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1. Introduction

Many authors published experimental cross-section data for
proton induced reactions on natural vanadium, especially at lower
energies in the frame of basic nuclear physics research [1-4]. A few
works reported experimental thick target yields [5-8]. As men-
tioned, most of the literature cross-sections data were obtained
in the low energy region (below 30 MeV incident energy) and only
a few (in some cases contradictory) data sets were measured at
higher energy. We participated in an IAEA-CRP setting-up an acti-
vation data library for proton and deuteron induced reactions for
the FENDL project. Vanadium was included into this library as an
important construction and alloying material in accelerator tech-
nology. During compilation of the experimental data and compar-
ison with the TENDL library it was recognized that the activation
data at higher energies are contradictory and the theoretical model
description for radionuclides far from the target mass number is
very poor. The maximum proton energy presently available for
us was 65 MeV at the Cyclone110 cyclotron of Louvain la Neuve
(LLN) Belgium through the HAS-FWO (Vlaanderen) collaboration.
We decided therefore to re-measure the cross-section data for all
possible y-emitting activation products of "V in the 37-65 MeV
proton energy range.
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Natural vanadium consists of two isotopes: for more than
99.75% it is formed by stable >'V while the very long-lived >°V
(T1j2=1.410'7 a) occurs only in 0.25%. Experimental data on "V
can hence be interpreted in broad energy range as coming from a
monoisotopic >V target and reaction cross-sections can be derived.

Among the reaction products >!Cr is an attractive radionuclide
for use in diagnostic nuclear medicine due to its favorable nuclear
characteristics such as a half-life of 27.7010 days and decay by
electron capture, resulting in emission of gamma photons with
energy of 320.0824 keV (9.91%). Its main applications is labeling
of red blood cells for measurement of mass or blood volume, label-
ing of platelets to determine their survival time as well as in
sequestration studies for the diagnosis of gastrointestinal bleeding
[9]. The favorite routes for no carrier added production are the (p,
n) and (d,2n) reactions on vanadium [10,11].

Among the scandium radionuclides #4Sc, 4’Sc and “Sc have
been used in biological and medical studies. The 4’Sc has attracted
attention because of its favorable decay characteristics (half-life:
3.35d; average electron energy: 162 keV; E,: 159keV) for
therapeutic application and for SPECT imaging. The applicability
of *%8Sc as a matching pair for 4’Sc through PET imaging, “4™Sc
for radionuclide therapy. The longer-lived %5Sc was used for
regional blood flow studies and investigation of radiochemistry
of scandium. Recently “®Sc has been advocated as an additional
monitor for proton and deuteron reactions and will be taken up
in the recommended data base of the IAEA-CRP [12]. The main
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charged particle production routes to gain carrier free Sc radio-
products include proton and deuteron induced reactions on cal-
cium, titanium and vanadium.

43¢ was shown to be an excellent tool for studying blood per-
fusion in the heart and for diagnosing myocardial infarcts. The
main production routes at charged particle accelerators are the
4OAr(a,p), ™Ca(p,x) or ™*Ca(d,x) and high energy reactions on Ti
and V, but in these last cases the cross sections are small.

2. Experimental and data processing

The excitation functions for the "V(p,x) reactions were mea-
sured via an activation method by using the stacked foil irradiation
technique followed by high resolution y-ray spectrometry without
chemical separation.

The irradiation was performed at the LLN Cyclone110 cyclotron
with 65 MeV protons for 1 h at 35 nA beam intensity. The stack
contained a 19 times repeated set of 10 um Al, 116 um In,
99.2 pm Al, 841 pm V, 99.2 pm Al, 26.2 pm Ho and 99.2 um Al
foils. The Al-monitors were also used as recoil catchers as well as
for exact determination of beam intensity and energy by re-
measuring the excitation function for the 2’Al(p,x)?2?*Na reactions
over the entire energy domain [13]. The target stacks were irradi-
ated in a Faraday-cup like target holder, equipped with a long col-
limator (effective beam diameter on target is 5 mm).

The gamma activity of the produced radionuclides was
measured with standard high purity Ge detectors at the Cyclotron
Laboratory of VUB-Brussels.

Measurements of the induced activity started about 20 h after
EOB (End of Bombardment), hence only activation products with
a half-life longer than 3 h could be assessed. The samples were
counted repeatedly at varying sample detector distance for weeks
after EOB. The evaluation of gamma-spectra was made by auto-
matic peak recognition programs and in a manually controlled
interactive way.

For most of the radionuclides assessed different independent y-
lines are available, allowing an internal check of the consistency of
the calculated activities.

The cross-sections were calculated by using the well-known
activation formula with input parameters: measured activity, par-
ticle flux and number of target nuclei. In this study only a couple
radionuclides formed as a result of a cumulative process by decay
of a parent nuclide. The exact physical situation will be discussed
individually for each activation product.

The decay and spectrometric characteristics, needed to trans-
form count rates to activity of the different activation products at
EOB, were taken from the NUDAT2 data base [14] and are summa-
rized in Table 1. This table also includes the reaction Q-values of
the contributing reactions [15].

The number of incident particles was initially derived from con-
tinuously measured beam current on target. The mean energy in
each target foil was estimated by a stopping calculation from the
incident beam energy and target thickness [16].

The beam energy and intensity parameters were further
adapted by taking into account the comparison of the excitation
function of the 2’Al(p,x)**?*Na reactions, re-measured over the
whole energy domain studied, with the recommended values in
the updated version of IAEA-TECDOC 1211 [17].

The uncertainties of the median energies were estimated from
the uncertainties of the cumulative contributing processes (taking
into account possible incident energy variation, thickness variation
of the different targets and straggling effects) resulting in around
+0.3 MeV for the first foil and about +1.3 MeV for the last foil.

The uncertainty on each cross-section point was estimated in
the standard way [18] taking the square root of the sum in quadra-
ture of all individual contributions, supposing equal sensitivities

for the different parameters appearing in the formula. The follow-
ing individual uncertainties are included in the propagated error
calculation: absolute abundance of the used y-rays (5%), determi-
nation of the peak areas including statistical errors (4-10%), the
number of target nuclei including non-uniformity (5%) and detec-
tor efficiency (10%). The total uncertainty of the cross-section val-
ues was estimated to be 8-14%. The strongly non-linear effect of
the possible uncertainty of the half-lives, cooling time and measur-
ing time for samples was not taken into account.

3. Model calculations

The cross-sections of the investigated reactions were compared
with the data given in the last two on-line TENDL libraries to show
the development of the predictions (from TENDL-2010 to TENDL-
2014 and TENDL-2015) [19]. These libraries are based on both
default and adjusted TALYS calculations Koning and Rochman [20].
For comparison also the results of the latest version of the EMPIRE
code (EMPIRE 3.2 (Malta)) are presented [21,22]. Default input
was used in the most cases, expect the TENDL libraries, where the
TALYS results are adjusted in an unknown (for the public user) way.

4. Results

The cross-sections for all the reactions studied are shown in
Figs. 1-11 and the numerical values are collected in Table 2. No
practical contribution from the reaction on the low abundance
50V can be distinguished, hence all results are practically equiva-
lent to reaction cross sections on °'V.

4.1. Production of >'Cr

Many experimental data sets exist for production of >'Cr
(T12=27.701d) especially at low energies for basic research.
Results were published by Tanaka, Albert, Shore, Taketani, Wing,
Hansen, Albouy, Hontzeas, Humes, Johnson 1964, Dell, Harris, Cho-
dil, Johnson 1958, Gadioli, Barandon, Mehta, Michel 1979, Michel
1980, Zyskind, Kailas, Bastos, Levkovskij (normalized), Jung,
Musthafa and Carlson [1,2,23-46]. The data differ by a factor of
two around the maximum. A recommended data set was also pro-
posed earlier in the IAEA TLA library [47]. In the presently investi-
gated energy range experimental data are available from five
groups (Albuoy, Michel 1983, Michel 1979, Hontzeas and Zhao)
[29,30,37,48,49]. Our data are in good agreement with the earlier
results of Michel and Zhao (Fig. 1). Both the TENDL and the EMPIRE
predictions describe the experimental data acceptable well.

4.2. Production of “8Cr

For production cross sections of “8Cr (T;j, = 21.56 h) the earlier
experimental data of (Heininger, Hontzeas and Michel 1979)
[30,37,50] show large discrepancies (Fig. 2). Our data support the
results of the Hannover group Michel et al. [48]. The TENDL predic-
tion shows only a moderate agreement (lower maximum, energy
shift). A gradual change (increase) of the subsequent TENDL ver-
sions can be observed. The EMPIRE 3.2 results describe both the
maximum and the magnitude of the excitation function well.

4.3. Production of “8V

The measured activation cross sections for *8V (T;, = 15.9735 d)
formation are cumulative. They include the direct production by
(p,p3n) reaction with a threshold around 32 MeV and indirect
production through the decay of the “8Cr (21.56 h) parent isotope.
The agreement with the earlier experimental data of Heininger,
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Table 1
Decay characteristics of the investigated reaction products.
Nuclide spin isomeric level Half-life Decay method (%) Ey (keV) Iy (%) Contributing process Q-value (keV)
S1cr7/2- 27.7010d €: 100 320.0824 9.910 SV(p,y) 9516.17
5y(p,n) —1534.977
“cr o 2156 h €: 100 112.31 96.0 50V(p,3n) -23327.18
308.24 100 51V(p,4n) —34378.33
48y 4+ 15.9735d €: 100 983.525 99.98 50y(p,p2n) —20889.72
1312.106 98.2 51y(p,p3n) -31940.86
48Cr decay —23327.18
485 6* 4367 h B~: 100 175.361 7.48 50V(p,3p) ~19298.38
1037.522 97.6 51V(p,3pn) —30349.52
7S¢ 7/2- 33492 d B~: 100 159.381 68.3 50V(p,3pn) -27537.48
51y(p,3p2n) —38588.63
465¢ 4* 83.79d p~: 100 889.277 99.9840 50y(p,3p2n) —38183.93
1120.545 99.9870 51V(p,3p3n) ~49235.08
44mge 6% 271.24 keV 58.61 h €: 1.20 IT: 98.80 271.241 86.7 50V(p,3p4n) —58271.09
51V(p,3p5n) —69322.24
44ggc o 3.97h €: 100 1157.020 99.9 50V(p,3p4n) —58271.09
51V(p,3p5n) ~69322.24
44T decay —59320.84
35c 7/2 3.891h €: 100 3729 22,5 50y(p,3p5n) —67970.29
51V(p,3p6n) ~79021.44
T decay —75619.65
8K 32* 223h B: 100 372.760 86.80 50y(p,5p3n) —66018.3
396.861 11.85 S1V(p,5p4n) ~77069.445
593.390 11.26 51y(p,20ip) -20478.117
617.490 79.2
2K 12.360 h B: 100 1524.6 18.08 50y(p,5p4n) —75642.984
51y(p,5p5n) —77069.445
51y(p,2apn) —30102.797

€ is total EC + B*.

The Q-values refer to formation of the ground state. In case of formation of a higher laying isomeric state it should be corrected with the level energy of the isomeric
state shown in Table 1. When complex particles are emitted instead of individual protons and neutrons the Q-values have to be decreased by the respective binding energies
(pn - d +2.2 MeV, p2n — t + 8.5 MeV, 2pn — >He + 7.7 MeV, 2p2n — o + 28.3 MeV).

1000
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Fig. 1. Experimental excitation function for the "*V(p,x)*'Cr reaction and comparison with literature values and theoretical code calculations.



Table 2

Measured production cross section of radioisotopes from the "*'V(p,x) reactions.

47SC 4GSC 44mSC 44gsc 435c 43K 42K

4SSC

51 Cr 48Cr 48V

Energy
MeV

Cross section (mb)

14.88
12.00
15.40
14.41
14.41
17.14
16.83
18.14
17.61
17.57
23.67
17.82
18.91
29.48
23.15

0.25
0.30
0.21
0.23
0.17
0.20
0.13

1.37
1.96
1.11

0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.04
0.02

0.35
0.35
0.34
0.40
0.48
0.44
0.49
0.46
0.50
0.42
0.36
0.26
0.10

1.21
1.14
1.06
1.41
1.05
1.45
1.23
1.03
1.06
1.29
0.84
0.69
0.49

8.61
8.20
7.91

0.76
0.63
0.52
0.51
0.10
0.31
0.21
0.19
0.18
0.45

345
2.62
2.19
1.85
0.43
0.65
0.32
0.25
0.21
0.07

0.74
0.57
0.44
0.31
0.22
0.15
0.10
0.08
0.07
0.04
0.06
0.03
0.02

6.52
5.07
3.89
2.76
1.88
1.27
0.87
0.64
0.45
0.29
0.26
0.09
0.08

1.94
2.31
241
2.59
2.38

15.37
18.92
20.24
21.91
19.75
21.77
21.81

0.94
0.83
0.83
0.77
0.71
0.69
0.64
0.62
0.65
0.64
0.64
0.60
0.71
0.67
0.74
0.85
0.98
1.23
135

8.35
7.39
7.35
6.84
6.28
6.13
5.67
5.53
5.73
5.73
5.66
5.36
6.32
5.99
6.55
7.56
8.75

0.26
0.25
0.23
0.24
0.19
0.19
0.20
0.16
0.16
0.12
0.12
0.07

2.25
2.08
1.94
1.96
1.60
1.60
1.60
1.22
1.10
0.95
0.64
0.29

10.09
9.78

89.59

0.19
0.19
0.22
0.22
0.24
0.23
0.24
0.24
0.24
0.23
0.19
0.15
0.09
0.07
0.06
0.03
0.01
0.03
0.00

1.64
1.69
1.91
1.92
2.07
1.98
2.11
2.07
2.10
1.97
1.67
1.27
0.73
0.65
0.47
023
0.07
0.06
0.01

2.19
1.93
2.12
2.00
2.09
2.14
2.20
2.31
2.40
2.26
3.03
2.28
2.33
3.34
2.72

0.30
0.34
0.38
0.42
0.47
0.51
0.56
0.60
0.65
0.70
0.74

0.79

64.28

86.83

63.01

10.61

94.32

61.71
60.39

1.29
0.97
1.05
0.43

10.80
9.32

10.76
11.24
11.36
11.16
11.36
11.86
11.57
10.10

8.

95.70
99.94
101.11
99.26

59.05
57.68
56.29

11.15
9.75
8.00
8.01
8.47
6.42
5.00
2.58

2.52
2.56
2.68
3.09
3.38
345
3.20

22.94
26.34
29.26
29.50
27.51

101.02

54.86
53.41
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105.46

102.89
89.76
76.12

51.92
50.39
48.83

57

3.26
3.24

3.16

28.18

5.87
5.01
3.96
2.49
1.32
0.78
0.38

52.09
44.64

0.85
0.90
0.95

47.22

28.75

0.01

0.09

45.57

0.01
0.01

0.06 0.05
0.03

0.16

0.23
0.58

27.61

35.15

43.87

2.75
2.31
3.37

2445
20.38

0.12

0.12

22.20

2.63
2.84
2.24
3.34

2331

1.01
1.07
1.13

1.19

42.11

11.70
6.46
3.31

24.97

40.30

0.46

0.46

29.73

0.03 10.97
12.04

0.01

0.11
0.04

19.35
29.51

38.41

1.04

9.04

36.44

Hontzeas and Michel [30,37,48,50] is good and the TENDL data are
slightly shifted with an overestimation of the maximum (Fig. 3).
EMPIRE 3.2 gives better estimation for the maximum, but underes-
timates the experimental values above 50 MeV.

4.4. Production of *8Sc

The *8Sc (T4, = 43.67 h) is produced directly, via (p,2pxn) reac-
tions. The new experimental data are in good agreement with the
earlier experimental data of the Hannover group (Michel) [37,48].
The data of Hontzeas [30] however are significantly lower. The
TENDL libraries overestimate the maximum (Fig. 4). EMPIRE gives
strong overestimation.

4.5. Production of 4’Sc

The direct production cross sections of 4’Sc (T, = 3.3492 d) are
shown in Fig 5. The maximum around 38 MeV corresponds to the
contribution of the >'V(p,ap) reaction with energy threshold of
10.3 MeV, while the rise above 50 MeV is due to the emission of
individual nucleons. A good agreement was found in the overlap-
ping energy region with the experimental data of the Hannover
group (Levkovskij, Michel 1979 and Michel 1985) [37,48]. The data
of Levkovskij were normalized because of a known error in the
original data-set [51]. The data of Heininger and Hontzeas
[30,50] differ significantly. Although the TENDL predicts well the
shape of the excitation function but the values are underestimated
below 50 MeV. EMPIRE 3.2 follows the shape of the experimental
values but strongly overestimates them.

4.6. Production of “°Sc

The cross-sections of 4°Sc Ty, = 83.79 d) are cumulative as they
include direct production and total decay of the 19.7 s half- life
isomeric state. Up to 60 MeV the main contribution is from the
51V(p,apn) reaction. The comparison with the earlier experimental
data shows good agreement with the data-sets of Michel and Zait-
seva [37,48,52], and more or less with Heininger [50] (Fig. 6). There
are large disagreements with the data of Albert and Hontzeas
[24,30]. The TENDL predictions significantly underestimate the
experimental data up to 80 MeV. The maximum position predicted
by the EMPIRE 3.2 is better, but its overestimation is large.

4.7. Production of **™Sc and *#€Sc

The radionuclide #*Sc has two long-lived isomeric states. The
metastable **™Sc (T;, = 58.61 h) is produced directly and decays
with 98.8% IT to the ground state and the rest 1.2% is EC + p*. The
ground state **8Sc (Ty;;=3.97 h) is produced directly, through
decay of its metastable state (58.61 h) and through the decay of
its long half-life (T, = 44.3 a) **Ti parent.

Direct production cross-sections for the ground state were
deduced after correction of the contribution of #4™Sc decay. The
possible contribution of the #Ti was neglected because of the irra-
diation conditions and its very long half-life that would not gener-
ate any significant signal in our experimental conditions. For both
states reactions with emissions of clusters are playing the domi-
nant role in the energy domain studied. The measured and calcu-
lated cross sections are shown in Figs. 7 and 8.

In case of #4™Sc our new data agree well with the earlier exper-
imental data of Michel [48]. The data of Hontzeas and Heininger
[30,50] differ significantly. The TENDL predictions show a signifi-
cant underestimation (see Fig. 7). EMPIRE 3.2 gives much better
approximation both for the values and for the shape.

For production of 4%8Sc only one earlier experimental cross-
section data set was found [30], which is in good agreement with
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Fig. 2. Experimental excitation function for the "*V(p,x)**Cr reaction and comparison with literature values and theoretical code calculations.

our results. The predictions of TENDL are representing well the
experimental values (Fig. 8). EMPIRE 3.2 strongly overestimates
the experimental values.

4.8. Production of **Sc

The cumulative cross-sections of **Sc (Ty, = 3.891 h), by direct
production and by the possible decay of the short-lived “°Ti
(T2 =509 ms, formed through the 3'V(p,a5n) reaction with a
threshold of 59.53 MeV), are shown in Fig. 9 with earlier data of Hon-
tzeas [30] and with the TENDL calculations. Our data are significantly
higher than those of Hontzeas. The TENDL data are even lower and
the effective threshold is also shifted (Fig. 9). EMPIRE 3.2 gives sim-
ilar underestimation, but closer to the experimental values.

4.9. Production of K

The direct production cross-sections of 3K (Ty)2 =2.3 h), essen-
tially formed through clustered emissions in our experimental con-
ditions, are shown in Fig. 10. The agreement with the data of
Michel [48] is good. The data of Heininger and Hontzeas [30,50]
are higher. The underestimation by the TENDL prediction is signif-
icant (Fig. 10). EMPIRE 3.2 gives better result with overestimation
up to 50 MeV, above this energy the overestimation is much larger.

4.10. Production of K

The *?K (T;j2 = 12.36 h) is produced directly through clustered
emission. The comparison shows good agreement with the results
of Michel 1985 [48]. The data of Heininger and Hontzeas [30,50]
are significantly lower in the measured energy range. The situation
is the same for the TENDL predictions (Fig. 11) as in the previous

case. For EMPIRE 3.2 the same behavior can be observed as in
the previous case, acceptable agreement with slight overestima-
tion up to 60 MeV, and strong overestimation above.

5. Thick target yields

From excitation functions obtained by a spline fit to our experi-
mental data, integral thick target yields [53] were calculated and
are shown in Figs. 12 and 13 as a function of the incident proton
energy. The deduced integral yields are compared with the experi-
mental thick target yields from the literature measured by
Dmitriev, Acerbi, Nickles, Abe, Bastos, L. Kanza-Kanza, etc.
[5-8,41,54,55], where overlapping energy regions made it possible.

Our calculated >'Cr yield is in good agreement with the yields of
Dmitriev and Bastos [41,55], much higher than the yield of Abe [7],
slightly higher than the yield of Nickles [8] and slightly lower than
the yield curve of Acerbi [6]. Our #3V yield is in excellent agreement
with the yield curve of Acerbi [6], but Dmitriev and Molin [55]
reported much higher yield at 22 MeV than our value. For the other
isotopes in Fig. 12 (*®Cr and “8Sc) there were no literature yield data
found.

In Fig. 13 our calculated yields for 46:44m448435c and 4342K are
presented. Previous data in the literature were only found for “6Sc
(Acerbi). Their data are in excellent agreement with our new results.

6. Applications
6.1. Thin layer activation (TLA)
Among the investigated reaction products, the production and

decay parameters of >'Cr (Ty=27.7010 d, E,=320.0824keV
(9.91%)) are the most suitable for satisfying the usual requirements
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(medium half-lives, intensive gamma-lines, high production rate)
[56,57] for application with TLA. Recommended cross sections
and specific activity as a function of depth up to 20 MeV can also
be found in the IAEA TLA [47] database for the ™*V(p,x)’!Cr reac-
tion. The recommended data are shown in Fig. 1 together with
the experimental data [47]. The fitted curve follows reasonably
well the more reliable selected data. The corresponding wear curve
(specific activity versus depth) is already presented in our previous
work on deuteron induced reactions on vanadium [58]. Fig. 14
demonstrates the capability of the method in this higher energy
region, where other radioisotopes become suitable for wear mea-
surement. As an example, wear curves for 8V (shorter, but proper
half-life, intense y-energies, cross section in this energy range is
lower than that of the 3'Cr around 11 MeV, but it is still applicable)
are presented in Fig. 14. The used matrix is pure vanadium,
because its interpretation for an alloy is straightforward. Both wear
curves were constructed assuming 1h 1 pA irradiation with
50 MeV proton beam (recommended to achieve linear activity dis-
tribution near to the surface), under irradiation angles of 15° and
90° (perpendicular) respectively. In the first case 140 um linear
(within 1%) distribution and about 800 pum total penetration depth
can be reached, while in the case of perpendicular irradiation these
values are 540 pm and more than 2 mm respectively. Depending
on the required task one can choose the best irradiation angle in
order to cover the selected wear-depth in question with constant
[58] or linear activity distribution. If the tracing isotope does not
have a local maximum in the selected energy range or lower pen-
etration depth (lower irradiation energy) is required, the depth dis-
tribution should be set as “linear”, which requires the knowledge
of the depth distribution function.

For long term studies and higher wear rates, besides the 48V, the
46Sc is also a proper choice because of its 83.79 d half-life and
intense gamma-energies. Unfortunately, its production also
requires a high energy accelerator, which is not everywhere
available.

7. Summary and conclusion

Eleven excitation functions for proton induced nuclear reac-
tions on natural vanadium were measured up to 65 MeV. Our
new experimental data were critically compared with the values
measured earlier by different authors. The experimental data sets
show excellent agreement with the experimental data of the
Michel group [37,38,48] and with the Levkovskij and Zaitseva
[42,52] data in the overlapping energy region. The comparison
with the theoretical model code calculations as available in the
on-line library TENDL (2014, 2015, except 2010) shows agreement
for radio-products of chromium formed through (p,xn) reactions.
In case of vanadium radionuclides, especially for scandium and
potassium activation products, the underestimation is significant,
but an improvement can be observed against the earlier (2010)
version. EMPIRE 3.2 (Malta) provides in some cases much better
approximation but fails in cases, where the produced isotope is
far from the target isotope (multiple path or complex particle
emission play role). The provided physical yield curves help the
user to select the suitable isotope and reaction for the required
medical isotope production or industrial task. The applicability of
some isotopes, especially the 3V for wear measurements by using
thin layer activation is demonstrated.
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