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Abstract

-S.Takacs' - A. Hermanne? - A. V. Ignatyuk®

In the frame of a systematic study of activation cross sections of deuteron induced reactions, experimental cross section data
were measured on Mn (monoisotopic 3Mn) up to 50 MeV for the formation of 3¢3*32Mn, **V and °>'Cr by using stacked-foil
activation method and high resolution gamma spectrometry. The experimental data are compared with the earlier published
data and with the results predicted by the ALICE-IPPE-D and EMPIRE-II-D theoretical codes, and with the data taken from

the on-line TENDL-2017 library.
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Introduction

Activation cross sections of residual nuclides with deuteron
are basic data for applications around modern accelerators
e.g. in radiation dose estimations for accelerator and target
technology, in medical isotope production, in radio-analyti-
cal studies for biomedical research and wear control by thin
layer activation technique. The status of experimental data-
base for deuteron induced reactions—opposite to protons- is
very poor (especially above 15 MeV), no systematical study
has been performed earlier and in the published data (except
for a few well measured monitor and medically important
reactions) show large discrepancies. We hence performed a
systematic experimental study of deuteron induced activa-
tion cross sections for around 60 elements during the last
decades. A systematic comparison with the theoretical mod-
els allows conclusions on the predictivity of the different
nuclear reaction model codes (ALICE-IPPE, EMPIRE-II,
GNASH, TALYS, PHITS).
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Manganese metal is an important component of different
alloys used in nuclear technology. The experimental activa-
tion cross sections data are important for further develop-
ment of the theoretical codes for deuteron induced nuclear
reactions and for optimization of production routes of some
medically relevant radionuclides 522Mn [1] and °'Cr [2].

In spite of the scientific and practical interest, only a
couple of authors published cross section data on deuteron
induced reactions on Mn. Gilly et al. [3], Baron et al. [4] and
Coetzee et al. [5] studied the excitation functions of (d, p)
reactions up to 12 MeV. Ochiai et al. [6] measured the cross
section of the activation product **Mn at 39.5 MeV and our
group investigated the excitation functions for the production
of 7%3*>2Mn and >'Cr (Ditroi et al. [7D).

Thick target yields data were reported by Bondarenko and
Rudenko [8] using 3 MeV deuterons for activation analysis;
Vakilova et al. [9] also investigated the production yield for
the determination of trace elements by deuteron activation.
Dmitriev et al. [10] made a systematic study of thick target
yields at 22 MeV deuterons induced reactions on a large
number of target elements.

In the present work we determined the production cross-
section of *3*2Mn, 8V and >'Cr in the 50 MeV deuteron
induced activation of 3>Mn. This has been done to extend
the >>Mn(d, x) reaction cross-sections up to the deuteron
energy of 50 MeV.
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Experiment and data evaluation

For the cross section determination an activation method,
based on stacked foil irradiation followed by y-ray spec-
trometry was used. The stack consisted of a sequence of 7
blocks of Hf (10.54 pm), Al (49.54 pm), Al (49.54 pm), Pt
(19.29 pm), Al (49.54 pm), Al (49.54 pm), NiMnCu alloy
(24.73 pm), Al (49.54 pm), Al (49.54 pm) foils, repeated
seven times and bombarded for 3600 s with a 50 MeV proton
beam of 100 nA at Louvain la Neuve cyclotron laboratory.
The activity produced in the targets and monitor foils was
measured non-destructively (without chemical separation)
using a high resolution HPGe gamma-ray spectrometer. The
evaluation of the gamma-ray spectra was made by both a
commercial and an interactive peak fitting codes.

The decay data were taken from the online database
NuDat2 [11] and the Q-values of the contributing reactions
from the Q-value calculator [12].

The effective beam energy and the energy scale were
determined initially by a stopping calculation and finally
corrected on the basis of the excitation functions of the

2Al(p, x)****Na monitor reactions simultaneously re-
measured over the whole energy range. For estimation of
the uncertainty of the median energy in the target samples
and in the monitor foils, the cumulative errors influencing
the calculated energy (incident proton energy, thickness of
the foils, beam straggling) have been taken into account. The
beam intensity was obtained on the basis of the excitation
functions of the monitor reactions. The uncertainty on each
cross-section was estimated by taking the square root of the
sum in quadrature of all individual contributions.

The important experimental parameters and the methods
of data evaluation for this work are summarized in Table 1.
The targets consisted of a Ni-Mn—Cu alloy with known
composition (Ni: 2%—Mn: 12%—Cu: 86%) and in princi-
ple the investigated products (°*>*3?Mn, **V and *'Cr) could,
apart from reactions on >Mn, also be produced by nuclear
reactions on the other two alloy components. The cross sec-
tions for activation of these product nuclides on Ni and Cu
by deuterons were, however, investigated by us earlier [13,
14]. Based on the published results and on the target compo-
sition we only had to introduce negligible corrections to the

Table 1 Important parameters of the experiments and methods of data evaluations

Data evaluation

Experiment

Incident particle Proton
Method Stacked foil
Target stack and thicknesses 7 blocks of

Hf (10.54 pm), Al (49.54 pm), Al
(49.54 pm), Pt(19.29 pm), Al
(49.54 pm), Al (49.54 pm), Ni(2)
Mn(12)Cu(86) alloy (24.73 pm),
Al (49.54 pm), Al (49.54 pm)

Number of target foils 7/group

Accelerator Cyclone 90 cyclotron of Université
Catholique in Louvain la Neuve

(LLN) Belgium

Primary energy 50 MeV
Irradiation time 60 min
Beam current 100 nA

Monitor reaction, [recommended  27Al(d, x)****Na [20]

values]
Monitor target and thickness Al (49.54 ym)
Detector HPGe
y-spectra measurements 4 series
Cooling times (h) 8.9-11.0
48.1-71.9
199.3-319.6

3167.1-3671.2

Genie 2000 [15], Forgamma [16]

Faraday cup (preliminary)
Fitted monitor reaction (final) [17]

NUDAT 2.7 [18]

Gamma spectra evaluation

Determination of beam intensity

Decay data

Reaction Q-values Q-value calculator [12]

Determination of beam energy ~ Andersen-Ziegler (preliminary) [19]

Fitted monitor reaction (final) [20]

Cumulative effects of possible
uncertainties

Uncertainty of energy

Cross sections Isotopic cross section

Uncertainty of cross sections Sum in quadrature of all individual

contributions [21]
Yield Physical yield [22, 23]
ALICE-IPPE-D [24],
EMPIRE-II-D [25],
TALYS 1.9 in (TENDL-2017) [26]

Theory
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cross sections derived in the present study. The decay data
used are presented in Table 2.

Theoretical calculations od cross sections

The results for model calculations, performed up to
50 MeV, are taken from our previous study [7]. The updated
ALICE-IPPE-D [24] and EMPIRE-D [25] codes were used
to compare with the experimental results. As described in
detail in Tarkanyi et al. [27] and Hermanne et al. [28] these
improved codes were developed to achieve a better descrip-
tion of deuteron induced reactions. In the original versions
of the programs a simulation of direct (d, p) and (d, t) phe-
nomena is applied through an energy dependent enhance-
ment factor for the transitions in question. The selection
of parameters is given in [29]. The theoretical data from
the recently updated TENDL-2017 [30] library (based on

the modified TALYS 1.9 code [31]) was also used for a
comparison.

Cross sections

The cross sections for reactions studied are shown in Figs. 1,

2, 3, 4 and 5 and the numerical values are collected in
Table 3.

55Mn(d, p)*®Mn reaction

The excitation function for **Mn (T, =2.5789 h) radio-
isotope, formed by the SMn(d, p)56Mn reaction, is shown
in Fig. 1, together with the previous experimental data and
theoretical calculations. The agreement of our new data with
the literature values in the studied energy range is accept-
able. When comparing all experimental data with the results

Table 2 Decay characteristics

e Nuclide Half-life E_ keV) I (%) Contributing reaction Q-value (keV)
of the activation products ! !
>Mn 2.5789 h 846.7638 98.85 3Mn(d, p) 5045.884
1810.726 26.9
>*Mn 312.20d 834.848 99.976 SMn(d, p2n) —12,451.09
2Mn 5.591d 744.233 90.0 3Mn(d,p4n) —33,443.66
935.544 94.5 52Fe decay —36,599.83
1434.092 100.0
Slcr 27.7025 d 320.0824 9.91 3Mn(d, 2p4n) —39,989.27
By 15.9735d 983.525 99.98 >Mn(d, 3p6n) —70,393.83
1312.106 98.2 “8Cr decay —72,831.86

Modify Q-values for emission of clustered particles with: pn—d +2.2 MeV, p2n—t +8.5 MeV,
2pn—3He +7.7 MeV, 2p2n— o +28.3 MeV

Fig. 1 Experimental and theo- 400
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of theoretical calculations the agreement is good in case of
ALICE-IPPE-D and EMPIRE-D up to 15 MeV but above
this energy the theoretical values decrease faster. A signif-
icant difference in the magnitude of the cross sections is
observed for TENDL-2017.

3Mn(d, x)>*Mn reaction

For production of **Mn (T,,,=312.20 days) the previ-
ously published single data point of Ochiai et al. [6] and

@ Springer

Deuteron energy (MeV)

our earlier data [7] are in good agreement with the new
results (Fig. 2). The theoretical descriptions are accept-
able regarding the shape, but the overestimation is sig-
nificant especially around the maximum. The best agree-
ment can be observed with the EMPIRE-D up to 25 MeV
and above 40 MeV. The maximum energy of the excita-

tion function curve is estimated almost correctly by the
EMPIRE-D.
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3 Mn(d, x)>>Mn reaction

The long-lived radionuclide *Mn (T, =5.591 days for the
ground state) is produced via the reaction >Mn(d, p4n) with
high threshold and through the decay of shorter-lived parent
2Fe (T,,,=8.725 h, 0=37.9 MeV). We could not identify
the gamma-lines of >*Fe in our spectra (E,=168.688 keV,
Iv =99.2%), but the presented cross section values are cumu-
lative and include also the small contribution by isomeric
decay (1.75%) of the short-lived metastable state S2"Mn. The
data of the different theoretical codes show large differences

Deuteron energy (MeV)

(Fig. 3), ALICE and above 45 MeV and EMPIRE underes-
timates in the same energy range.

3Mn(d, x)>'Cr reaction

The practical threshold around 20 MeV indicates that the
main contributing process for production of >'Cr (27.701
days) is the >Mn(d, a2n) reaction and that contributions of
the high threshold, short half-life, >'Fe—>'Mn decay chain
is negligible. The new data are in good agreement with
our previous lower energy data (Fig. 4). There are large
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Table 3 Production cross

. . Energy (MeV) >Mn (mbarn) >*Mn (mbarn) >2Mn (mbarn) SICr (mbarn) 48V (mbarn)
sections of deuteron induced
reactions on manganese 49.9+0.3 27.4+33 371.6+444 21.2+2.5 55.5+6.7 0.28+0.06
47.9+0.3 31.6+4.1 395.5+47.2 13.9+1.7 64.6+7.8 0.18+0.05
45.8+0.4 33.0+4.3 406.6 +48.6 9.1+1.1 70.9+8.7 0.1+0.09
437+04 347+4.2 424.5+50.7 5.1+06 80.7+9.8
41.5+04 35.8+4.4 4443 +53.0 35+04 933+11.2 0.13+0.07
39.1+£0.5 38.1+4.8 471.2+56.3 2.6+0.3 101.6+12.2
36.7+0.5 38.5+4.8 495.2+59.1 2.0+0.3 107.3+12.9
34.2+0.6 42.6+5.2 504.7+60.2 1.01+0.13 104.3+12.5
32.8+0.6 42.1+5.2 504.9 +60.3 0.92+0.13 94.7+114
31.5+0.7 49.1+6.0 482.7+57.6 0.57+0.10 85.0+10.2
30.1+0.8 49.4+6.0 457.6 +54.7 0.54+0.09 69.4+8.4
28.6+0.9 57.4+7.0 423.5+50.5 0.64+0.08 56.3+6.7
27.1+0.9 64.1+7.8 393.6+47.0 0.47+0.07 40.3+4.9
238+1.0 67.3+8.2 324.1+38.7 0.34+0.05 23.8+29
22.1+1.1 72.8+8.8 244.6+29.2 0.27+0.03 92+1.1
202+1.3 83.4+10.1 162.6+19.5
182+1.4 943+114 79.3+9.5
16.0+1.5 115.7+13.9 324+4.0
13.6+1.7 136.6+16.4 18.6+2.4
123+1.8 179.3+21.5 14.1+1.8
disagreements between the different theoretical predictions Summary

and consequently with the experimental data. Only ALICE-
D produces partial agreement up to 35 MeV.

55Mn(d, x)*®V reaction

We obtained only a few cross section data points for produc-
tion of ¥V (T, ,=15.9735 days) through clustered emission
near the reaction threshold (Fig. 5). The data points could
only be measured with relatively large errors. Comparable
theoretical predictions could only be found in the TENDL-
2017 on-line library and this calculation strongly underesti-
mates the experimental data.

Thick target yields

Thick target yields (integral yields for a given bombarding
energy down to the threshold of the reaction) were calcu-
lated for >3*32Mn and °'Cr from fitted curves to our experi-
mental cross section data The results for physical yields [22,
23] are presented in Fig. 6.

@ Springer

Excitation functions for the production of *3*2Mn, 3!Cr
and *®V by deuteron irradiation of monoisotopic manganese
targets were determined. Out of the investigated reactions no
earlier data were available for “*V while for >***Mn and >!Cr
practically only our recently measured and published experi-
mental data exists showing good agreement in the overlap-
ping energy range. For the production of **Mn, more earlier
experimental data are available, which show only moderate
agreement with our new results. Comparison of our experi-
mental results with the predictions of theoretical codes show
rather variable agreement. The disagreement is very signifi-
cant in some cases.

Concerning the possible applications, manganese is a sig-
nificant alloying element for different iron containing end
even iron-free alloys. Knowledge of the deuteron-induced
activation cross sections up to higher energies is important
for improvement of recommended data for different activa-
tion data libraries: for Fusion Evaluated Nuclear Library
[32], for JANIS Book of deuteron-induced cross-sections
[33, 34] and for European Activation File [35] for calcula-
tion of induced activity for the high intensity deuteron accel-
erators (IFMIF [34, 36] Spiral [37] and other accelerator
driven neutron sources [38]).
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