.0 226.0+26.9
16.85 £ 0.90 100.2 +8.9 206.6+18.3 0.16 £ 0.01
16.38 £0.35 1246 £11.1 253.6 +24.1
15.21+0.36 86.6+8.0 161.1+17.6
14.43+0.37 68.9+6.1 136.9+14.9
12.91 £0.98 53.6 £4.7 100.9 £9.1 0.03 £0.01
12.50£0.39 27.7%25 63.6+7.4
11.43+0.40 42+04 12.8+£5.6
11.04 £ 0.40 6.3+2.2 16.5+2.9

74Ge(a,3n) and 75Ge(a,5n) reactions with different yields. Our
experimental data are presented in Fig. 4 together with the calcu-
lated spline fit, the earlier reported experimental data, and the

result of the TALYS calculation. The numerical values of our newly
measured, elemental cross section data are listed in Table 2. The
excitation function has a double bump around E, =18 MeV and
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Table 3
Experimental activation cross sections of the "Ge(a,x)”!727476.78As processes.

Energy (MeV) Cross section (mb)

ntGe(o,x)’1As natGe(o,x)"%As nAGe(o,x) *As ntGe(o,x)’®As nAGe(o,x) 8As

50.73+£0.20 125.1+114 78.8+7.3 106.5+£9.5 21921 45+2.0
49.17 £0.22 142.6 £13.0 729+6.9 97.3+8.8 20.6+2.0 191038
48.09 £ 0.24 141.8+13.8 57.6+54 85.0+7.7 19.8+1.9 26+0.8
46.99 +0.25 136.2+12.7 47.0+45 803+7.2 18.0+1.7 2.1+08
45.86+0.27 1449 +13.6 439+4.2 73.7+6.6 19.2+1.7 29+0.8
44,71 +£0.29 138.2+129 41.7+4.0 67.0+6.1 18.7+1.7 1.910.6
43.54+0.31 144.8 £ 13.6 46.6 +4.4 66.6 £ 6.0 20419 3.6+£08
42.35+0.33 141.9+13.5 49.8+4.7 67.2+6.1 20.8+1.9 39108
41.13+£0.35 1354+12.8 579154 67.2+6.1 235+2.1 3.4+0.8
39.29+£0.38 1275+ 11.7 65.1£6.0 74.5 6.7 26.1+23 42+0.7
38.00 £ 0.40 99.7+9.5 73.5%6.8 74.1+6.7 26.7+24 3.8+0.8
36.67 £ 0.43 76.0+7.1 77.7+7.2 72164 269+24 44 +0.6
35.29 £ 047 493 +4.8 98.1+89 794+72 29.4+26 3.4+0.7
33.87£0.50 28.1x29 117.5+10.6 88.7+8.0 33.9+3.1 4.7+0.8
32.40+0.53 143+29 123.0+11.2 89.3+8.1 35.9+3.2 49+09
30.88 £0.57 6.4+2.1 128.6+11.6 849+7.9 36.1+3.2 4.7+0.6
29.29 £0.61 6.0+0.8 1263114 81.5+10.0 32.0x29 43+0.6
26.85 +0.65 3.4+3.7 110.6+10.3 56.2+5.2 249+26 3.4+05
25.07 £ 0.69 0.71 +£0.07 116.8 +10.6 47.4+4.2 209+2.0 2.7+04
23.18£0.75 65.3+6.4 129+13 1403
20.21+£0.82 9.7+09 4.8 +0.5 3.91+0.38 0.3+0.09
19.68 £ 0.31 1.86 £0.24

18.66 £ 0.32 1.77 £ 0.27

17.60+0.33 143 +£0.28

16.85 £ 0.90 22102 0.2+0.05 1.52£0.20

16.38 £0.35 1.58 £0.27

15.21 £0.36 0.85+0.15

14.43 £0.37 0.56+0.15

1291 £0.98 0.2+0.02 0.46 + 0.05

E, = 38 MeV respectively. There are two earlier measured data sets.
Data of Levkovskij [12] agree with our data within experimental
uncertainties above 20 MeV at lower energies systematic shift of
the energy scale can be observed. The data of Mushtaq [11] are
scattered very much and are higher around the first local maxi-
mum of the excitation function. The TALYS calculation could not
reproduce properly the experimental data. The amplitude of the
calculated excitation function is too small for the first local maxi-
mum of the curve and the high energy maximum is completely
missing.

4.2. Production of arsenic radioisotopes

Arsenic isotopes from %8As to 7°As can be produced through (o,
pxn) processes on natural germanium targets in alpha particle
bombardment at E, = 52 MeV particle energy. Beside the emission
of proton and neutrons, reactions with deuteron and/or triton com-
plex particles in the exit channel are also possible. These reactions
have lower threshold energies but their probability is smaller, too.
The As isotopes except #As and 7As can also be produced in the
decay of the isobaric parent Se and/or Ge radioisotopes. Since
the half-lives of 586%70As and 7°As are too short compared to
the applied cooling time, these four radionuclides could not be
assessed properly in this work. Also, >As could not be detected
due to its low energy gamma-photons which were out of the detec-
tion range. For assessing ’’As, due to its very weak gamma lines,
the collected counts under the peaks were not enough to provide
useful information on the cross section. The processes resulting
in formation of 71727476785 were hence studied by using activa-
tion technique in this work.

4.2.1. Production of 7'As
The radionuclide 7'As has a half-life of 65.3 h which makes the
determination of its activity convenient. 7!As is produced in the

70Ge(a,p2n), "?Ge(a,p4n) and ">Ge(a,p5n) reactions (including d
and t particles in the exit channel). Contribution from reactions
on "?Ge and 73Ge target isotopes are of importance only above
E,=35MeV and E, =42 MeV respectively. The activity of "!As
was assessed from the spectra acquired in the second series. Decay
of 7'As is followed by emission of several weak gamma-lines with
one exception. The E,=174.9 keV gamma-line (I, =82.4%) was
used to determine the activity of the 7'As isotope. The deduced
cross sections are considered to be cumulative elemental cross sec-
tions since production through decay of 7'Se is also possible. The
numerical values are collected in Table 3. The new experimental
points and their spline fit are presented in Fig. 5 together with
the earlier measured experimental cross section data and the result
of the TALYS calculation taken from the TENDL data library.

There is only one set of earlier measured experimental data,
published by Levkovskij [12], on enriched 7°Ge target. The repro-
duced data points were normalized to natural isotopic abundance.
Levkovskij’s data are agreeing with the same extent with our newly
measured cross sections as in all the above cases, meaning similar
amplitude and small shift of the energy to higher values. The TALYS
code also indicates much steeper decrease of the excitation func-
tions for E, > 46 MeV than observed in the experiment.

4.2.2. Production of "?As

The 72As (T, = 26 h) can be produced directly, and by decay of
72Se parent radionuclide indirectly. Several reactions can con-
tribute to its production considering both direct and indirect pro-
duction routes. The elemental cross section of the process as sum
of the direct contributing reactions on four stable isotopes of ger-
manium, the 7°Ge(a,pn), 7?Ge(o,p3n), ">Ge(o,p4n), and 74Ge
(o,3nt) as well as the reactions with d and t particles in the exit
channel, can be determined after decay of the interfering ’?Ga
(T1j2 = 14 h) isobar radionuclide. Both isobars the “?As and 7*Ga
decay to 72Ge therefore have common gamma-lines. In the
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assessment of 7?As the three most intense gamma-lines were used:
E,=630keV, E,=834keV and E,=894keV. Contribution from
decay of 7®Se was subtracted and contribution from 72Ga was
neglected due to the applied cooling time and the low production
cross section of “?Ga. Thus, the presented data are elemental and
direct production cross section for 7?As on natural Ge target. The
newly measured experimental data and its spline fit are shown
in Fig. 6, together with the only earlier measured data by Levkovs-
kij [12] and the result of the theoretical calculations. The numerical
data are collected in Table 3. Our data are about 15% lower than
those of Levkovskij [12] at the maximum of the excitation function
and its peak is narrower. The theoretical estimations somewhat
overestimate the experimental data around the low energy local
maximum and are considerably higher at higher energies.

4.2.3. Production of "As

The radionuclide 7#As can be produced in the 72Ge(a,pn), >Ge
(o,p2n), 7Ge(o,p3n) and “Ge(a,p5n) reactions, and also in the
reactions with lower probability on the same Ge target isotopes
with d and t particle emissions in the exit channels. Interference
from decay of 7*Ga can be neglected due to its short half-life
(T12=8.1 min) of that isotope. The radionuclide 7*As can be
assessed by its intense Ey = 595.83 keV gamma-line. This gamma-
line can be still considered as an independent one although there
are interfering gamma-lines from decay of “°As and 7'As, but their
effect can be neglected due to their shorter half-lives. The spectra
taken in the third measurement series were used for assessing this
radioisotope.

The presented cross sections are considered as independent ele-
mental cross sections. The experimental results are presented in
Fig. 7 and also listed in Table 3. Only one dataset was found in
the literature measured by Levkovskij [12]. His excitation function
has about the same amplitude but a slightly different shape. The
prediction of the TALYS calculations for this process is not good:
the result of TALYS calculation is in acceptable agreement with
the experimental data up to about E,=30MeV, but the high
energy rising part of the experimental data is not represented
properly.

4.2.4. Production of "°As

Reactions 73Ge(a,p), 74Ge(a,pn) and 7°Ge(o,p3n) on three Ge
target isotopes contribute to the production of “®As (including also
emission of d and t particles in the exit channel). This radioisotope
was assessed by using the only strong E, = 559.1 keV gamma-line
which is in interference with gamma-lines of ®°As, 4’Ge, "’Ge and
56Ga, within the resolution of the detector. Due to the short half-
life and the corresponding low gamma intensity of the isotope
59As its contribution was neglected. The possible interference with
57Ge and 6Ga can be neglected due to their very low intensity
gamma-lines. The possible contribution from decay of 7’Ge
was also neglected, since its more intense and independent
gamma-lines were not observed. The presented cross sections are
considered as independent elemental cross sections. The new
experimental results are presented in Fig. 8 together with the
spline fit, the earlier measured data, and the result of the TALYS
calculation taken from the TENDL data library. The numerical data
are presented in Table 3.

Again only one experimental data set was found in the litera-
ture measured by Levkovskij [12] on enriched target isotopes. His
data were normalized to natural isotopic abundances and were
combined to be able to compare them with our elemental cross
sections. For this process, the reported data of Levkovskij are some-
what higher than our results but have the similar shape. The theo-
retical calculation underestimates the experimental data very
much and the shape of the calculated excitation function is com-
pletely different from the experimental one.

4.2.5. Production of “®As

The radionuclide 7®As can be produced only on “6Ge in the 75Ge
(o,pn) reaction. With lower probability, also emission of deuteron
is possible in the exit channel. The Ty, = 90.7 min half-life and the
E,=613.8keV intense gamma-line make easy to determine its
activity. In principle, there are potential interfering gamma-lines
from 7'As and 7’Ge, but their contributions are negligible due to
their low emission probability. The presented data are considered
as independent elemental cross sections. The new experimental
results are presented in Fig. 9 together with the spline fit, the ear-
lier measured data, and the result of TALYS calculation. The numer-
ical data can be found in Table 3. For this reaction again only one
earlier experimental data set is available, measured by Levkovskij
[12]. His normalized data are also shown in Fig. 9. The reported
cross section data of Levkovskij are in agreement with our result.
They form a similar shape and have similar amplitude. The theoret-
ical calculation underestimates the experimental data especially
above E, =30 MeV.

4.3. Production of Ge radioisotopes

Production of Ge isotopes is possible in (o,0xn) processes on
natural germanium targets by “He bombardment, including emis-
sion of combination of other particles in the exit channel (proton,
deuterons, tritons and 3He). Ge isotopes can also be produced by
decay of the isobaric parent As and/or Ga radioisotopes. The
applied E, = 51.25 MeV beam energy allows production of Ge iso-
topes with mass numbers between 66 and 78. Considering the
decay parameters of the possible produced Ge isotopes and the
used experimental circumstances, we were able to assess confi-
dently only the %°Ge.

4.3.1. Production of 5°Ge

Although the threshold energy of the "°Ge(o,on) reaction for
direct production of ®°Ge is Eg, = 12.2 MeV, the apparent threshold
of the reaction is around E, = 20 MeV. The indirect production of
59Ge by decay of 5°As may start around E, = 40 MeV bombarding
particle energy. The newly measured cross sections are presented
in Fig. 10 and in Table 2. The measured excitation function has a
relative complex shape. Emission of several gamma-lines follow
the decay of %°Ge radionuclide among them there are two rela-
tively strong ones the E, = 872 keV and the E, = 1106.8 keV. These
two gamma-lines can be considered interference free. For the
assessment of the activity of 5°Ge both gamma-lines were used
and the simple mathematical average of the deduced cross sections
was calculated. Only one earlier experimental data set was found
in the literature published by Levkovskij [12]. The excitation func-
tion starts above E, =12 MeV and stay very low up to about
E, =20 MeV than rises rapidly to about E, =35 MeV reaching a
local maximum of about 27 mb. Above E, =46 MeV where the
excitation function has a local minimum the cross section raises
again. The TALYS calculation taken from the TENDL data library
predicts the shape of the excitation function relatively well but
above E, =48 MeV the theoretical estimation become too high
when compared to the experimental data.

4.4. Production of Ga radionuclides

Bombarding natural germanium by alpha particles Ga isotopes
can be produced by emission of 3 protons and additional neutrons,
often including an a-cluster. Considering only the reaction Q-
values at 52 MeV bombarding energy Ga isotopes can be produced
with mass numbers from 65 to 77. In principle the decay parame-
ters of the possible Ga radionuclides and the experimental condi-
tions would have made it possible to deduce cross sections for
production of the 56677273Ga isotopes. However, due to the very



224 S. Takdcs et al. /Nuclear Instruments and Methods in Physics Research B 383 (2016) 213-226

thin targets, the low reaction cross section and/or the interferences 5. Thick target yields

of the gamma-lines the evaluated net counts were statistically

non-significant and burdened with high uncertainty. Therefore, The deduced experimental cross section data points were
no reliable cross sections values were deduced for the Ga isotopes. approximated by a cubic spline fit to provide a continuous curve
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for the excitation functions of the investigated reaction products.
Using the fitted curves physical thick target yields were calculated
for each process. The calculated physical thick target yields are pre-
sented in Figs. 11 and 12 together with the available experimental
yield data. Experimental thick target yields are available in the lit-
erature for production of 72Se [27], 7>Se [28,29], 7°Se [27], ?As [29]
and 7#As [30], in the investigated energy range.

There are two experimental yield data points for production of
73m*eSe at E, =27.2 MeV by Abe et al. [29] and at E, = 28 MeV by
Blessing et al. [28] equal to 10.7 and 3.15 MBq/lAh, respectively.
The calculated physical yields at both energy points are much
higher, being 18.0 MBq/pAh and 18.2 MBq/pAh at E, =27.2 MeV
and E, = 28 MeV particle energies, respectively. The too low yield
published by Blessing et al. [28] can be explained as the reported
value is a batch yield on a CusGe target material and is affected
by the chemical yield of the separation process. The value pub-
lished by Abe et al. is a normalized EOB activity, which should be
lower than the physical yield for the Ty =7.15h half-life 3Se
radioisotope.

The experimental physical yields presented by Dmitriev et al.
[30] in the E, = 15-44 MeV energy window are in good agreement
for production of 7>Se, but their experimental physical yields for
production of 7%Se are too high. The experimental data may contain
contribution from decay of interfering radionuclides.

The value presented at a single E, = 27.2 MeV energy point by
Abe et al. [29] for production of 7?As is a normalized EOB activity
which should be lower than the physical yield deduced from the
newly measured cross section. The experimental physical yields
published by the Dmitriev’s group [30] for production of 74As in
the Ey, = 23.6-44 MeV energy region are systematically higher than
the calculated yields. Due to limited information about the exper-
imental conditions in [30], no explanation was found for the
discrepancy.

6. Conclusion

In this work activation cross sections were measured for 9
longer-lived products formed on "™'Ge target by “He irradiation
up to E4=51.25 MeV bombarding energy. Only few earlier mea-
sured data sets are available for the investigated processes. In most
cases, only the data reported by Levkovskij [12] are available.

Regarding the production of Se isotopes on Ge target material
with natural isotopic composition, no real production energy win-
dow can be defined in which one or more selenium isotopes can be
produced without interference, due to the similar threshold ener-
gies of the possible reactions on different stable Ge isotopes.
Production of 73Se and 7°Se with minimal Se radio-isotopic con-
taminants is possible only on highly-enriched 7°Ge and 7?Ge target
material respectively, up to about E, = 20 and 30 MeV respectively.
Depending on the enrichment level of the used target material,
production of other Se radio isotopes in minor amount is unavoid-
able even in the applied energy windows.

Production of As radionuclides is possible in (o,pxn) reactions.
The threshold energy of the (o,p) reactions is relatively low. There-
fore, in principle, production of 73As, 76As, 7”As and "°As with min-
imal As radioisotopic contaminants is possible on 7°Ge, 73Ge, "4Ge
and 7%Ge highly-enriched target material respectively, but due to
the low cross section of the reactions the production is not feasible
in the E, = 5-15 MeV energy window. At higher bombarding ener-
gies direct and decay production of additional arsenic radionu-
clides is unavoidable. Only the longer-lived isotopes such as 7>Se
or As can be produced in relatively clean form by letting the
short-lived contaminating radionuclides decay.

The prediction capability of the TALYS theoretical code is in
general not so good. The investigated processes are combination

of different reactions on the stable isotopes of Ge. The calculated
results are combination of those individual reactions. The TALYS
calculation result is not systematic, for example, the high energy
part of the excitation function is too high for production of 73Se,
while the high energy part of the excitation function is too low
for production of 7°Se. Both large under- and overestimations
of the contributing reactions by the TALYS code can be found
among the investigated processes. It may indicate problems of
modelling the emission of multiple particles in the outgoing
channel. Comparing the two latest results of the TALYS code
(TENDL2014 and TENDL2015) no much improvement can be seen.
Our experimental data can contribute to further development of
the theoretical model and improve the prediction capabilities of
the implemented computer code.
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