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Abstract. The code NEDIS allows the calculation of neutron production rate and continuous energy spectra due to 
(α,n) reaction on Li, Be, B, C, O, F, Ne, Na Mg, Al, Si, P, S, Cl, Ar, K, and Ca. It accounts for anisotropic angular 
distribution of neutrons of (α,n) reaction in centre-of- mass system and dimensions of alpha emitting source material 
particles. Spontaneous fission spectra are calculated with evaluated half-life, spontaneous fission branching, ν-
averaged per fission, and Watt spectrum parameters. The results of calculations by NEDIS can be used as input for 
Monte Carlo simulation for materials that will be used in radiation shielding and for underground neutron 
experiments 

1 Introduction 

The code NEDIS has been developed for simulation 
of neutron production rate and spectra due to (α,n)-
reactions and spontaneous fission for using in non-
destructive assay of plutonium in technology process of 
nuclear fuel fabrication and reprocessing [1,2]. The 
development has required the accumulation and 
evaluation of measured and calculated (α,n)-reaction 
cross-sections and angular neutron distributions for the 
individual levels of the residual nucleus, α-particle 
stopping cross-section data and the actinides decay 
constants. Today the code library includes (α,n)-reaction 
data for the light target nuclides in the Table 1 for alpha-
particle energy less 9 MeV [3]. The code library has α-
decay information for 58 heavy nuclides from 210Pb to 
254Cf and 36 actinides have the spontaneous fission mode.  
 The neutron production code NEDIS2.0 was 
benchmarked using the following data: experimental 
measurements of thick-target yields of (α,n)-neutrons 
from Be, BeO, BN, C, UC, UO2, Mg, Al, Si [4]; 
experimental data of thick-target neutron spectra of (α,n)-
reaction from B, C, O, Mg, F, Al, Si, Al2O3, SiO2 
measured in energy-tunable alpha-particle accelerator [5]; 
experimental measurements of thick-target (α,n)-reaction 
yields and neutron spectra from compounds of actinides 
with light elements [6-8]. In this report we present some 
data of neutrons yields and spectra from (α,n)-reactions 
and spontaneous fission. 
 
2 Calculation of neutron yields and energy 
spectra 

 
The heavy nuclides in materials produce MeV α-

particles. These α-particles interact with the nucleus in a 

thick target of light elements and yield neutrons. The 
neutron yield is calculated by: 
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where Eth –is the energy of threshold, Eα –is the initial 
energy of the α-particle, ε –is atomic stopping power [9], 
σtot total cross-section of the (α,n)-reaction. For an 
arbitrary primary α-particle spectrum the neutron yield is 
calculated by: 
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where P(Eα) number of α-particles with energy more than 
Eα. 
2.1. Method of (α,n) neutron spectrum 
calculation 
 

The differential neutron yield in the reaction (α,n) 
within the solid angle Ω* in the centre-of-mass system 
(CMS) for an individual state of the residual nucleus is 
given by the expression  
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 is the differential reaction cross 

section, which is expediently expressed as an expansion 
in Legendre polynomials 
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Putting (4) to the (3) and after transformation from solid 
angle in the CMS to energy En in laboratory system the 
differential neutron yield in the reaction (α,n) is obtained  
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where I(Eα) Jacobian of the transformation is equal to 
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as the energy of neutron and cos(θ*) is coupled by the 
expression 
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where R(Eα)=En(Eα,0○)-En(Eα,180○), function γ( Eα ) is 

the ratio of velocity CMS in laboratory system  to 
velocity of neutron in CMS. After all appropriate 
transformation and integration with respect to Eα, the 
neutron spectrum of the (α,n)-reaction is obtained 
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The limits of integration X(En) and Y(En) are determined 
by the kinematics of the reaction [10]. 
 The neutron spectrum of a mixture of elements may 
be determined from the formula for an arbitrary primary 
α-particle spectrum by 
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where i is the level of the residual nucleus as a result of 
reaction with the j-th isotope of the k-th element; j is the 
isotope of the k-th element participating in the (α,n)-
reaction; k is the element of the j-th isotope which is 
involved in the (α,n)-reaction; β is a particular element in 
the mixture, 1≤β≤L; L is the number of elements in the 
mixture; Nβ, Nk are the numbers of atoms of the 
corresponding element in unit volume of mixture; RATj,k 
is the ratio of the number of nuclei of isotope j which 
involved in the (α,n)-reaction to the total number of 
nuclei of element k or atomic abundance [11]; P(Eα) is 
the number of α-particles with energy more than Eα in an 
arbitrary primary α-particle spectrum; fi,j,k(En,Eα) is  the 
angle component expansion of cross-section in Legendre 
polynomials. The limits of integration are determined by 
the kinematics of the reaction to the ground state and 
each of the excited states of the residual nucleus. 

Gauss method [12] with 20 knots is used with 
prescribed accuracy for the calculation equation (9) in the 
code NEDIS2.0. The code such as SOURCES4C [13] 
calculates the neutron yield of many sources assuming 
isotropy of neutron emission and sometimes homogeneity 
in constitution. SOURCES performs trapezoidal 
intergration in each alpha particle user discretised energy 
group to obtain the (α,n) spectrum contributions and total 
spectrum. It is restricted to alpha energies up to 6.5 MeV. 

The code as USD [14] did not compute the continuous 
retardation of the α-particles correctly. 

Table 1. Light nuclides data available in NEDIS-2.0 library 

Nuclide Atomic 
abundance, 

[11]  

Reaction Reaction 
threshold, 

MeV 

Number of levels, 
(last level energy) 

6Li 7.59 6Li(α,n)9B 6.619 1(0.0) 

7Li 92.41 7Li(α,n)10B 4.38 4(2.154) 

9Be 100 9Be(α,n)12C 0 4(9.611) 

9Be 100 9Be(α,n)34He 2.272 2(0.42) 

10B 19.9 10B(α,n)13N 0 9(8.00) 

11B 80.1 11B(α,n)14N 0 11(7.03) 

13C 1.108 13C(α,n)16O 0 5(7.117) 

14N 99.632 14N(α,n)17F 6.088 2(0.495) 

17O 0.038 17O(α,n)20Ne 0 5(5.618) 

18O 0.205 18O(α,n)21Ne 0.851 7(5.337) 

19F 100 19F(α,n)22Na 2.36 29(5.174) 

21Ne 0,27 21Ne(α,n)24Mg 0 5(5.236) 

22Ne 9,25 22Ne(α,n)25Mg 0,57 9(3.405) 

23Na 100 23Na(α,n)26Al 3.485 29(4.22) 

25Mg 10.00 25Mg(α,n)28Si 0 9(7.80) 

26Mg 11.01 26Mg(α,n)29Si 0 5(3.069) 

27Al 100 27Al(α,n)30P 3.027 20(4.80) 

29Si 4.6832 29Si(α,n)32S 1.736 10(5.80) 

30Si 3.0872 30Si(α,n)33S 3.959 11(4.21) 

31P 100 31P(α,n)34Cl 6.380 1(0.0) 

33S 0.76 33S(α,n)36Ar 2.244 2(1.970) 

34S 4.29 34S(α,n)37Ar 5.176 1(0.0) 

35Cl 75.78 35Cl(α,n)38K 6.530 1(0.0) 

37Cl 24.22 37Cl(α,n)40K 4.292 21(3.52) 

38Ar 0.0629 38Ar(α,n)41Ca 5.774 1(0.0) 

40Ar 99.604 40Ar(α,n)43Ca 2.506 15(5.70) 

41K 6.73 41K(α,n)44Sc 3.727 21(3.10) 

42Ca 0.647 42Ca(α,n)45Ti 5.683 1(0.0) 

43Ca 0.135 43Ca(α,n)46Ti 0.0 1(0.0) 

44Ca 2.086 44Ca(α,n)47Ti 2.381 1(0.0) 

46Ca 0.004 46Ca(α,n)49Ti 0.241 1(0.0) 

48Ca 0.178 48Ca(α,n)51Ti 0.144 1(0.0) 

 
2.2. Method of neutron spectrum 

calculation of spontaneous fission (SF)  
 
Spontaneous fission spectra are calculated with 

evaluated half-life, spontaneous fission branching, ν-
averaged per fission, and Watt spectrum parameters. The 
currently available nuclear data relevant to the 
spontaneous fission neutron yields are presented in [15]. 
Neutron multiplicities were similarly taken from [15]. 
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The energy spectrum of neutrons emitted by the 
spontaneous fission of 36 actinides is described by a Watt 
formula: e-E/a·sinh(b·E)1/2, where E is the neutron energy, 
and a and b are the radionuclide-specific fission 
parameters obtained from the NEDIS2.0 data library. The 
parameter a (temperature) deals with the neutron 
multiplicity by the Terrell formula [16] with our new 
coefficients for spontaneous fission 

a=0,48+0,2(1+ SFν )1/2  (10) 
The parameter b is determined by this temperature and 
average kinetic energy per nucleon of spontaneus fission 
products which is equal to Ef=0,76 MeV in NEDIS2.0 
data library 

b=4Ef/a2=3,04/a2   (11) 
In this case the average energy of neuron spectrum of 
spontaneous fission is equal to 

<E>=Ef+(3/2)*a=1,48+0,3*(1+ SFν )1/2 (12) 
or   <E>=1,5a+0,25a2b               (13) 

The parameters of some nuclides are presented in the 
Tables 2 and 3 in comparison with [17-19]. 

Table 2. Radionuclide-specific fission parameters 

Nuclide 
The parameter a 

NEDIS SOURCES [19] 

U-238 0.827 0.6483 0.8366 
Pu-240 0.8355 0.795 0.7989 
Cm-248 0.8855 0.8084 - 
Cf-252 0.916 1.025 1.025 
Th-232 0.796 0.5934 - 

 The parameter b 
U-238 4.445 6.811 4.339 
Pu-240 4.335 4.689 4.903 
Cm-248 3.877 4.536 - 
Cf-252 3.623 2.926 2.9257 
Th-232 4.755 8.030 - 

Table 3. Average energy of SF spectrum 

Nuclide 
Average energy of spectrum 

NEDIS SOURCES [17] Exp.[18,19] 
U-238 2.001 1.688 2.014 - 
Pu-240 2.013 1.933 1.981 2.04±0.04 
Cm-248 2.088 1.954 - 2.07±0.02 
Cf-252 2.134 2.306 2.306 2.13±0.01 
Th-232 1.954 1.597 - - 

3 Results of calculation of neutron yields and 
energy spectra 

3.1. 227Ac-13C , 244Cm-13C and 210Po-13C  sources 
of neutrons 

Neutron spectral measurements have been reported 
[6] for two mixtures, one contains 227AcO2 with daughter 
products and the second contains dioxide 244CmO2 mixed 
with 13C powder target material and [7] for 210Po-13C 
source of neutrons . The neutron yields calculated by 
NEDIS-2.0 are in satisfactory agreement with 

measurements for radius of 227AcO2 ~1 µm and radius of 
244CmO2 ~12.8 µm. The spectra calculated by NEDIS-2.0 
and measured in [6,7] are presented in Fig.1, Fig.2,  and 
in Fig 3. Discrepancies in spectra are expected due to 
slowing-down of the neutrons in encapsulated sources 
and in the detector. 

 
   Energy of neutrons, MeV 
 
Fig. 1 - 227Ас-13C  neutron spectra (1-calculated by 
NEDIS-2.0, 2 – measured) 
 

 
Energy of neutrons, MeV 

 
Fig. 2 - 244Cm-13C neutron spectra (1-calculated by 
NEDIS-2.0, 2 – measured, 3 – spontaneous fission 
spectrum) 
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Fig. 3 – 210 Po-13C neutron spectra (1-calculated by 
NEDIS-2.0, 2 – measured [7] ) 

dN
/d

E
, s

-1
· k

eV
-1

 
dN

/d
E

, s
-1

· k
eV

-1
 

    
 

DOI: 10.1051/, 07033 (2017) 715301EPJ Web of Conferences 53 epjconf/201
ICRS-13 & RPSD-2016

7033

3



3.2 241Am(Au)-13C plane source of neutrons for 
calibration in Daya Bay experiment  

 The NEDIS2.0 has been used to calculate the 
neutron yield and spectra from the  source [8]. P(Eα) - the 
number of α-particles with energy more than Eα was 
calculated in continuous-retardation approximation, 
neglecting fluctuations in the α-particle energy loss due to 
scattering and inelastic collision in Am, in 1.1 µm gold 
and 13C. Results are presented in Fig.4 and in Table 4, 
which are in agreement with an assay of [8].  
 
Rel.Units 

 
 
Fig. 4 – 241Am(Au)-13C neutron spectra (1-calculated by 
NEDIS-2.0, 2 –isotropic in CMS (α,n cross section from 
JENDL [20]). 

Table 4. Neutron yields due to 13C(α,n)16O reaction. 

Thickness 
of 241Am 
disc(µm) 

Deposit 
thickness 

of Au 
(µm) 

Neutron yield(s-1) 
Ground of 

16O 
1-st 

(6,049 
MeV) 

2-nd (6,13 
MeV) 

1 0 3,62 0,400 0,048 
4 0 2,52 0,109 0,0124 
1 0,7 1,983 5,47e-03 3,43e-06 
1 1 1,7 5,51e-07 0,0 
1 1,1 1,622 0,0 0,0 
2 1 1,47 2,75e-07 0,0 
3 1 1,28 1,84e-07 0,0 
4 1 1,11 1,38e-07 0,0 
4 1,1 1,056 0,0 0,0 
5 1 0,955 1,10e-07 0,0 

 
 
3.3 Decay-induced neutrons 
 
 Table 5 presents earlier values not updated in a long-
time of the neutron yield per 106 α-particle in the 
materials given by the experiments [21,22] and present-
day ones by the NEDIS code which assumes secular 
equilibrium in the decay chains of 238U and 232Th. The 
results of calculation presented in the Table 5 are in 
satisfactory agreement with the measurements may be 
used to compare and benchmark new codes to estimate 
uncertainty of the (α,n) neutron yield calculations for a 
number of materials that are used and will be used for 
construction of dark matter detectors [14]. 

Table 5. Neutron yield (per 106  α-particles) due to 
presence of 238U and 232Th in secular equilibrium 
[21,22].  

material 
U-238 Th-232 

Measurem
ent 

NEDIS Measurem
ent 

NEDIS 

Be 92±13 79,6±2,4 126±15 118±3 
BeO 33±4 29,3±0,9 47±5 43,2±1,4 

B 21±3 19,1±0,8 27±4 25,1±1,1 
H3BO3 3,1±0,5 3,25±0,12 - 4,26±0,17 

C 0,17±0,04 0,14±0,01 0,31±0,08 0,23±0,01 
CaF2 7,0±2,2 4,84±0,33 11,2±3,2 8,1±0,5 
CaF2  5,7±1,0 4,84±0,33 10,2±2,2 8,1±0,5 
NaF 6,8±2,1 4,75±0,32 12,7±4,5 11,1±0,5 

Na2CO3 1,7±0,3 1,44±0,14 3,3±0,5 2,93±0,3 
Al 1,5±0,2 1,52±0,05 3,2±0,3 3,3±0,1 
Al  1,47±0,15 1,52±0,05 3,2±0,3 3,3±0,1 

Al2O3 0,8±0,1 0,78±0,04 1,8±0,2 1,67±0,08 
Mg  2,1±0,4 1,71±0,06 3,6±0,5 3,21±0,12 
Mg  1,6±0,2 1,71±0,06 3,1±0,4 3,21±0,12 

SiO2  0,13±0,02 0,134±0,011 0,27±0,05 0,25±0,02 
Si 0,26±0,06 0,21±0,02 0,51±0,11 0,43±0,03 

K2CO3  0,12±0,03 0,10±0,01 0,25±0,06 0,21±0,02 

Neutron spectra due to presence of 238U in secular 
equilibrium for Li,F,O,B,C and Be are presented in Fig.5. 
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Fig. 5–Neutron spectra calculated by NEDIS-2.0.  
 
 
3.4 Plutonium oxide 
 
 Measured total neutron yields from five plutonium 
oxide samples were collected in paper [23]. Two samples 
were measured at the Japan Atomic Energy Research 
Institute (JAERI) with using neutron coincidence counter 
and others at Oak Ridge National Laboratory (ORNL), 
Savannah River Plant (SRP), and at Pacific Northwest 
Laboratories (PNL). Results of calculations and 
measurements are given in Table 6. Measured and 
calculated neutron yields are in satisfactory agreement. 
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Table 6. Calculated and measured source magnitudes for 
several plutonium oxide samples 

SAMPLE NEUTRONS/S 

MEASURED SOURCES NEDIS-2.0 
JAERI-1 sf (184.7±4.8) 215 209.5 

 α,n (157.8±9.8) 138 135.5 

 tot (342.6±8.6)  353 345 

JAERI-2 sf (42.1±1.1) 48 46.4 

 α,n (51.3±2.5) 54 54.3 

 tot (93.4±2.3)  102 100.7 

ORNL (868±9) 102 853 102 834 102 

SRP (855±13) 103 867 103 864 103 

PNL 2.3 105 2.39 105 2.34 105 

 
 
3.5 Borosilicate glass 
 
 The total neutron emission has been measured [24] 
at the Savanna River Laboratory from three glass samples 
doped with PuO2 where mass fraction of 238Pu ~ 90%. 
The results of measurements are compared with 
calculated neutron yields using NEDIS-2.0 and 
ORIGEN-S [25] codes in Table 7. 
 
Table 7. Borosilicate glass results of emission rate  
 

GLASS 
SAMPLE 

MASS 
OF 

PU-238 
(mg) 

NEUTRONS/S 
MEASURED ORIGEN-S NEDIS-

2.0 

1 10.8 4810 5571 5682 
2 1.03 473 532 542 
3 0.364 170 188 192 

 
It was noted in [24] the uncertainty in the content of 238Pu 
in the glass was about 5% and yields may be 
underestimated by as much as 10% due to the calibration 
with 252Cf source (spectral differences). However, the 
dimensions of particles of PuO2 in glass may be   ~ 0.1-5 
µm [26]. For 1.5 µm radius of particles NEDIS-2.0 
outputs 4970, 474, 168 n/s and agreement with the 
measurements are ~ 3%. The predicted neutron source 
spectra from the glass sample 1 are illustrated in Fig.6. 
 

 
            Energy of neutrons, MeV 
 
Fig. 6 - Energy dependent neutron source strength in 
glass sample 1 as calculated by 1-NEDIS-2.0 with 
account for radius of PuO2 particles and 2- ORIGEN-S . 

4 Conclusions  

 There is a growing need for high-accuracy (α,n)-
yields and spectra from compounds of actinides and light 
elements in different nuclear technology mediums  (as an 
example LiCl+KCl) due to interest in using neutron 
measurements for nuclear fuel fabrication and 
reprocessing plant safeguards and nuclear material 
accountancy. Improving these calculations will ultimately 
help safeguards professionals make better measurements 
with fewer resources. More broadly, computer codes such 
as MCNP are now being used to simulate shielding, 
require accurate continuous neutron spectrum and 
magnitude as input. The availability of accurate data is 
critical in these scenarios. The code NEDIS-2.0 is a 
useful and flexible computational tool for the accurate 
analysis of neutron emission rates and energy spectra of 
different materials of nuclear fuel cycle. 
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