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Abstract. Excitation functions for α-induced reactions on natural vanadium were measured in the energy range
up to 20 MeV. The stacked-foil activation technique was used. The experimental results were compared with the
theoretical calculations using EMPIRE-3.1, EMPIRE-3.2.2 and TENDL 2015, and with earlier experimental results.
Thick target yields were calculated for the production of 54Mn and for the associated impurity 52Mn.
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1. Introduction

The radioisotope 52gMn with T1/2 = 5.6 d decays for
70.4% electron capture (EC) + 29.6% β+. Its decay
data indicate that this nuclide is convenient for radio-
tracer studies, mainly for positron emission tomography
(PET). It can facilitate in vivo studies that utilise man-
ganese as a radiotracer for antibodies, nanoparticles, etc.
or as a means to image the biodistribution of manganese
cations [1]. The longer-lived 54Mn (T1/2 = 312.2 d)
decays for 100% EC through a single γ -line of 834.8
keV energy to the stable 54Cr. This γ emitter is used as a
radiotracer for studying manganese toxicity, manganese
metabolism [2] and for understanding the functioning
and development of the brain [3–5]. The production of
54Mn with high precision is also useful for thin layer
activation (TLA) analysis.

The main roots of 54Mn production are the reac-
tions 54Fe(n,p)54Mn and 55Mn(n,2n)54Mn using nuclear
reactors. These reactions produce 54Mn in good yield.
The early studies relevant to the production of 54Mn
utilising accelerators were concentrated on proton- or
deuteron-induced nuclear reactions in iron, chromium
and manganese [1,6–10] or α-induced nuclear reac-
tions in chromium and vanadium [11–26]. Reports on
cross-section data of vanadium targets, for the reaction

51V(α,n)54Mn are numerous. However, almost all these
data were used to study the (α,n) reaction mechanism
and to compare it with some nuclear reaction codes.
A few researchers reported experimental thick target
yields for 51V(α,n)54Mn solely without cross-section
data mainly for medical applications [27,28].

In this study, we introduced α-particle-induced
nuclear reactions on natural vanadium up to 20 MeV.
It should be mentioned that this study represents a
part of (a supplement) systematical study of charged
particles-induced nuclear reactions. Earlier studies were
on vanadium activation with deuterium [29] and 3He
particles [30]. We studied the excitation function of
51V(α,n)54Mn primarily and, the excitation function of
50V(α,2n)52Mn. Natural vanadium exists as two iso-
topes; the first is 51V with abundance of 99.75% and
the second is the very long-lived 50V (T1/2 = 2.1∗1017

yr) with only 0.25% abundance.

2. Experimental set-up

The excitation function of α-induced reactions on nat-
ural vanadium was measured using the stacked-foil
activation technique and γ -ray spectrometry. Irradia-
tion was carried out at the MGC-20E cyclotron of the
Institute for Nuclear Research (ATOMKI), Debrecen,
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Table 1. Contributing reactions kinematics (taken from [35]).

Product Contributing reactions Q-Value (MeV) Threshold energy Eth (MeV)

54Mn 51V(α,n) −2.3 2.5
52Mn 50V(α,2n) −12.2 13.2

51V(α,3n) −23.3 25.1

Hungary. Using external α-particle beam of 20 MeV,
irradiation took place at a constant beam current of 108
nA for about 80 min. The energy and intensity of the
extracted beam was derived from the accelerator set-
ting. The incident energy was determined online using
a fully automated system [31]. For current measurement,
the target stack was irradiated in a Faraday cup target
holder, with a beam collimator and a secondary electron
suppresser. The effective beam diameter on the target
was about 7 mm. The target assembly consisted of nine
high-purity (>99.98%; supplied by Goodfellow) nat-
ural vanadium foils (thickness: 8.41 μm) sandwiched
with three high-purity natural Ti monitor foils of 12 μm
thickness.

The monitor foils were mainly used for the exact
determination of the beam intensity and energy by tak-
ing into account the comparison of the re-measured
excitation function of natTi(α,x)51Cr reaction, over the
studied energy domain with the recommended values
in the updated version of IAEA-TECDOC 1211 [32].
They also serve as projectile energy degraders. The
energy degradation along the stack was calculated using
the code SRIM-2013 based on Ziegler’s polynomial
approximations for the stopping power of energetic
charged particles in all elements [33]. The incident
energy at the middle of the first foil was estimated to
be 19.5 MeV. This is the average value between the
entrance and departure energies from the first foil. The
uncertainty on the median energy increases along the
stack from 0.2 MeV in the first foil up to 0.7 MeV in
the last foil due to uncertainty on the primary incident
energy, uncertainty on the thickness of target foils and
energy straggling.

Without chemical separation, the activity of the pro-
duced radionuclides was measured using HPGe detec-
tors of high resolution (2 keV at the 1333 keV γ -ray
peak) coupled to acquisition/analysis software. Their
efficiencies were calculated experimentally with the
standard sources 152Eu and 133Ba for different dis-
tances ranging between 6 and 20 cm. Measurements of
the induced activity started in the same day of irradia-
tion. The second activity measurement was done over
1–4 days after the end of bombardment (EOB). After
two weeks, longer measurements (12–24 h) started to
achieve good counting statistics. Spectra analyses were
done using the program FGM [34].
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Figure 1. Present versus recommended excitation function
of the monitor reaction natTi(α,x)51Cr.

The cross-sections were calculated using the well-
known activation formula from the observed activities
of the product nuclei, beam and target parameters. The
two reported cross-section data represent isotopic cross-
sections and thus the data have been extrapolated to
100% enrichment for each reaction.

Decay data of the products and contributing reac-
tion kinematics were taken from [35]. The contributing
reaction kinematics are given in table 1. Comparison
between excitation function of the monitor reaction
natTi(α,x)51Cr and the recommended data of the IAEA-
TECDOC 1211 [32] is shown in figure 1.

The total uncertainty on the cross-section values was
evaluated in the same way as in many previous publica-
tions in the standard way [36], by taking the square root
of the sum of the square of all individual contributions.
Uncertainties involved in the calculations are counting
statistics (1–12%), effective target thickness (5%), beam
current (7%), detector efficiency (7%) and decay data
(3%). The total determined uncertainties were about 12–
17%.

3. Model calculations

Theoretical calculations of the excitation functions were
performed using two familiar nuclear models: EMPIRE
(two versions 3.1 and 3.2.2) [37,38] and TALYS-1.6
[39]. Both of them include several nuclear reaction
codes and nuclear data libraries in their model systems.
A brief description of the EMPIRE-3.1, TALYS-1.6
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models and the involved nuclear codes can be seen
in [40–42]. EMPIRE-3.2.2 (Malta) is a new version
that can be installed in windows XP or higher ver-
sions. The code contains various models for nuclear
reaction mechanisms, level densities and optical mod-
els. Pre-equilibrium processes were calculated using
the phenomenological exciton model PCROSS with
mean free path parameter values Kmfp = 0, 1.05, 1.5
and 2. The nuclear level densities in EMPIRE-3.2.2
code are described by four different models. Three
models are phenomenological: Enhanced generalised
superfluid model (EGSM), generalised superfluid model
(GSM) and Gilbert–Cameron model (GCM). The fourth
model is based on Hartree–Fock–Bogoliubov micro-
scopic model (HFBM). The four models are already
included in the reference input parameter library (RIPL-
3) [43]. The following parameters also are included in
the RIPL-3: nuclear masses, ground-state deformations,
nuclear levels and their characteristics, gamma strength
functions, fission barriers and optical model parame-
ters. Various local and global optical model parameters
(OMP) were found in the RIPL-3. Different sets of
parameters were used in our cross-section calculations.
TALYS theoretical data represent the library TENDL
2015 which is based on default and adjusted TALYS-1.6
calculations [44]. A recommended curve for the excita-
tion function of 51V(α,n)54Mn was constructed by data
fitting of the present and literature cross-section data.

4. Results and discussion

The excitation functions for 51V(α,n)54Mn- and
50V(α,2n)52Mn-induced nuclear reactions were mea-
sured from their respective threshold up to 20 MeV. Each
radionuclide was identified by its characteristic γ -rays
(mentioned in the text). The measured cross-section val-
ues and their uncertainties are presented in table 2. The
present experimental cross-section data are shown in

Table 2. Cross-section values and uncertainties for the 54Mn
and 52Mn production.

Mean energy (MeV) Cross-section (mb)
54Mn 52Mn

19.5±0.3 196±24 378±55
17.3±0.4 363±42 251±40
16.2±0.4 488±57 180±28
15.0±0.5 626±73 78±13
12.3±0.6 623±72
10.8±0.7 505±58

7.2±0.9 42±5
4.9±1.0 3±0.5

figures 2–6 together with the experimental results in the
literature and the theoretical calculations.

4.1 51V(α,n)54Mn reaction

The cross-section is totally isotopic and the reaction
is the pure (α,n) reaction. The cross-section dataset
represents direct cross-section as there is no cumu-
lative contribution. Cross-section measurements were
performed using the single line in 54Mn decay scheme
(Eγ = 834.8 keV, Iγ = 99.976%). The excitation func-
tion increases up to a maximum value at 12–15 MeV.
Its experimental threshold at 5 MeV is in correspon-
dence with the (α,n) channel threshold energy at 2.5
MeV. Figure 2 shows a comparison between our exper-
imental data and the data found in the literature as well
as theoretical EMPIRE-3.1 and TENDL 2015 calcula-
tions.

The overall trend of all experimental data is a high-
energy tail following a peak. The data in the rising and
tail parts are in agreement with each other, while the data
in the peak region are fairly more scattered. Almost all
errors are due to uncertainty in energy determination
in the stacks because of the higher energy of incoming
α-particles. Accordingly, these scattered data points cor-
respond to the foils at the end of their stacks. The only
exceptions are the data of [13,23]. These data show shifts
towards lower and higher energies respectively.

The data in [13,15,20] built up the rising part of the
excitation function. These data are consistent with each
other and with the other experiments except the high-
energy part of Vlieks et al [13]. It shows a shift towards
lower energies and displays a cross-section value higher
than other experiments by about 30%.

Measurements by Iguchi et al [11] covered the energy
range 30 MeV→7 MeV. Their data are consistent with
the other experimental data except for one point at 7
MeV which shifted towards low energies by about 2
MeV. Bowman and Blann covered the energy range 85
MeV–7 MeV [12]. Their data are more or less in agree-
ment with other data especially in the high-energy range.
In the low-energy range two cross-section points, that
correspond to the last two foils in the stack, show more
scattering than other data.

The data reported in [14,24] covered the high-energy
tail of the excitation function. Their data are in good
agreement with each other and with the overall excita-
tion function.

The experimental data in [16,19,22] are in good agree-
ment with each other. These data are also consistent
with the other experiments except at one point for each.
These points correspond to the last foil in each stack. In
Singh et al [22] measurements, we observed that the dis-
played data in EXFOR database are actually about ten
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Figure 2. Experimental and theoretical excitation functions of 51V(α,n)54Mn nuclear reaction.

times larger than other experimental data. In their orig-
inal paper, the authors introduced this reaction in two
figures. The first one displayed lots of excitation func-
tions. The second figure displayed only the 51V(α,n)
reaction. The data in the first figure are about ten times
the data of the second. EXFOR data are taken from the
first figure (the wrong one) while, we postulated the data
in the second one as the right data.

Measurements by Levkovskij [17] are consistent with
the other experimental results in the high-energy tail.
Levkovskij data in the rising part and peak region are
somewhat scattered. Sonzogni et al experimental data
[18] covered a wide energy range (85 MeV–6 MeV).
The first cross-section point at 6 MeV shows a shift
towards lower energy, while all other data show a shift
towards high energies. The data reported in [21] are not
consistent with the other experiments. These data show
a shift towards high energies.

Chowdhury et al [23] results are consistent with other
results in the rising part of the excitation function, while
the data in the high-energy tail show a shift towards high
energies. Their maximum reported value is higher than
other experiments by about 15%. One data point by Peng
et al [25] in the peak region is lower than other exper-
iments by about 15%. The remaining points measured
by Peng et al [25] are in good agreement with other
experimental data.

The results of theoretical calculations using EMPIRE-
3.1 and TENDL have the same trend as that of the
experimental excitation function. EMPIRE-3.1 code
data match more or less with the experimental data in
the tail region while overestimating them in both rising
and peak regions. TENDL library calculations repro-
duce the rising part of the experimental data while they
underestimate the tail region.
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Figure 3. Comparison between selected experimental
(markers) and theoretical excitation functions (lines)
based on EMPIRE-3.1 and EMPIRE-3.2.2 calculations
of 51V(α,n)54Mn reaction.

Calculation of the nuclear reaction cross-section
of this reaction was also performed using the code
EMPIRE-3.2.2 (figure 3) up to 28 MeV. This fig-
ure displays a comparison between the theoretical
EMPIRE-3.2.2 calculations and selected experimen-
tal data. The selected data points represent consistent
data from different groups. In EMPIRE-3.2 calcula-
tions, various combinations between the level density
models and PCROSS mean free path values (Kmfp =
0, 1.05, 1.5 and 2) were used. For all level density mod-
els, regardless of the mean free path value, EMPIRE-3.2
excitation functions match with that calculated by
EMPIRE-3.1 (default parameters) except for the GCM
model. Using GCM level density model with differ-
ent mean free path values result in lower cross-section
values than those calculated by other models. During
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Figure 4. Comparison between experimental data and the recommended fit of 51V(α,n)54Mn excitation function. The black
dotted lines are the 95% confidence of the fitting curve.

calculations, we noted that increasing the mean free path
value does not affect the calculated excitation functions
at rising and peak regions. There were only small vari-
ations at the high-energy tails. Using the EGSM model
for nuclear level density description regardless of the
mean free path value, the calculated excitation func-
tion matches the experimental data with an energy shift
about 1 MeV if the level density parameter is reduced
by 32%.

So, theoretical calculations predict only the shape
of the excitation function with different magnitudes.
For good prediction of both shape and magnitude,
we estimated best fit of the experimental data using
the commercially available program table curve-2d
[45]. Experimental data were inserted to the program,
then a polynomial and rational fitting started. The
data points beyond the 3σ limits were neglected dur-
ing fitting procedure. Also the scattered data points
that have high deviations were discarded as they dis-
turb the fitting process. The recommended fitting and
its 95% confidence limits of excitation function are
shown in figure 4 together with the experimental data.
The encircled data represent the data neglected dur-
ing fitting process. Numerical values of the recom-
mended cross-section data and their 95% confidence
limits are given in table 3. A comparison between
the recommended curve and theoretical EMPIRE-3.2
calculations (using EGSM level density model and
decreasing level density parameter by 32%) as well
as the selected experimental data are given in figure
5.

4.2 50V(α,2n)52Mn reaction

There are three intense γ -lines in its decay scheme
(Eγ = 744.2 keV, Iγ = 90%), (Eγ = 935.5 keV,
Iγ = 94.5%) and (Eγ = 1434.1 keV, Iγ = 100%).
These γ -lines were used in the cross-section measure-
ments. Again the cross-section is totally isotopic and the
reaction is pure (α,2n). The cross-section dataset repre-
sents cumulative data because of a small contribution
from the isomeric transition (52mMn, T1/2 = 21.2 min,
1.75% IT). Consequently, evaluation of the concerned
ground state was started after the total decay of its iso-
meric state.

As the whole contribution of the excitation function
in our energy range comes only from the low abun-
dance of 50V, low cross-section values were expected
for this reaction. So, we normalised our cross-section
data to 100% enrichment of 50V. As seen from table 1,
at energies >25 MeV, the channel 51V(α,3n) starts
to contribute and it governs the excitation function
to the extent that (α,2n) channel contribution can be
neglected. The excitation function increased from 78
mb at about 15 MeV to 378 mb at the end of our
energy range (figure 6). One dataset of Xuifeng Peng
et al is found in the literature for this reaction [25].
Their results are in good agreement with ours and
reveal a peak around 22 MeV out of our energy
range.

The theoretical data based on TENDL 2015 match
the experimental excitation function in shape and
magnitude up to about 18 MeV, then underestimate
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Table 3. Recommended cross-section data for the 51V(α,n)54Mn reaction.

E (MeV) σ (mb) 95% Conf. limit E (MeV) σ (mb) 95% Conf. limit E (MeV) σ (mb) 95% Conf. limit

Upper Lower Upper Lower Upper Lower

5 0.26 0.23 0.29 15 566.1 549.6 582.6 27 38.7 37.6 39.8
5.5 1.16 1.10 1.22 15.5 529.1 514.1 544.1 27.5 36.0 34.9 37.0
6 4.2 4.0 4.4 16 486.2 472.2 500.1 28 33.5 32.5 34.6
6.5 12.2 11.8 12.7 16.5 439.6 426.8 452.4 28.5 31.4 30.5 32.4
7 29.5 28.3 30.7 17 391.9 380.5 403.3 29 29.6 28.6 30.5
7.5 60.1 57.5 62.7 17.5 345.3 335.4 355.1 29.5 27.9 27.0 28.8
8 106.7 102.0 111.4 18 301.4 293.1 309.7 30 26.4 25.5 27.3
8.5 167.9 160.6 175.2 18.5 261.6 254.6 268.5 30.5 25.1 24.2 25.9
9 238.6 228.6 248.6 19 226.2 220.3 232.0 31 23.7 22.8 24.6
9.5 311.4 298.2 324.6 19.5 195.5 190.5 200.6 31.5 22.5 21.6 23.4
10 379.8 362.6 396.9 20 169.4 164.9 173.8 32 21.2 20.4 22.1
10.5 440.0 418.6 461.5 20.5 147.3 143.4 151.2 32.5 20.1 19.2 20.9
11 492.5 467.5 517.4 21 128.9 125.4 132.3 33 18.9 18.1 19.7
11.5 547.3 520.1 574.6 21.5 113.5 110.3 116.6 33.5 17.9 17.1 18.6
12 591.1 563.3 618.9 22 100.6 97.8 103.4 34 16.9 16.1 17.6
12.3 610.5 582.9 638.1 22.5 89.7 87.2 92.2 34.5 16.0 15.3 16.7
12.5 620.2 592.9 647.5 23 80.5 78.3 82.8 35 15.2 14.5 15.9
12.8 629.8 603.1 656.6 23.5 72.6 70.6 74.6 35.5 14.5 13.8 15.3
13 633.0 606.8 659.2 24 65.7 63.9 67.6 36 14.0 13.2 14.7
13.2 631.7 606.2 657.2 24.5 59.7 58.1 61.3 36.5 13.5 12.7 14.3
13.5 627.8 603.6 652.0 25 54.4 53.0 55.8 37 13.1 12.3 13.8
13.8 621.4 598.7 644.1 25.5 49.7 48.4 51.0 37.5 12.7 12.0 13.4
14 615.6 594.0 637.2 26 45.6 44.4 46.8 38 12.4 11.7 13.0
14.5 595.2 576.4 614.0 26.5 41.9 40.8 43.1 38.5 12.0 11.4 12.6
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Figure 5. Recommended, theoretical and selected experimental excitation functions of 51V(α,n)54Mn nuclear reaction. The
black dotted lines are the 95% confidence of the fitting curve.

it. EMPIRE-3.1-calculated excitation function over-
estimates the experimental one except at the peak
region, but have the same trend. Theoretical excita-
tion functions based on EMPIRE-3.2.2 were calcu-
lated for various combinations of different parame-
ters. We introduced here only the attempts that result
in good agreement with the experimental data (fig-
ure 6).

We got the first consistence by performing the
EMPIRE-3.2 default calculations, i.e. by means of the
pre-equilibrium exciton model PCROSS using mean
free path parameter value (Kmfp = 1.05) and the
refitted (EGSM) model for the determination of the
nuclear level densities. Changing the level density model
to the refitted (GSM) model such that the level den-
sity parameter of 52Mn decreased by 15% and using
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Figure 6. Experimental and theoretical excitation function
of 50V(α,2n)52-cumMn nuclear reaction.

mean free path value (Kmfp = 2) in the PCROSS
model result in good agreement with the experimen-
tal data. The best agreement was achieved by changing
the level density model to Gilbert and Cameron model
from EMPIRE-2.18 (input data option in EMPIRE-
3.2) and using mean free path value (Kmfp = 2)
in the PCROSS model. Changing the level density
model and the mean free path value in the PCROSS
model affect obviously the excitation function in this
reaction. This indicates the great contribution from pre-
equilibrium emission. Both TENDL- and EMPIRE-
displayed results represent cross-section of the (α,2n)
channel only.

5. Integral yield

The integral yields for the production of the radionu-
clides 54Mn and 52Mn were calculated in (MBq/μA · h)
using our calculated recommended excitation function
for 54Mn together with evaluated excitation function for
52-cumMn and the stopping power/range of α-particles
in natV (figure 7).

The long-lived radionuclide 54Mn recommended inte-
gral yield amounts to 0.09 MBq/μA · h in the energy
range 58→5 MeV. The yield of 54Mn production
through 51V(α,n) was measured experimentally in [27,
28]. The experimental value reported by Abe et al [27]
was (4.7 μCi/μA ·h) (0.17 MBq/μA · h) for 30 MeV α-
particles. This is more than twice our presented value at
the same energy range. The integral yield presented by
Krasnov and Dmitriev [28] was about 0.06 MBq/μA · h
in the energy range 42→6 MeV. Their result is about
26% lower than our calculated yield at the same energy
range. The integral yield of 52Mn was calculated using
the available experimental excitation function, i.e. the
present data and the data from [25]. The calculated yield
for this radionuclide was about 6.7 MBq/μA · h in the
energy range 30→13 MeV.
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6. Conclusion

The excitation functions of α-particle-induced nuclear
reactions on natural vanadium were measured using
the stacked-foil activation technique and the ATOMKI
cyclotron at the Institute for Nuclear Research, Debre-
cen, Hungary. The reactions 51V(α,n)54Mn and
50V(α,2n)52Mn have been studied from their thresh-
old up to 20 MeV. Their excitation functions were
compared with earlier experimental data found in the lit-
erature as well as theoretical data from the nuclear codes
EMPIRE-3.1, EMPIRE-3.2.2 and TENDL 2015 library.
The available experimental cross-section data in the lit-
erature are well established below and above the peak of
the excitation function while the data in the peak region
are scattered. Both EMPIRE and TENDEL predict the
trend of the excitation function with different magni-
tudes. Good agreement between EMPIRE-3.2 excitation
function and the experimental data for the (α,n) reaction
was achieved using the EGSM level density model by
decreasing the level density parameter of 54Mn by 32%.
Various combinations of level density models and mean
free path parameters were consistent with experimental
excitation function of the (α,2n) reaction.

Integral yields were calculated for the production of
54Mn and 52Mn. For the production of high-purity 54Mn,
we should decrease the production of the radionuclide
52Mn and also the stable nuclide 53Mn (produced via
51V(α,2n), Eth = 12.1 MeV and 50V(α,n), Eth =
0.2MeV). This can be achieved by using an energy
window <12 MeV which prevents consideration of the
competing channels 51V(α,2n)53Mn, 51V(α,3n)52Mn
and 50V(α,2n)52Mn. The only remaining impurity is
53Mn through the channel 50V(α,n). However, due to
the low abundance of 50V, the contamination due to
53Mn production will be very small. So using small-size
cyclotrons and natural vanadium or enriched 51V might
be a convenient way to produce high-purity 54Mn.
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