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Abstract
We present an overview of the present knowledge of (n,t) reaction excitation functions in the 14-21 MeV 
energy range for Cd, Cr, Fe, Mg, Mo, Ni, Pb, Pd, Ru, Sn, Ti, Zr. Experimental data are compared with 
evaluated data libraries, cross-section systematics, and TALYS calculations. The new values for the 
50Cr(n,t)48V cross-section measured using g-spectrometry at 15, 16, 17.3 MeV are presented.
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Introduction

Tritium is a β--radioactive isotope with T1/2 = (12.33 ± 0.02) y [1]. It is produced in almost all structural 
materials exposed to high-energy neutron fields provided that the neutron energies are above the 
threshold of approximately 10 MeV. Investigation of this energy domain was of minor importance 
for classical light-water nuclear reactors, but it will be important for radiation safety in future 
fusion reactors and accelerator driven systems. In these facilities intensive neutron fluxes will 
be produced, making even neutron-induced tritium production, which has a low cross-section, 
important.

The mean energy of electrons emitted during tritium β-decay is 5.69 keV (with an endpoint of 
18.6 keV). Such low-energy electrons are practically impossible to detect, because they are usually 
stopped inside the sample itself (self-absorption). Those rare electrons that penetrate outside the 
sample are absorbed in the packing of a detector. The only possibility to detect low-energy electrons 
is by a liquid scintillation technique – to admix a sample in a liquid scintillator. In addition, this 
method is non-selective requiring not only very high purity elemental samples, but even very highly 
isotopically enriched samples if the goal is a measurement for well defined reaction channels. In 
addition, preparation of solid samples for liquid scintillation is difficult and we have therefore 
decided to measure tritium production indirectly – by detecting the residual nuclei of the (n,t)-
reactions. These residual nuclei can be produced from a specific nucleus via three channels:

 A
ZX + n → Y + tA–2

Z–1 ,

 A
ZX + n → Y + n' + dA–2

Z–1 ,

 A
ZX + n → Y + p + 2nA–2

Z–1 .

The threshold energy of the tritium production channel is several MeV lower than those of 
the other two channels, see Table 1. Moreover, when charged particles are emitted, they have to 
overcome the Coulomb barrier whereby a significant cross-section is only found several MeV above 
the threshold, see Figure 1. Therefore, in a certain neutron energy domain (usually up to 20-22 MeV), 
we can be sure that a residual nucleus was produced along with a tritium nucleus.

Present knowledge in (n,t) cross-sections

The present knowledge of excitation function of (n,t) reaction is insufficient in most cases.

Experimental data
Early experimental data around 14.6  MeV are mostly not reliable enough, as they do not agree 
between each other and discrepancies can reach a factor of 2 or 3 (e.g., 50Cr, 58Ni, 54Fe, 46Ti), see 
Figures 2-5. For a few isotopes, there is only one experimental point (e.g., 90Zr, 102Pd, 106Cd, 112Sn), see 
Figures 7-10. The uncertainties are large (25-50%) or completely missing.

Several measurements were performed at higher energies (e.g., 50Cr, 58Ni, 54Fe, 92Mo), see 
Figures  2-4, 6. A few data are reported at 22.5  MeV  [2], but they cannot be considered as real 
cross-sections, because they come from irradiations with a very broad neutron spectrum 
(FWHM = 15.8 MeV). Such effective cross-sections should be considered as integral data.

Evaluations
Some evaluated data files contain data for (n,t) reactions from threshold up to 20 MeV. Large dis-
crepancies can be observed among different libraries. A particularly strange behaviour is shown by 
the BROND-2.2 library for the 90Zr and 204Pb nuclides, see Figures 8 and 12. For many nuclides, there 
are no experimental data and the evaluations are based only on nuclear model calculations (e.g., 
96Ru, see Figure 12). For some isotopes, there are neither experimental nor evaluated data available 
(e.g. 24Mg, see Figure 13).
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Therefore, a deterministic code TALYS  [3] (version 1.0 with a default setting of nuclear 
models) was used to calculate excitation functions of (n,t) reactions, see Figures 2-13 (and other 
channels leading to the same residual nuclei, see Figure 1) from threshold up to 24 MeV. In relevant 
cases, calculation of both ground and isomeric states were performed. At lower energies, TALYS 
systematically predicts significantly lower (n,t) cross-sections than measured.

Additionally, we made a comparison with (n,t) reaction cross-section systematics of 
Konobeyev [4], which applies to isotopes with A ≥ 40 and neutron energies at 14.5 and 20 MeV, see 
Figures 2-13. Cross-section systematics is usually an analytical formula derived from the analysis of 
experiments. Konobeyev developed a new approach based on pre-equilibrium exciton and evaporative 
models. It fits in the range of experimental data around 14.5  MeV, but it strongly overestimates 
experimental data around 20 MeV, which were obtained after the systematics was created.

Table 1: The threshold energies are given for the three possible channels leading to the same 
residual nucleus. The target isotopes are ordered by mass number. The energies were calculated 

using Qtool [5] with the masses given by Audi and Wapstra [6]. Half-lives and main γ-lines  
(rounded values) of the residual nuclei are taken from Nuclear Data Sheets.

Target Reaction Residue Threshold [MeV] Residue half-life Eg [keV] (Ig)

12-Mg-24
(n,t)

11-Na-22
16.3

2.6 y 1274.5 (100%)(n,n’d) 22.8
(n,p2n) 25.1

22-ti-46
(n,t)

21-sc-44
13.5

4 h (g.s.)
59 h (isomer)

1157 (100%) – g.s.
270.9 (87%) – isomer(n,n’d) 19.9

(n,p2n) 22.2

24-cr-50
(n,t)

23-v-48
12.9

16 d 983.5 (100%)
1312 (98%)(n,n’d) 19.3

(n,p2n) 21.6

26-Fe-54
(n,t)

25-Mn-52
12.7

5.6 d (g.s.)
21 min (isomer)

1434 (100%) – g.s.
1434 (98%) – isomer

935.5 (95%) – g.s.
(n,n’d) 19.0
(n,p2n) 21.3

28-Ni-58
(n,t)

27-co-56
11.3

77 d 846.8 (100%)
1238 (67%)(n,n’d) 17.6

(n,p2n) 19.9

40-Zr-90
(n,t)

39-y-88
11.5

107 d 1836 (99%)
898.0 (94%)(n,n’d) 17.8

(n,p2n) 20.1

42-Mo-92
(n,t)

41-Nb-90
11.1

15 h 1129 (93%)
2319 (82%)(n,t) 13.5

(n,n’d) 19.9

44-ru-96
(n,t)

43-tc-94
8.9

4.9 h (g.s.)
52 min (isomer)

871.1 (100%) – g.s. 
871.1 (94%) – isomer
702.6 (100%) – g.s.

(n,n’d) 15.2
(n,p2n) 17.5

46-pd-102
(n,t)

45-rh-100
9.3

21 h
539.5 (81%)
2376 (33%)
822.7 (21%)

(n,n’d) 15.6
(n,p2n) 17.9

48-cd-106
(n,t)

47-ag104
9.0

69 min (g.s.)
34 min (isomer)

555.8 (93%) – g.s.
555.8 (91%) – isomer

767.7 (66%) – g.s.
(n,n’d) 15.3
(n,p2n) 17.6

50-sn-112
(n,t)

49-in-110
9.2

4.9 h (g.s.)
69 min (isomer)

657.8 (98%) – g.s.
657.8 (99%) – isomer

884.7 (93%) – g.s.
(n,n’d) 15.5
(n,p2n) 17.7

82-pb-204
(n,t)

81-tl-202
6.0

12.2 d 439.6 (91%)(n,n’d) 12.3
(n,p2n) 14.6
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Figure 1: Excitation functions of the sum of the (n,t), (n,n’d), and (n,p2n) reactions calculated using 
TALYS. A concave part of a curve corresponds solely to (n,t) reaction. Above a characteristic 

inflection point, which depends on a target nucleus, other reaction channels become important.

0.00001

0.001

0.1

10

14 16 18 20 22 24
Neutron energy [MeV]

C
ro

ss
-s

ec
tio

n 
[m

b]

50Cr(n,X)48V

92Mo(n,X)90Nb

54Fe(n,X)52Mn

58Ni(n,X)56Co

102Pd(n,X)100Rh

204Pb(n,X)202Tl

46Ti(n,X)44Sc

90Zr(n,X)88Y

	  

Figure 2: Cross-sections of 50Cr(n,t)48V reaction measured to date [7-10] are compared  
with evaluated data libraries, cross-section systematics, and TALYS calculations
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Figure 3: Cross-sections of 58Ni(n,t)56Co reaction measured to date [7,10-13] are compared  
with evaluated data libraries, cross-section systematics, and TALYS calculations
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Figure 4: Cross-sections of the 54Fe(n,t)52Mn reaction measured to date [8,9,12,16-19] are compared 
with evaluated data libraries, cross-section systematics, and TALYS calculations. Experimental cross-
sections for isomeric (M), ground state (G), and their sum (G+M) are distinguished by different colours.
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Figure 5: Cross-sections of the 46Ti(n,t)44Sc reaction measured to date [7-15] are compared with 
evaluated data libraries, cross-section systematics, and TALYS calculations. Experimental cross-

sections for isomeric (M), ground state (G), and their sum (G+M) are distinguished by different colours.
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Figure 6: Cross-sections of the 92Mo(n,t)90Nb reaction measured to date [7,9,20] are compared  
with evaluated data libraries, cross-section systematics, and TALYS calculations
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Figure 7: Cross-sections of the 90Zr(n,t)88Y reaction measured to date [15] are compared  
with evaluated data libraries, cross-section systematics, and TALYS calculations
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Figure 8: Cross-sections of the 102Pd(n,t)100Rh reaction measured to date [7] are compared  
with evaluated data libraries, cross-section systematics, and TALYS calculations
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Figure 9: Cross-sections of the 106Cd(n,t)104Ag reaction measured to date [16] are compared with evaluated 
data libraries, cross-section systematics, and TALYS calculations. Experimental cross-sections for 

isomeric (M), ground state (G), and their sum (G+M) are marked by different colours. TALYS calculations 
of M and G are shown up to 20 MeV, because (n,n’d) reaction becomes important for higher energies.
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Figure 10: Cross-sections of the 112Sn(n,t)110In reaction measured to date [16] are compared with 
evaluated data libraries, cross-section systematics, and TALYS calculations. Experimental cross-
sections for isomeric (M), ground state (G), their sum (G+M) are distinguished by different colours.
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Figure 11: Cross-sections of the 204Pb(n,t)202Tl reaction measured to date [15,16] are compared  
with evaluated data libraries, cross-section systematics, and TALYS calculations
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Figure 12: Cross-section systematics of the 96Ru(n,t)94Tc reaction are  
compared with evaluated data libraries and TALYS calculations
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Materials and methods

Selection of samples
When using samples of natural isotopic abundance, the (n,t) reaction can be measured free from 
interferences for the stable isotope that has the lowest number of neutrons among the stable 
isotopes of one element (i.e. an isotope on the neutron deficient side of the valley of stability, see 
Figure  14) by the proposed method. If the (n,t) reaction on this isotope leads to a β--radioactive 
isotope with appropriate half-life and g-lines, then, g-spectrometry can be used to determine the 
activity of a residual nucleus and the (n,t) cross-section may be deduced.

Contributions from other isotopes of the same element can be excluded in the considered 
energy region (14-22  MeV), but it is necessary to pay attention to elemental purity of samples, 
because of possible interferences with other reactions on other nuclides. The most important 
candidate interference is with the (n,2n) channel from an isotope that has one proton less (the 
isotope that is under the investigated isotope in the chart of nuclides). For example, in the case of 
the 46Ti(n,t) reaction there is a possible interference with the 45Sc(n,2n) reaction, see Figure 14.

Figure 13: The excitation function of 24Mg(n,t)22Na reaction calculated with TALYS
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Figure 14: Depiction of the (n,t) reaction on the chart of nuclides. Four examples  
of isotopes selected as feasible for our experiments (58Ni, 54Fe, 50Cr, 46Ti) and the  

possible interference with the (n,2n) channel are shown. Adapted from [21].
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The (n,t) cross-sections around 15 MeV are roughly 50 μb, while the (n,2n) cross-sections are 
about 500 mb. To suppress the (n,2n) channel down to 1% of the (n,t) cross-section, the maximum 
permitted level of impurity is ~ 10-6. For example, the ratio of the amount of 45Sc nuclei to the amount 
of 46Ti nuclei in a sample should not be bigger than 10-6.

Neutron source
We use the Van de Graaff accelerator at IRMM in Geel, Belgium, for the production of quasi-mono-
energetic neutrons via the T(d,n)4He reaction. Deuteron beams with kinetic energies of 1–4 MeV 
and currents of about 10 μA directed to a solid T/Ti target (with the thickness of 2 mg/cm2 on a Au 
backing) produce quasi-monoenergetic neutrons with energies between 16.1 and 20.7 MeV in the 
forward direction and down to 13 MeV at backward angles. Typical neutrons fluxes are up to 108 n 
sr-1s-1.

Neutron energies are calculated using the EnergySet code [22] based on the reaction tables of 
Ref. [23] and the stopping powers of Ref. [24]. Neutron spectra measurements at the IRMM VdG were 
performed recently using the time-of-flight technique  [25]. A detailed measurement of neutron 
spectra will be carried out soon using a single crystal diamond detector [26].

Absolute neutron fluences are measured using thin foils from materials with well known 
excitation functions in the considered energy region and with similar threshold energies as those 
of the (n,t) reactions, see Figure 15. The time dependence of the neutron flux is measured by a long 
counter detector in relative terms [27].

g-spectrometry
Activated samples and monitor foils are measured in the IRMM VdG laboratory with a HPGe 
spectrometer (100% rel. efficiency) surrounded by a 10 cm Pb shielding (of which the inner 3 cm are 
low in 210Pb) with an inside 1 mm Cu layer.

In the case of a low activity measurement, samples are measured in IRMM’s Ultra Low-level 
Gamma-ray Spectrometry (ULGS) facility located in the underground laboratory HADES, on the 
premises of SCK∙CEN, situated at a depth of 225 m. Seven HPGe spectrometers are presently in 
operation there; all detectors are constructed using specially selected radiopure materials optimized 
for use underground. The detector shieldings are composed of 15-20 cm of Pb lined with 5-15 cm 
of electrolytic Cu. The best present value of background is 220 counts/day/kg of Ge (in the energy 
region 40-2700 keV) [28].

Figure 15: Examples of excitation functions of neutron fluence monitors:  
93Nb(n,2n)92mNb [29], 90Zr(n,2n)89Zr [30], 59Co(n,2n)58Co [30]
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The chromium experiment

The 50Cr(n,t)48V reaction is the first one we measured and is described in detail in this section. The 
experimental data at 14.6 MeV measured by liquid scintillation technique differ by a factor of 3; 
huge discrepancies (five orders of magnitude) are observed between the experimental data and 
theory, see Figure 2. This energy region is especially intricate as it is a steeply increasing part of the 
excitation curve.

Experimental data at higher energies were measured recently using g-spectrometry [10]. Good 
agreement can be seen for experimental data and TALYS calculations in the region between 18 
and 21 MeV. The experimental point at 17.3 MeV is twice as much as the TALYS calculation. This 
could indicate that TALYS underestimates cross-sections for En  <  18  MeV. The JENDL-3.3 library 
underestimates experimental data in the whole energy range.

We decided to repeat the 17.3 MeV experiment in order to check if we get the same result as 
V. Semkova et al.  [10] and to measure 50Cr(n,t)48V at two lower neutron energies to prove whether 
early experimental data or TALYS calculations correspond to reality.

Irradiation
The expected low cross-sections (~10-100 μb) required massive samples and long irradiation time. 
Three natCr samples (4.345% abundance of 50Cr) in form of discs with 5 mm in thickness and 30 mm 
in diameter (m ≈ 25 g) were irradiated at the same time. The 3.5 MeV deuteron beam was directed 
to a tritium target and the produced neutron field was used to irradiate the three Cr samples. 
They were placed at the angles of 95°, 81°, 63° with respect to the incident deuteron beam, which 
resulted in the irradiations with neutrons with the energies of (15.0±0.6), (16.0±0.4), (17.3±0.4) MeV, 
respectively.

Thin foils of Zr (0.15  mm thick) and Nb (0.05  mm thick) were used as beam monitors, see 
Figure 15. They were placed in front of and behind each Cr sample.

Measurement
After 12 days of irradiation, the activities of monitor foils were measured with a HPGe detector at 
IRMM. The Cr samples were transported to the HADES laboratory, where each sample was measured 
on two different HPGe detectors (a 60% rel. eff. coaxial detector and a 50% rel. eff. planar detector - 
BEGe-type); a single measurement lasted about 7 days. The Cr samples were placed in special Teflon 
containers with centring rings, in order to assure that the samples are placed in the centre of each 
container. The distances between a Cr sample and a detector endcap were 1.8 and 2.0 mm (for the 
two different detectors used).

The 48V activities in the samples immediately after the irradiation were ~ 100 mBq. The total 
sample activities were dominated by 51Cr (~ 10 kBq) coming from the 52Cr(n,2n)51Cr reaction, but the 
detection limits of 48V were not seriously affected due to the lower energy of the 51Cr g-ray (320 keV).

Data analysis

Data analysis was performed using the two following g-lines of 48V (T1/2 = 15.9735 d): Eg = 983.525 keV 
with Ig = 99.98% and Eg = 1312.106 keV with Ig = 98.2% [31]. Standard spectroscopy corrections were 
applied to calculate the number of produced 48V nuclei in each Cr sample; the neutron fluences 
obtained from monitor foils were used to calculate the 50Cr(n,t)48V cross-sections.

The EGS4 (Electron–Gamma–Shower) Monte Carlo code [32] was used to simulate the full energy 
peak efficiencies of the HPGe detectors. The simulations were based on the following data:

•	 the measured dimensions and estimated composition of samples (homogeneous activity 
distribution in samples assumed),

•	 the manufacturer’s information on dimensions of HPGe detectors,
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•	 the dimensions of Ge deadlayer and crystal position when cooled derived from detector 
radiographs followed by experimental calibration measurements performed with standardized 
point-like sources.

EGS4 was also used for the determination of cascade coincidences, which resulted in the correction 
factor of up to 40%. Isotropic and uncorrelated g-ray emissions were assumed.

The reported uncertainties are the combined standard uncertainties (coverage factor k=1). The 
following components contribute to the total uncertainties:

•	 the uncertainty of the efficiency determination (which is about 5%, as obtained through 
validations in proficiency testing exercises [33]),

•	 the systematic uncertainty caused by inhomogeneous activity distribution inside Cr samples 
(about 2% as estimated from EGS4 simulations),

•	 the statistical uncertainty of the Gaussian fit of g-peaks (2-7%).

Other sources of uncertainties like measurement time, half-life, g-emission probability are 
negligible (less than 0.1%).

Results and discussion

The measured cross-sections are plotted in Figure 16. The cross-section at 17.3 MeV is slightly higher 
than the one measured by V. Semkova  [10], but still in a reasonable agreement. The trend down 
to lower energies is clear - the cross-sections at 15 and 16 MeV are significantly below the earlier 
experimental data at 14.6  MeV. At the same time, they are one order of magnitude higher than 
TALYS and JENDL-3.3 at 16 MeV and two orders of magnitude higher at 15 MeV.

Large uncertainties in neutron energies are due to the big size of the samples covering large 
angles and resulting in broad neutron spectra in each sample. Because the high energy part of the 
neutron field passing a Cr sample contributes more to the reaction rate than the low energy part, 
the effective cross-section at the mean energy is not close to the actual cross-section at the mean 

neutron energy taken in the usual sense 〈E〉1 =
EfdE∫
fdE∫

. Instead we investigated whether a closer 

match would be obtained with a mean energy given by 〈E〉2 =
EsfdE∫
sfdE∫

. To determine this energy an 

energy dependence of the cross-section must be assumed. The excitation function s (E) was fitted 
with the power law s (E) ~ Ea for the two cases – the experimental trend and the TALYS prediction 
(the JENDL prediction gives almost the same a-coefficients in the 15-17.3 MeV region). The required 

Figure 16: Experimental cross-sections of 50Cr(n,t)48V reaction (data presented in this paper are 
highlighted in red) compared with JENDL-3.3, cross-section systematics, and TALYS calculations
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neuron spectra were obtained from EnergySet. In addition, the cross-sections values were corrected 

according to the calculated difference between 〈s〉 =
sfdE∫
fdE∫

 and s(〈E〉2) for the power law.

The corrected cross-sections at the corrected mean energies are plotted in Figure  16. It is 
obvious that they are strongly model dependent. The next apparent finding is that even the TALYS-
based correction does not help to reach agreement between the measured values and the TALYS 
calculations. In fact, the excitation curve from either set of corrected values remains unaltered. 
The experimental results show that TALYS strongly underestimates the excitation curve in the 
15-17 MeV energy region and it seems that the excitation curve has a more moderate slope in this 
energy region, while the steep part is at lower energies.

Conclusion and outlook

We measured the cross-sections of 50Cr(n,t)48V at 15-17.3 MeV. The trend of the results confirm that 
while early experimental data at 14.6 MeV are strongly overestimated, the calculations performed 
with the default version of TALYS strongly underestimate the excitation curve in the measured 
energy region.

We intend to perform fine tuning of TALYS nuclear models parameters for the description of 
triton emission. The reason for systematic overestimations of data at 14.6 MeV is also an issue to 
investigate.

We plan to measure 50Cr(n,t)48V at 14 MeV and (n,t) cross-sections for other isotopes between 15 
and 21 MeV. To suppress the large uncertainties in neutron energy, we consider to repeat some of 
the measurements using larger target-sample distances, which should be possible as the counting 
statistics were sufficient.
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