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UDC 539.17.013 

INVESTIGATION OF THE 93Nb NEUTRON CROSS-SECTIONS IN RESONANCE ENERGY RANGE

Yu.V.Grigoriev, V.Ya.Kitaev, B.V. Zhuravlev,V.V.Sinitsa,  
Institute of Physics and Power Engineering,Obninsk, Russia 

S.B.Borzakov,H.Faikov-Stanchik , G.Ilchev, Zh.V.Mezentseva , Ts.Ts.Panteleev 
Frank Laboratory of Neutron Physics, JINR, Dubna, Russia 

G.N.Kim 
University of Science and Technology, PAL, Pohang, Korea 

The results of gamma-ray multiplicity spectra and transmission measurements for 93Nb in energy range 
21.5 eV-100 keV are presented. Gamma spectra from 1 to 7 multiplicity were measured on the 501 m and 
121 m flight paths of the IBR-30 using a 16-section scintillation detector with a NaI(Tl) crystals of a total 
volume of 36 l and a 16-section liquid scintillation detector of a total volume of 80 l for metallic samples 
of 50, 80 mm in diameter and 1, 1.5 mm thickness with 100% 93Nb. Besides, the total and scattering 
cross-section of 93Nb were measured by means batteries of B-10 and He-3 counters on the 124 m, 504 m 
and 1006 m flight paths of the IBR-30. Spectra of multiplicity distribution were obtained for resolved 
resonances in the energy region E=30-6000 eV and for energy groups in the energy region E=21.5 eV-
100 keV. They were used for determination of the average multiplicity, resonance parameters and capture 
cross-section in energy groups and for low-laying resonances of 93Nb. Standard capture cross-sections of 
238U and experimental gamma-ray multiplicity spectra were also used for determination of capture cross-
section 93Nb in energy groups. Similar values were calculated using the ENDF/B-6 and JENDL-3 evalu-
ated data libraries with the help of the GRUKON computer program. Within the limits of experimental er-
rors there is observed an agreement between the experiment and calculation, but in some groups the ex-
perimental values differ from the calculated ones. 

Introduction 

Niobium is widely used material in the atomic reactors. It is in all energy reactors as ligature part of construc-
tion materials and as the fission product of a fuel. In connection with this, the measurements of neutron capture, 
scattering and total cross-sections for the 93Nb and its self-shielding coefficients in resonance energy range are nec-
essary because of theirs insufficient accuracy. Recently, we already carried out the measurements of the transmis-
sions and self-indication functions for obtaining the average resonance parameters of 93Nb in the energy range 
0.465  – 200 keV [1]. Until now, it is essential to study the neutron capture cross-section, a resonance self - shield-
ing effect and their temperature dependence. Now we have started the 93Nb neutron capture and total cross-section 
measurements within 21.5 eV – 100 keV resonance energy region. 

Experimental technique 

The measurements of the neutron capture and total cross-sections were carried out on the 121 m (124 m) neu-
tron flight paths of the IBR-30 (W = 10 kW, f = 100 Hz,  = 4 sec) with 16-section liquid scintillation detector of 
volume 80 l (the neutron 10B detector) (setup Parus) and on the 501 m (503 m) ones with 16-section NaI(Tl) detector 
of volume 36 l (setup Romashka) [2] and with the neutron 3He detector also. The general scheme of the multisec-
tional liquid detector is given in Fig. 1.  

The holes of the lead collimators in front of the liquid and NaI(Tl) -detectors were 70 mm and 60 mm diame-
ter. The B4C filters were placed in the beam for removing of recycled neutrons with the energy less than 0.8 eV 
(121 m) and 13 eV (501 m). Two metallic niobium samples with thickness of 1 mm and 1.5 mm and with the 50 mm 
and 80 mm diameters were used as the radiator samples in the liquid and NaI(Tl) detectors. The U3O8 powder with 
uranium-238 (99.999%) and by weight of 3.86 g, contained in the aluminum tank with the 46 mm inside diameter 
and the metallic disc of 238U with the 80 mm diameter and the 0.25 mm thickness, were served as the standard radia-
tor as well.  

                                                          
Permanent address: University of Lodz, Lodz, Poland
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Fig. 1. The time-of-flight spectra of -ray coincidence summed from the 2ed to 3rd multiplicity for 93Nb inside “Ro-
mashka” on 501 m. (The time channel width – 2 sec) 

The detector had a new lead shielding with thickness of 10 cm. The shape of the lead shielding was changed. 
The neutron detector consists of a battery of three boron counters SNM-13 which were placed into a polyethylene 
disc 100 mm in diameter and 15 mm in thickness, was placed at 124 m from the IBR-30 fuel core. One 3He neutron 
counter of SNM-18 type was placed after Romashka on 503 m flight paths. The liquid and NaI(Tl) detectors oper-
ated in the multiplicity coincidence spectrometry conditions. Figs. 2 and 3 show typical apparatus time-of-flight 
spectra. The background components from natural radioactivity are great, and the effect to background ratio for the 
liquid detector in third multiplicity spectrum is 100% in a best case. The background for the boron helium neutron 
detectors are 5-10%. The SNM-12 and SNM-18 counters were used as monitors. 
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The processing technique and the results of measurements 

Some runs of measurements were performed with the help of the liquid (n, ) – detector (121 m) having used in 
turn the 93Nb radiator sample and 238U one. The measurements with the neutron boron detector (124 m) were carried 
out, when the niobium and uranium radiator samples in liquid detector were absent. After the background compo-
nents had been subtracted and the time-of-flight spectra had been brought mutual monitor coefficient, one deter-
mined the quantity pulses in the energy groups of the BNAB constants system [3] over the energy region of 20 eV  – 
 10 keV. Analogous measurements were carried out on the 501 m, 503 m and 1006 m flight paths by means the 
NaI(Tl) detector and the neutron helium detector. The integral counts within the energy groups are connected with a 
neutron flux and the neutron capture cross - section for the thin 238U and 93Nb samples of the following relations: 

 Nc
U/ MU = SUnU< c>

U U(E) (E), Nc
Nb/ MNb = SNbnNb< c>

Nb Nb(E) (E), (1) 

where: MU and MNb are the monitor coefficients for the U and Nb, SU and SNb are the areas , nU and nNb are the 
thickness of radiator samples, U(E) and Nb(E) are the gamma - rays efficiencies of registration , (E) is a neutron 
flux.  

If to suppose that the gamma-rays efficiency of registration for the uranium and niobium samples is the same, 
one may get from relations (1) the expression to determine a capture cross -section according to a known 238U cap-
ture cross-section: 

  < c>
Nb = < c>

U MU SUnUNc
Nb / MNbSNbnNbNc

U (2) 

The mentioned liquid detector made it possible to define the time-of-flight spectra for 16 multiplicities of 
coincidences. However, due to an influence of scattered neutrons in the first three multiplicities, the summary 
spectrum corresponds to the sum of multiplicities from fourth to seventh. A neutron capture was not already 
observed with the eighth multiplicity spectrum.  

After the grouping of total spectra was being done, and the 93Nb - group capture cross-section, according to for-
mula (2), was being determined. The group capture cross-sections for the 93Nb and 238U were obtained by the 
calculation with help GRUKON program [3] on the basis of the estimated data of various libraries also. 

The experimental and calculated values of the group neutron capture cross-sections for niobium-93 and ura-
nium-238 are shown in Table 1. The experimental errors of the capture cross-sections are about 7-10%. It is seen 
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from Table 1 that within the limits of experimental errors an agreement between the experiment and calculation is 
observed, but in the group 17 an experimental value is larger than calculated one. 

The total transmissions were measured on two 93Nb filter samples with thickness of 0.005784 at/b and 
0.0074294 at/b. The group transmissions and observed cross - sections were determined by following formulas: 

Tt (n, E, ) = E (E) (E)e- (E, )ndE/ E (E) (E)dE = (Ns - Fs)M/(No/b - Fo/b),

t
ob = (-lnTt)/n (3), 

where: (E) is the neutron flux, (E) is the detector efficiency, t is the total cross-section, n is the thickness of the 
filter sample, E is the neutron energy ,  is the temperature of the filter sample, Ns and No/b are the detector counts 
with sample and without it, Fs and Fo/b are the detector backgrounds, M is the monitor coefficient, t

ob is the ob-
served total cross-section.  

The group total cross-sections were obtained by extrapolating the observed experimental ones to zero thickness 
of the filter sample, i. e. by multiplication of the observed cross-sections by the calculated coefficients of the self-
shielding:  

  < t >
exp = Ksh t

ob(n), Ksh = < t >cal/ t
cal(n) (4), 

where: < t >
exp and < t >

cal are the experimental and calculated group total cross-sections, 

t
ob(n) and t

cal(n) are the experimental and calculated the group observed total cross-sections for the filter sample n 
at/b thick. 

The experimental and calculated group total and capture cross-sections for niobium-93 uranium-238 are shown 
in Table 1. 

Table 1. 
The experimental and calculated neutron capture cross-sections of the 93Nb and 238U

Ngr Egr(keV) < c>
Nb (b) < c>

Nb[4] < c>
U[4] < t>

Nb(b) < t>
Nb[4]

9 100 46.5 - 0.155 0.262 9.32 0.72 9.06
10 46.5 21.5 - 0.272 0.445 9.23 0.71 8.16
11 21.5 10.0 - 0.441 0.597 8.47 0.73 7.30
12 10.0 4.65 - 0.648 0.814 9.11 0.81 9.27
13 4.65 2.15 - 1.099 1.24 9.21 0.82 11.12
14 2.15 1.0 1.53 0.15 2.758 1.70 10.4 0.97 11.57
15 1.0 0.465 1.19 0.11 1.090 3.32 7.5 0.06 7.81
16 465 215 eV 1.69 0.10 1.995 4.55 - 8.28 
17 215 100 3.00 0.07 3.058 20.3 - 9.19 
18 100 46.5 0.16 0.02 0.147 16.6 - 5.88 
19 46.5 21.5 0.89 0.36 0.413 54.2 - 6.29 
20 21.5 10 - 0.061 0.84 - 6.03 

The group transmissions and cross-sections are averaged over Fermi spectrum. The experimental uncertainties 
of transmissions are 0.2-0.5%, the errors of the total cross-sections are 2-10%. The total transmissions are usually 
measured at n t = 0.2-0.4. This leads to underestimating the average group cross- sections by 20-40% in the region 
of unresovled resonances, if the correction for the resonance self-shielding of the averaged cross-sections is not 
introduced. 

The resonance parameters. The time-of-flight spectra with multiplicities from 2 to 5 were summarized to ob-
tain the radiative cross-section  of 93Nb. The program MINUIT was used for the fitting of resonance parameters.  

Detector count in the i-th channel is presented by the next formulae: 

mDt
t

ni ttdEd))E(t,t(R)E,E(f))nexp(1(SN , (5) 

where n is the flux density, S – is the sample area, t is the total cross-section, - detector efficiency, tm – meas-
urement time. The detector counts is presented as a double integral from Breit-Wigner cross-section with Doppler 
and resolution functions. This method was described in [6]. The Doppler function is taken in the form: 



- 11 - 

))/)EE((exp(
1

f 2
D

D

D , (6) 

where D is the Doppler width, D=2[Ek /(A+1)]1/2, k – the Boltzmann constant,  - the sample temperature, A- 
atomic weight. The resolution function is connected with pulse form of the IBR-30. 

Because resonance widths less considerably than distance between resonances, the radiative capture is negligi-
ble between resonances and this intervals were used to determine a background. The background is described as a 
polynoum function of the energy. 

Table 2. 
The resonance parameters of 93Nb

Er, (eV) n, (meV) (meV) n, (meV) [4] (meV) [4] 

35.85 0.143 0.068 228 30 0.107 0.010 166 30

42.15 0.11 0.04 163 25 0.084 0.008 173 30

94.14 0.45 0.12 194 30 0.314 0.020 170 60
105.65 0.62 0.13 167 30 0.450 0.020 163 60

118.77 5.8 0.33 172 17 3.80 0.16 132 14

193.6 39.5 3.6 320 60 41.0 1.2 125 12

The energy interval, which correspond to time resolution of the installation, is calculated by the formulae 
E=2 tE/t. This interval is shown on Fig. 4. together with Doppler width as function of neutron energy. The points 

correspond to the resonance radiative widths for 93Nb. 
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Fig. 4. The energy resolution of spectrometers 
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Conclusion 

The measurements of the neutron capture cross-sections and transmissions were carried out and using them the 
group total cross-sections of the 93Nb in the 20 eV – 100 keV energy region were determined. The analogous inte-
gral characteristics for the 93Nb were obtained on the basis of the evaluated data of ENDF/B-6 and JENDL-3. The 
experimental and calculated cross-sections have agreement within limits of the experimental errors but ones differ-
ent in 14,16 energy groups for capture cross-sections . 

In the future, we intend to continue the work in this direction to determine self-indication functions in neutron 
capture and on their base to define the resonance self-shielding factors. 
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1. The TENDL neutron data library 



List of nuclei from TENDL 





2. The TEND1038 38-group neutron constant system



EF(T)=7T

Group boundaries in the TEND1038 system   
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EVALUATION OF THE CROSS-SECTIONS OF THRESHOLD REACTIONS 
LEADING TO THE PRODUCTION OF LONG-LIVED RADIONUCLIDES 

DURING IRRADIATION OF STEELS BY THERMONUCLEAR 
SPECTRUM NEUTRONS 

A.I. Blokhin, N.N. Buleeva, V.N. Manokhin, M.V. Mikhajlyukova, 
S.M. Nasyrova, M.V. Skripova

State Scientific Centre - A.I. Leipunsky Institute for Physics and Power Engineering 

Introduction 

Reactions determining the activation of steels 



 Vanadium

 Titanium

Contribution of vanadium isotopes in the production of the long-lived nuclides indicated 

List of reactions and isotopes leading to the production of 39Ar, 42Ar and 
41Ca nuclides during vanadium activation 



Contribution of titanium isotopes in the production of 39Ar, 42Ar and 41Ca nuclides 

List of reactions and isotopes leading to the production of 39Ar, 42Ar and 
41Ca nuclides during titanium activation 

 Chromium.

 Iron

 Nickel



Contribution of chromium isotopes in the production of 39Ar, 42Ar, 41Ca and 53Mn nuclides 

List of reactions and isotopes leading to the production of 39Ar, 42Ar, 41Ca
and 53Mn nuclides during chromium activation 

Contribution of iron isotopes in the production of the long-lived  53Mn, 
60Fe, 60Co, 59Ni and 63Ni radionuclides 



List of reactions and isotopes leading to the production of 53Mn, 60Fe, 60Co,
59Ni and 63Ni nuclides during iron activation 

Contribution of nickel isotopes in the production of 60Co, 59Ni and 63Ni nuclides 

List of reactions and isotopes leading to the production of 60Co, 59Ni and 63Ni nuclides 
during nickel activation 

Method for evaluating the excitation functions 
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REFERENCES 



- 75 - 
01-11405 (132)  [005] 
Translated from Russian

UDC 539.173.84 

8-GROUP RELATIVE DELAYED NEUTRON YIELDS FOR MONOENERGETIC 
NEUTRON INDUCED FISSION OF 239Pu  

8-GROUP RELATIVE DELAYED NEUTRON YIELDS FOR 
MONOENERGETIC NEUTRON INDUCED FISSION OF 239Pu. The 
energy dependence of the relative yield of delayed neutrons in an 8-group 
model representation was obtained for monoenergetic neutron induced 
fission of 239Pu.  A comparison of this data with the available 
experimental data by other authors was made in terms of the mean half-
life of the delayed neutron precursors

The kinetics of power facilities which operate on a nuclear fission chain reaction basis are 
in many ways determined by delayed neutron physical characteristics, especially the relative 
yields, and half-lives, of the individual groups of delayed neutrons.  There is therefore a 
need for these data to be accurate.  As we know, the accuracy of any evaluated nuclear physics 
characteristics depends not only on the quality of an individual experiment, but also on the 
quantity of experiments whose data are used in evaluating and producing recommended data.  
Different criteria are used to assess the reliability of these data depending on the nuclear constant 
type.  No procedure has yet been developed for averaging the data for the group delayed neutron 
parameters ( ) obtained in various experiments, and the recommended data used are derived 
from one experiment [1].  On the one hand, this is attributable to the high quality of Keepin’s 
experimental data [1].  On the other, it has been caused by the lack of any procedure for 
averaging group delayed neutron parameters where there is a strong correlation between the 
group parameters belonging to one specific delayed neutron group and also to various delayed 
neutron groups.  Even if we disregard the influence of various experimental parameters (the time 
taken to deliver the sample to the neutron detector or the time taken to record neutron activity 
decay, background conditions, and so forth) on the degree of correlation between the group 
delayed neutron parameters, we are still left with uncertainty due to insufficient information 
about the primary neutron spectrum.  Most of the basic information accumulated to date on 
relative delayed neutron yields and the half-lives of their nuclear precursors relates to thermal 
neutrons, fast neutrons (the reactor neutron spectra, including the fission neutron spectrum) and 
the neutron spectrum from the ( ) (14 MeV) reaction [2]. 

As discovered in [3], each compound nucleus undergoing neutron-induced fission has a 
specific mean life-time value for the delayed neutron nuclear precursors, which is clearly 
connected with the mean delayed neutron half-life.  Figure 1 shows the mean half-life of delayed 
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neutron nuclear precursors as a function of the nuclear fissility parameter,  for fast neutron 
fission of thorium, uranium, plutonium and americium isotopes. 

 Thus, the mean half-life of delayed neutron precursors, in addition to the reactivity-
asymptotic reactor period, can serve as a reliable criterion for evaluating delayed neutron group 
parameters [4].  In view of this, the energy dependence of the mean half-life of delayed neutron 
precursors during monoenergetic neutron-induced fission of heavy nuclei is of considerable 
interest because analysis of the experimental data specifically in terms of the mean half-life of 
delayed neutron nuclear precursors can be used to establish and investigate the nature of the 
delayed neutron group parameter energy dependence. 

M
ea

n
ha

lf
-l

if
e,

s

Group parameters taken
from the compilation in [2]..

Fig. 1. Systematics of the mean half-life of delayed neutron nuclear precursors during fast 
neutron fission of heavy nuclei. 

 Recently, interest has arisen in an 8-group representation of the time behaviour of delayed 
neutrons, based on a single set of delayed neutron nuclear precursor decay constants averaged 
according to groups for different fissile systems.  From a reactor physics point of view at any 
rate, there are several fundamental reasons for the interest in a new 8-group representation of the 
time behaviour of delayed neutrons based on a single set of delayed neutron nuclear precursor 
decay constants which are group averaged [5].  The primary reason is simplification of the 
dynamic model of a complex system consisting of more than one fissioning isotope.  Thus, for 
example, using a 6-group model to describe the total activity of a delayed neutron system 
comprising 5 fissioning isotopes requires 30 differential equations.  This is because each isotope 
in the system is characterized by its own set of decay constants.  If however 8 decay constants are 
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fixed for all fissioning isotopes, only 8 differential equations are required to describe a system 
comprising 5 fissioning isotopes.

 The second reason for interest in a new representation of the time behaviour of delayed 
neutrons is indicated in [10] and is connected with obtaining a universal set of delayed neutron 
spectra for the individual delayed neutron groups.  The spectra for the first delayed neutron 
group, obtained on the basis of the existing 6-group model for 235U and 238U, differ noticeably.  
In fact, the delayed neutron spectra in the first group should be identical for both isotopes (235U,
238U) as this group corresponds to the dominant delayed neutron nuclear precursor, 87Br.  In the 
new model, the spectra of the first delayed neutron group will be virtually identical for all the 
fissioning isotopes, as the 137I and 87Br delayed neutron nuclear precursors which have similar 
decay constants will correspond to different delayed neutron groups.  In this case, the additional 
contribution from the 137I nuclear precursor will not be included in the first group.

 An important feature of the 8-group representation of delayed neutron time behaviour is its 
lack of any correlational dependence between the delayed neutron half-lives and yields, unlike 
the 6-group representation where this is one of the factors which makes the averaging of data 
relating to different sets of relative delayed neutron yields and half-lives more difficult.  

 This paper aims to:  

1. Measure the energy dependence of the relative delayed neutron yields and the half-
lives of their nuclear precursors during 239Pu nuclear fission in the 0.37-5 MeV 
primary neutron energy range; 

2. Establish a procedure for transferring the data measured into an 8-group model 
representation of delayed neutron time behaviour. 

Experimental method and results 

T(p,n)3He and D(d,n)3He reactions served as the monoenergetic neutron sources.  Tritium 
and deuterium targets were irradiated with an accelerated proton or deuteron beam in the IPPE 
KG-2.5 cascade generator.  The neutron energy distribution from the accelerator target was 
recorded using a 3He neutron spectrometer.

 The measurement procedure involved cyclic irradiation of a 239Pu sample with subsequent 
measurement of the time dependence of the delayed neutron activity decay [6].  The sample was 
transferred from the irradiation position to the neutron detector using a pneumatic device.  
Sample delivery took 150 ms on average.  The delayed neutron activity decay dependence was 
measured for 720s.  The sample irradiation time selected was 300 s.

 Initial processing of the experimental data consisted of summing the delayed neutron 
intensity decay time dependences obtained in the individual measurement cycles.  The 
aggregated delayed neutron activity decay curves were analysed using the iterative least squares 
method to obtain an evaluation of the delayed neutron group parameters in a 6-group delayed 
neutron representation [6].  A similar procedure was also used when obtaining data for the 8-
group model relative delayed neutron yields.  There are however other ways of obtaining data on 
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the group yields in an 8-group delayed neutron representation.  One of these is described in detail 
in [5].  

 We used one further method of “converting” the data obtained in the 6-group model into an 
8-group delayed neutron representation.  This method is based on plotting the delayed neutron 
activity decay curve with respect to the relative 6-group delayed neutron yields and half-lives.  
The delayed neutron activity decay curves plotted in this way were then processed using the 
iterative least squares method.  By choosing different time intervals on the decay curve in a six-
step procedure, based on successively obtaining the relative yields for each delayed neutron 
group, it was possible to improve the accuracy of the data obtained substantially. 

 As noted above, it was discovered in [3] that each fissile nucleus has a specific value of the 
mean half-life of the delayed neutron nuclear precursors.  The mean delayed neutron nuclear 
precursor half-life is clearly characterized by a specific set of delayed neutron group parameters 
irrespective of how they are represented, i.e. the number of delayed neutron groups used.  
Analysis of the mean delayed neutron precursor half-life data for 6 and 8 groups obtained directly 
from the experimental curves and the data from the “conversion” method showed that, if the 
statistical accuracy of the experimental data is low (less than (2-5) 105 of the total number of 
counts), the value of the mean delayed neutron nuclear precursor half-life corresponding to the 
set of 8-group model group parameters obtained directly from the experimental delayed neutron 
activity decay curve differs from the corresponding 6-group model value by 1-4%.  On the other 
hand, the delayed neutron nuclear precursor mean half-life data corresponding to the set of group 
parameters obtained in the 8-group model using the “conversion” method agree very accurately 
with the 6-group model delayed neutron data.  In view of this, the final 8-group relative delayed 
neutron yield data in this paper are those obtained using the method to “convert” the 6-group 
model into an 8-group model.  The 8-group relative delayed neutron yields for monoenergetic 
neutron induced fission of 239Pu are given in Table 1. 

 As the data on delayed neutron time behaviour in a number of previous papers by other 
authors were obtained in the conventional 6-group representation, they can only be compared 
with those in this paper, obtained in an 8-group delayed neutron representation, on the basis of 
the mean delayed neutron nuclear precursor half-life.  The mean delayed neutron nuclear 
precursor half-life data for neutron induced 239Pu fission are given in Fig. 2. 

 The data on the mean half-life of the delayed neutron nuclear precursors in this paper 
(8 groups) agree with the mean half-life values obtained on the basis of the delayed neutron 
group parameter data of other authors [1, 7, 8].  However, there is a marked discrepancy between 
the mean half-life data we obtained and the ( ) energy dependence data obtained by 
Maksyutenko [9].  The mean half-life decay values obtained on the basis of the delayed neutron 
group parameters in [9] are far higher than the mean half-life values obtained in this paper: 
according to [9], the values of < > for neutron induced 239Pu fission with energies of 3.8, 5.5, 
6.5, 7, 7.5 and 7.8 MeV are 11.39, 11.47, 10.92, 11.86, 10.2 and 12.87 s, respectively.  The 
primary neutron energy change ranges in our paper and in [9] only partially overlap.  However, in 
view of the good agreement between the mean half-life energy dependence obtained in this paper 
and the data from [1, 7, 8] it is difficult to explain the considerable increase in  when the 
primary neutron energy was increased in [9].  Since, however, the mean delayed neutron 



- 79 - 

precursor half-life value increases as compound nucleus mass decreases, opening the emissive 
fission ( ) channel could give rise to an increase in the mean half-life of delayed neutron 
precursors starting with a neutron energy of ~ 6 MeV. 

Table 1 

The 8-group representation of relative delayed neutron yields for monoenergetic 
neutron-induced fission of 239Pu  

Group number and half-life (s) Mean half-life, 
s

 1 
55.6

2
24.5

3
16.3

4
5.21

5
2.37

6
1.04

7
0.424

8
0.195

8-
group 

6-
group 

0.37
0.06

0.028

0.001

0.236

0.008

0.078

0.003

0.182

0.007

0.284

0.010

0.097

0.005

0.071

0.004

0.024

0.001

10.37
0.21

10.36
0.15

0.62
0.06

0.030

0.001

0.231

0.008

0.083

0.004

0.184

0.007

0.294

0.010

0.088

0.004

0.068

0.003

0.022

0.001

10.46
0.22

10.47
0.17

0.86
0.06

0.032

0.001

0.212

0.007

0.097

0.004

0.173

0.007

0.300

0.010

0.088

0.004

0.076

0.004

0.022

0.001

10.29
0.20

10.27
0.13

1.06
0.06

0.032

0.001

0.220

0.008

0.089

0.004

0.172

0.007

0.322

0.010

0.061

0.003

0.084

0.004

0.020

0.001

10.38
0.22

10.37
0.11

3.27
0.14

0.036

0.001

0.190

0.007

0.099

0.004

0.167

0.007

0.346

0.011

0.051

0.003

0.093

0.005

0.018

0.001

10.06
0.20

10.06
0.19

3.81
0.11

0.038

0.001

0.173

0.006

0.090

0.004

0.175

0.007

0.339

0.010

0.082

0.004

0.078

0.004

0.025

0.001

9.66
0.18

9.68
0.11

4.27
0.11

0.039

0.001

0.164

0.006

0.097

0.004

0.179

0.007

0.336

0.010

0.080

0.004

0.082

0.004

0.023

0.001

9.62
0.18

9.65
0.14

4.81
0.13

0.042

0.002

0.154

0.006

0.102

0.004

0.172

0.007

0.348

0.011

0.078

0.004

0.083

0.004

0.021

0.001

9.61
0.20

9.62
0.11

4.97
0.13

0.043

0.002

0.138

0.005

0.122

0.004

0.146

0.006

0.399

0.011

0.030

0.002

0.110

0.005

0.012

0.001

9.55
0.18

9.59
0.16
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Fig. 2. The dependence of the mean half-life of delayed neutron nuclear precursors on 
primary neutron energy for neutron induced 239Pu fission. 

Conclusion

 This paper measures values for the delayed neutron group parameters ( ) for 
monoenergetic neutron induced 239Pu fission in the 0.37-5 MeV energy range.  The delayed 
neutron group parameter energy dependence obtained is compared with data from other authors 
in terms of the mean delayed neutron nuclear precursor half-life.  The approach developed made 
it possible, for the first time, to show the nature and scale of the change in delayed neutron group 
parameter values as the excitation energy of the fissile 240Pu compound nucleus changes.  

 The delayed neutron energy dependence for neutron induced 239Pu fission discovered in 
this paper is reflected as a 10% reduction in the mean delayed neutron nuclear precursor half-
life in the 2.85 eV-5 MeV primary neutron energy range.  It is abundantly clear that this change 
in the delayed neutron group parameter values must be taken into account in reactor calculations 
because. as we have established. the relative change in the mean delayed neutron precursor half-
life < >/< > causes a relative change in reactivity  (provided that the same sets of delayed 
neutron group parameters are used in both cases). 

 The delayed neutron intensity decay data measured in this paper were used to obtain sets of 
delayed neutron group constants corresponding to the 8-group delayed neutron model currently 
being developed which is based on a universal set of delayed neutron precursor decay constants 
for various fissile systems [5].  Data on the energy dependence of the relative delayed neutron 
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yields have been obtained for the first time in an 8-group representation.  The delayed neutron 
nuclear precursor half-life values obtained on the basis of the 8-group delayed neutron time 
behaviour data (the result of “conversion”) agree, within the uncertainty limits indicated, with the 
corresponding values obtained on the basis of the original 6-group model (before “conversion”). 

 The results obtained here should undoubtedly be taken into account when producing 
recommended data on delayed neutron group parameters for reactors with an intermediate 
neutron spectrum, which differs from both the thermal and the “fast” (fission neutron spectrum). 
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The measurements of the total delayed neutron yield from fast neutron induced fission of 238U
were made. The experimental method based on the periodic irradiation of the fissionable sample 
by neutrons from a suitable nuclear reaction had been employed. The preliminary results on the 
energy dependence of the total delayed neutron yield from fission of 238U are obtained. According 
to the comparison of experimental data with our prediction based on correlation properties of de-
layed neutron characteristics, it is concluded that the value of the total delayed neutron yield near 
the threshold of (n,f) reaction is not a constant. 

Introduction 

The fundamental role of delayed neutrons in the safety operation and time-dependant behavior of nuclear reac-
tors has been well known and is now a matter of practical experience in hundreds of nuclear installations around the 
world. A satisfactory evaluation of the macroscopic effects of the delayed neutrons following fission in a nuclear 
reactor requires, among other data, an accurate knowledge of the delayed neutron (DN) data. Those data that of 
great importance to the kinetics and safety operations of nuclear reactors (including the Accelerator Driven Systems) 
are the absolute yield of DN, relative abundances of DN, half-lives of their precursors, and energy spectra of DN. In 
spite of great efforts devoted to the investigation of delayed neutron physics, these fundamental delayed neutron 
characteristics of even the most common fissionable isotopes – 235U, 238U, 239Pu - encountered in reactor systems are 
still poorly known and are now under investigation. For example, the experiments conducted at IPPE accelerators 
have shown that the relative abundances and half-lives of DN incorporated into ENDF/B-VI library and obtained on 
the basis of the summation techniques systematically deviate from appropriate experimental data [1]. Reactor ex-
periments have shown that ENDF/B-VI group parameters for 235U underestimate the reactivity by 2 to 47% in the 
range from +0.80 to –0.80$ [2]. Especially large discrepancies are found for plutonium and americium isotopes. 
Such results point out on the need for careful checking and improvement of the summation method used as an alter-
native to the experimental approach for deriving the DN group parameters and DN energy spectra. In the case of fast 
neutron induced fission of 238U the discrepancy in total DN data is more than 10%. This value was obtained from the 
comparison of two estimations made by Tuttle [3] in 1979 on the basis of direct measurements – 0.0439 (2.3%) neu-
trons/fission and by Blashoot et al. [4] in 1990 – (0.043-0.047) neutrons/fission with results of the last evaluation 
made by Fort at all [5] in 1999 on the basis of statistical analysis of the integral experiments results – 
0.04855 0.00112 neutrons/fission.  Moreover the 238U data showed are in a significant disagreement with data ob-
tained in “microscopic approach” and used as a basis for recommended data presentation in ENDF/B data library. 

Thus the summation method based on the fission product yields and neutron emission probabilities from 
individual precursors cannot be considered at present time as a reliable tool for generation of the DN data base for 
MA. The experimental studies of the total delayed neutron yields from neutron induced fission of 237Np made at 
IPPE show the prominent energy dependence of this value in the energy range of primary neutrons below the 
threshold of the (n, n’f) reaction [6]. This feature gives the definite indication that the constant value of the total DN 
yield accepted for the energy range from thermal to 4 MeV in the ENDF/B-VI data base for all elements must be 
carefully tested.  

The purpose of the present work is to investigate the total delayed neutron yields from neutron induced fission 
of 238U in the energy range 1,01 – 4,94 MeV. 

Experimental method 

The experimental method employed in the measurements is based on periodic irradiation of fissionable sam-
ples by neutrons from suitable nuclear reaction at the accelerator target and following measurements of the delayed 
neutron activity. The method for the measurements of absolute total delayed neutron yield includes two type of ex-
periments. The first one consists of the measurements of periods and abundances for certain groups of delayed neu-
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trons. The measurements with different irradiation and delayed neutron counting time intervals are foreseen to em-
phasize a certain delayed neutron groups. In the second type of experiment the irradiation time is long as compared 
with the longest delayed neutron group. The experimental set-up for the measurements of the total delayed neutron 
yields from neutron induced fission of 238U is shown in Fig.1. The pneumatic transfer system is used for transporta-
tion of a sample from irradiation position to the neutron detector. The minimal sample delivery time was about 150 
msec.  
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Fig. 1. Experimental set-up 

D- discriminator, S- summation module, P- preamplifier, V- electromagnetic valve, CM- control 
module, CD- charge digitizer, ADC- analog digital converter, SC- scaler, A-amplifier, PC- personal 
computer, MSC – multiscaler, MCS- multichannel scaler, 1- neutron detector, 2- sample, 3- BF3 neu-
tron flux monitor, 4- pneumatic transfer system, 5- shielding, 6- Faraday cup, 7- 3He spectrometer, 8- 
gas pressure, 9- ion beam, 10- sample position detector, 11- fission chamber. 

Neutron detector is an assembly of 30 boron counters distributed in polyethylene moderator along three con-
centric circles with diameters of 106, 160 and 220 mm. The outer diameter of moderator is 400 mm, its length is 
300 mm. In the center of the detector there is a through hole with diameter of 36 mm to install the sample flight 
tube. The detector is shielded against the neutron background by borated polyethylene, boron carbide powder and 
cadmium sheets. The delayed neutron detector used in the present experiment is shown in Fig. 2. Absolute meas-
urements of the total delayed neutron yields from neutron induced fission reactions require the knowledge of the 
energy dependent absolute efficiency of the neutron detector used for delayed neutron registration. The absolute 
efficiency of the 4  neutron detector was determined by two different methods. The first one was the activation 
method based on the 51V(p,n)51Cr reaction.  

The second method was based on the measurements of the average number of prompt neutrons from spontane-
ous fission of 252Cf source coupled with a surface barrier detector. The Monte Carlo calculations were used to de-
termine the energy dependence of the relative efficiency of neutron detector. The absolute energy dependent effi-
ciency of the neutron detector is presented in Fig. 3.  



- 93 - 

Fig. 2 Delayed neutron detector 
1 - cadmium sheet, 2 - boron carbide powder, 3 - boron plastic, 
4 - polyethylene, 5 - boron counters (SNM-11), 6 - sample transportation hole. 
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Fig. 3. Absolute efficiency of neutron detector 

The fission rate in the fissile samples was determined on the basis of fission rates in parallel plate fission 
chamber with known number of 237Np atoms and installed behind the sample: Fig. 4. The angle and energy depend-
ence of the neutrons from T(p,n) neutron source as well as neutron multiplscattering effects in construction materials 
was taken into account.  

Data acquisition and processing system makes it possible to measure the following parameters: pulse height 
distributions from two fission chambers, time dependencies of the neutron flux from the target and ion current on 
the target of accelerator, time dependence of delayed neutron activity from irradiated samples. The PC computer 
serves as a central processor controlling the irradiation and counting time, the number and width of the time chan-
nels for the delayed neutron activity measurements. 
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Fig. 4. Geometry configuration used in measurements of the total delayed neutron yields 
1 - fission chamber; 2 – 237Np fissile layer; 3 – 238U sample; 4 – neutron target. 

Data processing 

Absolute delayed neutron yield d was obtained on the basis of the following formula 
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where N(t) - delayed neutron emission rate at time t after irradiation, 

i and i - decay constant and relative yield of  the i-th group of delayed neutrons, 
t1 and t2 - the time of the beginning and the end of delayed neutron counting, 
N - number of cycles, 
T - duration of one cycle, which includes the irradiation and delayed neutron counting time, 
t i - irradiation time, 
Fs - fission rate in the sample under investigation, 
< > - efficiency of neutron detector averaged over delayed neutron spectrum, 
B - neutron background. 

Delayed neutron energy spectrum for determining the average value of absolute efficiency of neutron detector 
was calculated on the basis of approach described in the separate paper [7]. The delayed neutron production rate 
from a number of repetitive cycles can be considered as the production rate from a single cycle in the infinitely long 
sequence. In such case the fission rate Fs is the total number of counts in the sample divided by the time of one irra-
diation cycle ti . The fission rate in the sample Fs can be represented by the following expression: 

F
N

t
E E dE dVs

s

i

n n n s( , , ) ( )  , 

where Ns  - number of atoms in the 238U sample,  
dV s - elemental volume of the 238U sample, 
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(En ,  , ) - absolute neutron flux from the target. 

The fission rate Fs was calculated by the Monte Carlo method on the basis of the approach described in [8]. In 
this approach the relative neutron flux r related to absolute neutron flux according to expression  = k r was used 
in calculation. The absolute value of the neutron flux was obtained on the basis of the number of counts in the fis-
sion chamber Nc registered during irradiation period of the each cycle and appropriate Monte Carlo calculations 

N N k E E dE dVc f r n n n f( , , ) ( )

where Nf  - number of 237Np atoms in the fission chamber deposit, 
dVf - elemental volume of the fission chamber deposit. 

The final expression for the fission rate in the sample can be written in the following form 

F
N N E E dE dV

N t E E dE dVs
c s r n n n s

f i r n n n f

( , , ) ( )

( , , ) ( )

Results 

Obtained results on the energy dependence of the total delayed neutron yields from fission of 238U are shown 
on the Fig. 5 by solid circles. Solid line is drown through these points for easier comparison with appropriate data of 
other authors. The energy dependence of the total delayed neutron yields was measured before the present work only 
by Krick [9] (opened circles) and by Cox (open squares – [10] and solid squares – [11]). The second type data ob-
tained by Cox [11] and data obtained by Krick [9] were used as a basis for recommended data presentation in 
ENDF/B data library. The first type data obtained by Cox [10] were not taken in consideration. Data by Mak-
syutenko are presented at two points (by crosses) [12]. All other data were obtained mainly in reactor experiments. 
The average energy of primary neutrons in these experiments was around 3 MeV. It is seen from Fig. 5 that the pre-
sent results on the total delayed neutron yields show the strong energy dependence below neutron energy of 3 MeV.  

It is worth to note that the presented experimental results below 4 MeV are in a good agreement with the 
appropriate results obtained on the basis of delayed neutron systematics developed in the IPPE [1,13,14]:  

b

nnd ETaE ,

where: T - average half-life of delayed neutron precursors;  
a, b – being constant for definite Z of the fissioning system. 

These data are shown on Fig. 6 by solid triangles connected by dash-dotted line. For comparison, in this figure the 
following data are shown: solid line – ENDF/B-VI data; dash line – JEF 2.2 data; dot line – data obtained on the 
basis of Lendel’s model [15]. 

Thus the obtained results show that the energy dependence of the total delayed neutron yields for fission of 238U
below 3 MeV is not a constant as it is assumed in the ENDF/B-VI and JEF 2.2 data libraries. This result is of great 
importance for reactor practice. Therefore a further investigation of the effect should be studied including considera-
tion of theory background.  
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Fig. 5. Energy dependence of the total delayed neutron yields. Comparison with other available data 
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THE ENERGY SPECTRUM OF DELAYED NEUTRONS FROM THERMAL NEUTRON 
INDUCED FISSION OF 235U AND ITS ANALYTICAL APPROXIMATION 

A.Yu. Doroshenko, V.M. Piksaikin, M.Z. Tarasko 

State Scientific Center of the Russian Federation Institute for Physics and Power Engineering, 
Obninsk, Russia  
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The energy spectrum of the delayed neutrons is the poorest known of all input data required in the 
calculation of the effective delayed neutron fractions. In addition to delayed neutron spectra based 
on the aggregate spectrum measurements there are two different approaches for deriving the 
delayed neutron energy spectra. Both of them are based on the data related to the delayed neutron 
spectra from individual precursors of delayed neutrons. In present work these two different data 
sets were compared with the help of an approximation by gamma-function. The choice of this 
approximation function instead of the Maxwellian or evaporation type of distribution is 
substantiated. 

Introduction 

The energy spectrum of delayed neutrons from fission of heavy nuclei is the poorest known of all input data in 
reactor calculations (i.e. in the calculation of effective delayed neutron fractions). At present there are two sources of 
information on the delayed neutron spectrum – experimental data on the aggregate delayed neutron spectrum and 
experimental data on delayed neutron spectra from individual precursors. In frame of so-called “microscopic 
approach” pure experimental data on the delayed neutron spectra from individual precursors are used for calculating 
the group and composite spectra by summing the contributions from individual precursors [1]. There is another 
approach in deriving the group and composite energy spectra of delayed neutrons in frame of microscopic approach. 
It was concluded by the authors [2] that some of the delayed neutron spectra are not adequate in the measured 
energy range and therefore these data should be supplemented by nuclear model calculations. Namely this approach 
was put at the basis of the ENDF/B-VI delayed neutron data base. 

In the present work these two representative spectra ([1] and [2]) were analyzed with the help of the analytical 
approximation taken in the form of the gamma-function. Advantage of this approximation is that the gamma-
function depending on the values of its parameters can approximate both the Maxwell and evaporation type of 
energy distribution.  

Rudstam’s method 

This method is based on the available experimental data of spectra for individual delayed neutron precursors 
used by Rudstam [1] in his evaluation of delayed neutron spectra for the thermal neutron induced fission of 235U.
There were 67 precursors with known half-lives and delayed neutron branching ratios (Pn values) among the fission 
products. For about half of them with few exceptions including all the important cases there were also known the 
shape of the delayed neutron energy spectrum. 

With the additional information on fission yields the time distribution of the delayed neutrons including the 
time variation of the resulting energy spectrum can be evaluated for any nuclear fuel and irradiation history. Since 
all precursors are short-lived saturation is rapidly attained. This means that the time distribution of the composite 
decay curve of the delayed neutrons will be given by the expression 

)exp()( tatD ii , (1) 

where the sum is to be taken over all precursors of decay constants i. The values of ai equal to 

niPkiYknNia , (2) 

where n - neutron flux, N - number of fissile nuclei, k - fission cross section, Yki - cumulative fission yield. 
This expression refers to a given fissile nuclide. Also the resulting delayed neutron energy spectrum (E,t)dE

and its time dependence can be written as 
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iii dEEtadEtE )()exp(),( . (3) 

The energy spectra of the individual precursors normalized to unity are here given by i(E). The half-life limits 
are chosen to be 55.6 s, 10 to 30 s, 4 to 10 s, 1.4 to 4 s, 0.4 to 1.4 s, and <0.4 s for groups 1 through 6, respectively. 
There were a certain number of precursors with the half-lives such that they can be just as well placed in any of two 
adjacent groups.  

Brady’s method 

This method [2] is quite similar to the Rudstam’s approach. But in this case the experimental data were 
supplemented with model spectra and model values were added for probable unmeasured precursors.  

Based on energetics 271 fission products should be delayed neutron precursors. The primary advantage of this 
approach is that a single set of precursor data (delayed neutron emission probabilities and energy spectra) can be 
used to predict delayed neutron production for any fissioning system, provided fission product yields are available. 
The fission product yields are as important as the emission probabilities Pn and lead to the largest uncertainty in 
calculations. The total equilibrium delayed neutron emission rate per fission d for example is simply a sum of 
YCiPn over all precursors, where YCi is the cumulative fission yield along a mass chain for precursor i [2]. 

Spectra for 34 precursors have been measured. According to the authors’ opinion [2] thirty of these were found 
to be inadequate in the measured energy range and had to be supplemented by nuclear models. Two models were 
used. The BETA code was used to extend 30 measured spectra. For the remaining 237 precursors they used a 
modified evaporation model. The largest effort in the evaluation was directed at model estimates of unmeasured 
spectra and the expansion of the incomplete measured spectra [2]. 

It is assumed that a delayed neutron precursor contributes to either or both of the adjacent temporal groups as 
determined by the decay constants as in 

1iki  (4) 

Therefore, the decay rates may be represented by the following approximation: 

)exp()exp()exp( 111,, tftft iiikiiikkk , (5) 

Recalling that the index k represents the precursor nuclide, and i and i+1 the adjacent temporal groups defined by 
Eq. (4). 

It is also required that 

11,, ikik ff  (6) 

These fractions fk,i were determined by requiring the least-squares error, 

0 11,, )]}exp()1()exp([)exp({ tftft iiikiiikkk  (7) 

to be minimal. 
The equilibrium group spectra were then found as 

k
kkkiki EPnYfE )()( , , (8) 

where k(E) is the normalized delayed neutron spectrum of precursor k, and for the equilibrium case Yk represents 
the cumulative yield from fission for precursor k.

Approximation 

The main purpose of this work is to compare the above types of delayed neutron spectra with the help of an 
analytical function approximation. The developed method on one hand gives convenient analytical expression for 
representation of the delayed neutron spectrum; on the other hand it gives the opportunity to make some conclusion 
on the overall shape of the delayed neutron spectrum. Additional advantage of the proposed approach is possibility 
to obtain the data near the limits of the delayed neutron spectrum (100 keV > En > 1.5 MeV) where experimental 
data are scarce or not available. 
The analytical expression was taken in the form of the gamma-distribution 

)exp()(
)(

)( 1 EEEf , (9) 

where  and  - parameters of the distribution 
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0

1)( dxex x  - gamma function. (10) 

The average energy and dispersion of the gamma-distribution can be represented by  and  parameters 

E , D . (11) 

If one defines the temperature parameter T as 1/  then  = <E>/T and the gamma distribution (9) can be rewritten 
in the form 

)exp()(
)(

)( 10

T

E

T

E

T

C
Ef , (12) 

where C0 – normalization factor. It is easy to check that distribution f(E) transforms into the Maxwell distribution in 
case of =3/2 and the evaporation distribution in case of =2.

The developed approach was used for approximation of the group spectra and aggregate spectrum of delayed 
neutrons for fission of 235U taken from [1] and ENDF/B-VI data base based on the approach described in [2]. The 
group parameters (relative abundances of DN) for the determination of the aggregate spectrum of 235U where used as 
a weight function 

nniinn dEEadEE )()( , (13) 

where (En) – the composite delayed neutron spectrum, i(En) – delayed neutron spectrum of i-th delayed neutron 
group of 235U (thermal fission) and ai – relative abundance of i-th group of delayed neutrons were taken from [1] and 
[2].

Results 

The results on separate groups and aggregate spectra for the thermal neutron induced fission of 235U are 
presented in Figs. 1-7. In Table 1 the results on the average neutron energy of separate groups and aggregate spectra 
are given. 

The comparison of the aggregate spectra from fission of 235U corresponding to delayed neutron group spectra 
and relative abundances from Rudstam’s data [1] and the ENDF/B-VI data along with the appropriate calculated 
delayed neutron energy spectra based on the analytical approximation by gamma-function are shown in Fig. 1. The 
average energy of aggregate delayed neutron energy spectrum calculated on the basis of analytical approximation of 
Rudstam’s data [1] and ENDF/B-VI data are 420.6 and 504.4 keV respectively. 

The comparison of the Rudstam’s data and the ENDF/B-VI data for each of the 6 delayed neutron groups are 
made in Fig. 2 through Fig. 7 along with the appropriate calculated delayed neutron energy spectra based on the 
analytical approximation by gamma-function. It is seen also from Fig. 2 (this is delayed neutron spectrum of the first 
group which is mainly consist of 87Br precursor neutrons) that there is a large difference between ENDF/B-VI data 
based on both the experimental data and model calculations and the appropriate data from [1] based on the 
experimental spectra from individual precursors only. The ENDF/B-VI data shows more high energy delayed 
neutrons. 

Table 1. 

Gamma-function approximation parameters  

Brady’s data  Rudstam’s data  Group 
number <E> <E>

1 1.54 400.3 1.63 200.8 
2 1.99 466.5 2.01 422.4 
3 1.86 437.6 2.26 406.4 
4 1.64 552.4 1.65 470.0 
5 1.3 513.2 1.33 339.2 
6 1.16 535.2 1.52 403.0 

Aggregate 1.55 504.4 1.68 420.6 
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Fig. 1. Aggregate delayed neutron spectra and their approximation 

Fig. 2. The 1st group delayed neutron spectra and their approximation 
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Fig. 3. The 2nd group delayed neutron spectra and their approximation 

Fig. 4. The 3d group delayed neutron spectra and their approximation 
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Fig. 5. The 4th group delayed neutron spectra and their approximation 

Fig. 6. The 5th group delayed neutron spectra and their approximation 
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Fig. 7. The 6th group delayed neutron spectra and their approximation 

Conclusion 

The approximation of delayed neutron spectra by gamma-function is an effective tool for comparison of data 
obtained by different methods. The main result of present analyses is rather large difference in the average energy of 
the composite delayed neutron spectra obtained on the basis of experimental data only [1] and experimental data 
supplemented by model calculations [2]. Especially large difference is observed in case of the first group of delayed 
neutrons which consist of mainly one precursor – 87Br. It was found that overall form of the delayed neutron spectra 
related to separate groups can not be represented by distribution that is pure Maxwell or evaporation type. 
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1. General remarks 





2. 26Al

3. 40K



Measurement results for the partial half-lives of 40K scaled to the total half-life T1/2,
using the accepted branching ratios in 40K decay - - 89.14(13)% and  10.86(13)% 



4. 53Mn 

Measurement results for the half-life of 53Mn 



5. 60Fe 

6. 87Rb 

Measurement results for the half-life of 87Rb 
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10. 129I

Measurement results for the half-life of 129I
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12. 146Sm 

Measurement results for the half-life of 146Sm 



13. 176Lu

Measurement results for the half-life of 176Lu



14. 182Hf

15. 182Re

Measurement results for the half-life of 187Re



16. 205Pb 



17. 232Th, 235U, 238U

18. 244Pu 

19. 247Cm 

20. Conclusion 
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1. Introduction 

In this paper are reported the results of physical verification for the BOFOD [1] photonuclear data files 
available for the uranium isotopes 235U , 238U . These results were compared with calculated data by the 
parameterization driven model of photonuclear reaction and experimental data. Experimental data of photoneutron 
yields from  surface of uranium sphere irradiated by 28 MeV electrons [2] are used for a verification. Both 
calculations have been carried out with the RTS&T general purpose Monte Carlo code [3] with detailed electron-
photon-nucleon transport simulation using the ENDF/B-VI and EPDL evaluated data libraries.  

2. RTS&T Photonuclear Reaction Models 

A current version of the RTS&T general-purpose Monte Carlo transport code included the two different models 
to simulate of photonuclear interactions: high-precision method to make use of evaluated data libraries in ENDF-6 
format and fast inclusive method to generate of neutron emission channels. 

2.1. Data-Driven Model 
In practice of data driven transport simulating, the files of evaluated nuclear data contains the original constant 

information, however, they are used not directly but after processing to multi-group constant systems. In this 
approach the systematic errors supplemented by treatment cannot be estimated in principle, since it is indivisible 
from the systematic errors of the evaluated data file. Modelling of transport and discrete nuclear interactions of 
nucleons (photons) in the energy range from thermal energy up to 150 MeV in the RTS&T code is based on the 
direct (without the interim libraries compilation) uses of ENDF/B-VI evaluated data library to detailed description 
of low-energy interactions. Universal data reading and preparation procedure allows to use another continuous-
energy database recorded in ENDF-6 format (for example JENDL, FENDL, CENDL, JEF, BROND, ENDF-HE, 
LA150, IAEA Photonuclear Library [4] etc.). Llinearization (fastest method of cross sections interpolation between 
adjacent data points), restoration of the resolved resonances, temperature dependent Doppler broadening of the 
neutron cross sections and checking/correcting of angular distributions and Legendre coefficients for negative 
values are produced automatically with a help of standard ENDF pre-processing codes [5] LINEAR, RECENT (or 
RECEN-DD for Reich-Moore parameters for several elements of JENDL data library only), SIGMA1 and 
LEGEND. As in the ENDF-6 format, recommended interpolation schemes are used to minimise the amount of data. 
To correct of upper energy bound problem for evaluated libraries the following extrapolation method is used: if a 
projectile particle energy is higher than the last energy point of the cross section tabulated in the data file, and the 
cross section is decreasing , then it will be linearly extrapolated to zero value, otherwise its bound value is used for 
higher energies. For data storage in memory and their further use the dynamically allocated tree of objects is 
organized. Basic objects correspond to the standard types of ENDF-6 records. All types of reactions provided by 
ENDF format are taken into account due to the particle interaction modelling: elastic scattering, radiative capture 
and reactions with production of one neutron in the exit channel, absorption with production of other type particles 
(and excitation of states in the residual nuclei), the fission with separate yields of prompt and delayed neutrons and 
residual nucleus simulation based on MF=8 data, etc. The energies and angles of emitted particles are simulated 
according to the distributions from 4, 5, 6, 12, 13, 14 and 15 files. For example, the following representations of 
outgoing energy-angle distributions for secondary particles can be used: tabular energy distributions, angular 
distributions via equally-probable cosine bins, Kalbach-Mann systematics for continuum energy-angle distributions 
(ENDF law=44), discrete two-body scattering, N-body phase-space energy distributions. The properties of residual 
nucleus are defined too.  

2.2. Parameterization-driven model 
Total cross sections of ),( in -channels in GDR region is calculated from the formula: ),(),( iEPin abs

,

where 
abs

, P  are the absorption cross section and probability of i -neutrons equilibrium emission given by 
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Jackson’s analytical expression [6]: )12,()32,(),( 1 iIiIiEP ii

, where z n dyyynnzI
0

)exp()!/1(),(  is 

incomplete gamma-function, and TEBE f
thr

i

k
kk /])[(

1

. Here, E , ,kB f
thrE  and aaUT 2/])41(1[ 2/1  are the 

excitation energy, the binding energy of i th neutron, threshold energy of photofission reaction, and nuclear 
temperature, determined from the back-shifted Fermi gas model [7], respectively.  EU , where  is a pairing 
correction. Level density parameter a  is taken from RIPL-recommended systematics as proposed in [8]. The 

photoabsorption cross section is to calculate as a sum of three components:
3

1i
iabs
. Components of i=1 to 3 

correspond to the GDR, QD and baryon resonance production processes. The GDR term is given by a Lorentzian 
shape. RIPL-recommended compilations of giant resonance parameters are used. The QD component of total 
photoabsorption cross section calculated from [9]: )()()/( EfEANZL PaulidQD

, where 5.6L  is the Levinger 

parameter, NZ  is the number of neutron-proton pairs in the nucleus, 
d

 is the free deuteron photodisintegration 

cross section, Paulif  is the Pauli-blocking function: 

otherwiseED

MeVEEaa
f

p

i

i
i

Pauli

),/exp(

14020,
4

1
0

Constant factor 3.73pD  if 20E  MeV and 2.24PD  for 140E MeV,
ia are the coefficients of polynomial 

approximations: 2
0 103714.8a , 3

1 108343.9a , 4
2 101222.4a , 6

3 104762.3a , 9
4 103537.9a .   In 

the energy range of -resonance [ )1232(33P ] the cross section can be represented by the following Gaussian 

function:  
]/)(2exp[2/// 22

0 wEEwCA c
,

 there 
0
, C ,

cE and w  are the constant parameters obtained by the least squares fitting as listed in Table 1.  

Table 1 
Numerical values of the parameters for approximation of in the - region 
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Fig. 1. Total photoabsorption cross section 
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In the energy range of the higher baryon resonances )1440(11P , )1520(13D , )1535(11S , )1680(15F , shadowing 

threshold and shadowing regions of the total photoabsorption cross section was parameterized in form: 
)/exp(/ 0 EA  ( b ) where 0457.900

 and 5378.0 are the constant parameters. Figure 1 shows the 

parameterization of total photoabsorption cross section in comparison with Frascati, Bonn and Mainz [10-14] 
experimental data.  

Photofission cross section in GDR region is parameterized by a sum of two Lorentzian shapes with a parameters 
derived from analysis of the experimental data using international nuclear data library EXFOR and original 
publications. Selected evaluated cross sections are also used. Above the GDR energy region (in QD and isobar 
production regions) it is given as follows, using the isotope fissility 

fD :
absff D . The total fission probability 

is expressed by the following relation [15]: 
12 / FFDQD

f
, where  

2)},/][exp(1){/][exp(
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F
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i
.

The A-dependence of the fitting parameter D  is [16]: )]06.0exp(1/[18 22.0 AAD . The energy-dependent 

phenomenological function  is quadric in E : EpEppE 321)( , where  

2,
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2
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iwAAwCp
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i

In Table 2 the numerical values for ip parameters are presented. The statistical accuracy is about 10 %.   

Table 2 

Numerical values of the ip  parameters 

i
0p cA w C a b c

1 45.96196 234.39532 21.71405 4599.96159    
3 0.36863 234.62359 21.94853 76.18157    
2     0.0694 -32.0536 3658.581 
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Fig. 2. Nuclear fissility of 209Bi
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Fig. 2 plots the experimental data of photofission probability for 209Bi at different photon energies from 29 to 
280 MeV compared to the parameterization. 

Photoneutrons are emitted isotropically with a Maxwellian energy distribution. For neutrons from ),( f -

channel energy is sampled from fission spectrum which is taken in form proposed in [17] : 

)](exp[)](exp[]/)(exp[
2

1
)( 221 EfEfaEfEf ,

where 
1f and 

2f are the functions of incident photon energy and the threshold energy of photofission channel, 

965.0a  is normalized factor. Average multiplicity of fission neutrons is given by the following expression:  

En ln , 569.2 , 559.0 .

3. Electromagnetic interactions  

In current version (RTS&T 2000) of the RTS&T code following photonic processes are simulated: photoelectric 
effect from K ,

IIIIL  atomic shells (fluorescence x-ray yield and tracking is simulated too), Rayleigh scattering, 

Compton scattering, pair production by photons, interactions of photons with nuclei. The EPDL [18] evaluated data 
of total cross sections for photon-interactions, coherent and incoherent scattering form-factors are used in the photon 
transport simulation for the energy range of about 10 eV to 100 GeV. To simulate the ionization processes induced 
by the charged particles two different models are provided: continuous energy losses model with delta-ray 
generation and continuous energy loss model without delta-ray production and full fluctuations below delta-ray 
production threshold. For calculation the mean or restricted energy loss of electrons and positrons formulae [19] are 
used. The density effect and shell correction terms in the stopping power formulas are included. The basic procedure 
used to calculate the density effect correction is described in [20]. Modified [21] set of the parameters is used. 
Recently, ICRU recommended data for collision stopping power for charged leptons in composite materials was 
included in the RTS&T 2000 code version. Multiple scattering of charged particles is simulated in modified Moliere 
approximation. Particle path correction due to multiple Coulomb scattering is included in the calculations as well. 
The discrete bremsstrahlung photon energy is sampled from a Seltzer and Berger [22] differential cross section for 
electron kinetic energy below 10 GeV and Bethe-Heitler cross section above this threshold. The angular distribution 
of emitted photon is sampled according to approximation of double differential cross section. The differences 
between the radiative stopping power of positrons and electrons is take into account. At very high energies the 
Landau-Pomeranchuk-Migdal effect is take into account too. 

4. Benchmark problem 

The benchmark problem was formulated as follows. The target consisted of a 7.62 cm – diameter sphere of 
depleted uranium (0.22 wt % of U235) plated with 0.0254 cm of copper and 0.0127 cm of nickel and surrounded by a 
layer of water 0.20  0.03 cm thickness and a type 304 stainless steel jacket, 0.07 cm thickness. A reentrant hole, 
2.54 cm in diameter, admitted the 28 MeV electron beam to within 0.85 cm of the sphere. This hole is also lined 
with a water jacket.  

Fig. 3. Schematic target layout 
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5. Monte Carlo results by RTS&T code 

Monte Carlo calculations were performed using RTS&T general purpose code [3]. More details on the code 
used on can find in the Ref. [23].  
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Fig. 4. Differential photon track-length distribution produced in uranium target struck by 28 MeV electrons 

Fig. 4 plots the differential track length dkdl /  distribution produced in uranium target struck by 28 MeV 
electrons calculated by RTS&T code in comparison with a three analytical estimating methods are based on 
Approximations A and B (Rossi , 1952) of electromagnetic shower theory and Clement formula [24], more accurate 
for photon energies close to that of the primary. Fig. 5 shows the energy distribution of bremsstrahlung photons  

5 10 15 20 25 30
10-5

10
-4

10-3

10-2

10
-1

10
0

Ph
ot

on
 s

pe
ct

ra
, 

M
eV

-1
 p

er
 s

.e
.

Photon energy, MeV

Fig. 5. Bremsstrahlung spectra induced by 28 MeV electrons in uranium target 
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produced by primary electron inside the target. Fig. 6 displays the hemisphere-integrated leakage spectra, measured 
by the time-of-flight method [2] compared with RTS&T calculations included a two different photon-nucleus 
interaction models: data driven model based on the BOFOD data file (DDM) and RTS&T parameterization driven 
model (PDM) in combination with a general data-driven procedure to simulate of low-energy nucleon (photon) 
transport.   
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The angular distribution of photoneutrons at the target surface is given in Fig. 7 as cumulative probability 

versus the cosine of the angle between the radius vector and the direction of the neutron. Numerical data are given 
by 10 energy groups: 0.200-0.302 , 0.302-0.498, 0.498-0.821, 0.821-1.350, 1.350-2.020, 2.020-3.010,  3.010-4.490, 
4.490-6.700,  6.700-10.000,  10.000-15.000 MeV. 
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Results of computational studies of high power spallation thick ADS (Accelerator-Driven System) targets 
with 0.8-1.2 GeV proton beams are given. Comparisons of experiments and calculations of double 
differential and integral n/p yield are also described. 

1 PARTICLE PRODUCTION MODELS 

1.1 Intermediate energy region 

1.1.1. Theory driven model 

The intra-nuclear cascade-exciton model is one of the most popular to simulate of the secondary particle 
parameters for the h( )A-inelastic scattering in the intermediate region and traditionally applied to reaction above 

100 MeV. It allows one to reproduce the experimental observations up to energies 10-20 GeV. We have 
developed a new model version (CEM-RTS&T) and included it as event generator to the RTS&T code [1]. In the 
CEM-RTS&T model the )(h -induced nuclear reaction is assumed to be three-step process: intra-nuclear cascade 

stage (INC), pre-equilibrium decay of residual nucleus and the compound nucleus decay process 
(evaporation/fission competition). In the INC model nuclear structure is treated as a two-component degenerated 
Fermi-gas of nucleons in the spherical type of nuclear density The phenomenological potential for nucleons is 
described as sum of the nuclear and Coulomb terms: )()()( rVrVrV C

N
N

N , here ),()()( ZABrTrV FN
N

, where Fermi-

energy depends on the local density of the nucleus )(r : 3/12 )(3
2

)( r
m

rT F . The nucleon distribution 

density is of fundamental parameter of INC model. The most popular Woods-Saxon form does not satisfy the two 
physical requirements, namely, the asymptotic behavior and the behavior near the center of the nucleus. The semi-
phenomenological nucleon density distribution proposed by Gambhir and Patil [2] in the form:  
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where R is a measured size of nucleus and ia and  i  are given in terms of the separation energy iS of the last 

nucleon through: 
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mq . Here m is the nucleon rest mass, q=0 (i=n) and q=Z-1(i=p).

This algebraic form designed has been tested in detail by comparing with the experiment the form factors for the 
electron scattering. The Coulomb potential (only for protons) ])/(3)[2/()( 22

ccc RrRZerV  ( cRr ) and 

rZerVc /)( 2 ( cRr ), where CR  is the Coulomb radius. The AK )( -interaction potential is taken as 

)()( )(
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)( rVrV KK , where 250V MeV, 300
KV MeV, )(r is the unit step function. The center-mass 

correlations are taken into account as proposed in [3]. One-particle nuclear density r~  taken from the equation: 
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where ir -is the coordinates of i-th nucleon. The Pauli blocking is incorporated in the cascade simulation procedure. 

The effects of particle refraction by nuclear potential and the decrease of nucleon density during intra-nuclear 
cascade (co-called trailing effect) are taken into account also. The integral hh  and h cross sections taken from the 
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Particle Data Group compilation. Assuming the charge symmetry the following channel cross sections are taken 
identical: 

pKnKnKpKpnnpppnn 00 ;,,, .

The isobar production channels covered by the INC model are presented in Table 1. The strange channels 

like ),( 0KKKp  and non-strange pseudo-scalar and vector meson photoproduction channels 

NN )//( are included also. For multi-particle final states we adopt the CERN library GENBOD 

(W515) routine. 
Table 1 

Baryon resonance production channels 

Entrance channel Exit channel 
pp 0,,,np
pn ,,, 00pn
p 00 ,,
n ,, 00

The pre-equilibrium stage of nuclear reaction simulation is based on the exciton model. The initial exciton 
configuration for pre-equilibrium decay formed in cascade stage of reaction or postulated in general input (2p1h 
configuration for incoming particle or 1p0h for incoming photon). The equilibrium stage of reaction 
(evaporation/fission processes) is performed according to the Weisskopf-Ewing statistical theory of particle 
emission and Bohr and Wheeler theory of fission. Double-humped fission barrier parameters for Z > 90 taken from 
the data set obtained in Obninsk and recommended by IAEA Reference Input Parameter Library (RIPL). 
Experimental single-humped fission barrier heights are incorporated in the RTS&T as proposed in, or according to 
any theoretical models. The ratio of neutron emission to fission widths taken in form proposed by Kupriyanov et al.:  
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where fn

~
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~
is Vandenbosch and Huizenga form of Fermi-gas model (asymptotic value occurring at high 

energies), W is the shell correction term, =0.05 MeV. The post-fission parameters of the fragments taken from 

systematics by Adeev ( ii AZ , ) and Zhao et al. ( kinT ). The inverse reaction cross section is calculated in 

form )()( TTT bgeominv
 with 2

bgeom RR  where geom , R , bR ,  and )(TTb  are the geometric 

cross section, radii of the potential residual nucleus and particle, the non-relativistic reduced channel wavelength 
and the non-relativistic s-wave Coulomb barrier transmission probability, respectively. The s-wave transmission 

factor is given by expression 22
0

2
0 ]),(),([),( GFTb

, where 00 ,GF are the non-relativistic zero-order 

regular and irregular Coulomb wave-functions of variables 2/1
21

1 )2)(( cmsTRR ,

2/12
21

1 )2/( cmsTeZZ and 1Z , 2Z , 1R , 2R are the charge and radii of two particles, respectively, is the 

reduced mass of the two particle system, cmsT is the kinetic energy in center of mass system. In the current version 

of RTS&T code the Fermi breakup model for disintegrating of light nuclei has replaced the evaporation model for 
nuclei with a mass number between 2 to 16. The evaporation of fragments with a mass number A > 4 does not 
included in current version RTS&T. The RIPL recommended Audi and Wapstra experimental compilation of atomic 
masses and binding energies is used in the RTS&T model. Level density parameter values are chosen according to 
the RIPL-systematics for any level density models: Gilbert-Cameron, backed-shifted Fermi-gas model, Ignatyuk 
form of Fermi-gas model, generalized superfluid model (GSM), microscopic GSM, shell depended model proposed 
by Kataria and Ramamurthy, Mughabghab and Dunford systematic determined from the neutron resonance data. To 
estimate of the averaged squared matrix element two different models can be used: estimation in approximation of 
quasi-free scattering of a nucleon above the Fermi level on a nucleon of the target nucleus [4] or by using a set of 
semi-empirical parametrizations. CEM-RTS&T has three different models to simulate the gamma-ray emission in 
pre-equilibrium and equilibrium stages: the Weisskopf single-particle model, the Brink-Axel GDR model, and the 
Kopecky-Uhl generalized Lorentzian model. To calculate the partial level densities for pre-equilibrium emission 
simulation the Avrigeanu systematic is used. Composite formulas include the advanced pairing and shell correction 
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in addition to the Pauli blocking effect, and average energy-dependent single-particle level densities for the excited 
particles and holes. 

1.1.2 Parametrization driven model 

The existing rigorous theoretical approaches and models allow to estimate of various characteristics of secondary 
particle emission due to nuclear inelastic interactions, but they have uncertainly in choice of free parameters and the 
calculations are time-consuming. In addition, analytical representation of double differential cross sections is 
important to local estimation of particle fluxes in the transport simulation algorithm. On the basis of EXFOR data 
sets of experimental data we obtained the improved parameters of Sychev’s D2N2 systematic. They represent a 
better statistical average, as they are based on more experimental data. The intra-nuclear cascade-exciton model is 
employed to calculate the cross sections which are not measured. For the spallation reaction, the PDM model is 
applied in a form of summation of the double differential cross sections for secondary particle emission expressed in 
the laboratory frame by 

7

1

22

.
k kij

dTd

d

dTd

d , where i,j are the indexes of incident ( , N, , K , K0, N , ions) and secondary ( , N, ,

K , K0, N , ions, , , ) particles. Components of k=1 to 7 correspond to the quasi-elastic and charge-exchange 
scattering, lider particle emission, production of cascade particles, the pre-equilibrium/equilibrium relaxation, the 
fragmentation, the binary fission, and parametrized in functional form: 
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dN
n

dTd
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ijin

k

where in , ijn , ),(Tf are inelastic cross section, average multiplicity of secondary 

particles of j-th type, energy-angle correlation function, respectively. 

1.2. High-energy hadronic interactions 

Simulation of hA - inelastic collisions at E  5-10 GeV is based on a set of the inclusive semi-empirical 

formulas for one-particle production in pp-interactions, coupled with the additive quark model of hA interactions 
for fast- and phenomenological model for slow particles. To correct simulation of the correlations in inelastic hh- 
and hA-interactions modified [5] FRITIOF code can be used. 

1.3. Low-energy n ( )A-interactions 

Transport and modelling of interactions of nucleons in the energy range from thermal energy up to 150 MeV in 
the RTS&T code is based on the direct uses of ENDF/B-VI evaluated data library for detailed description of low-
energy interactions. Universal data reading and preparation procedure allows to use another database written in 
ENDF format ( JENDL, FENDL, CENDL, JEF, BROND, LA150, IAEA Photonuclear Data Library etc.). 
Linearization, restoration of the resolved resonances, temperature dependent Doppler broadening of the neutron 
cross sections and checking/correcting of angular distributions and Legendre coefficients for negative values are 
produced automatically with a help of Cullen’s ENDF pre-processing codes LINEAR, RECENT (RECEN-DD for 
Reich-Moore parameters of several isotopes of JENDL library only), SIGMA1 and LEGEND [6]. Recommended 
interpolation schemes are used to minimize the amount of data. For data storage in memory and their further use the 
dynamically allocated tree of objects is organized. All types of reactions provided by ENDF-6 format are taken into 
account due to the nucleon transport modelling: elastic scattering, radiative capture and production of one neutron in 
the exit channel, absorption with production of other type particles (with excitation of states in the residual nuclei), 
the fission with separate yields of prompt and delayed neutrons and residual nucleus simulation based on MF=8 
data, etc. The energies and angles of emitted particles are simulated according to the distributions from MF=4, 5, 6, 
12, 13, 14 and 15 files. For example, the following representations of outgoing energy-angle distributions for 
secondary particle can be used: tabular energy distributions, angular distributions via equally-probable cosine bins, 
Kalbach-Mann systematics for continuum energy-angle distributions (ENDF law=44), discrete two-body scattering, 
N-body phase-space energy distributions.  

2 EXPERIMENTAL DATA ANALYSIS 

The experimental results (NESSI, SATURNE) are compared with calculations performed with the RTS&T 
general-purpose transport code. Comparison of total neutron yield from cylindrical lead-target (d=20 cm, L=60 cm) 
as a function of incident proton energy is presented in Fig. 1. Fig. 2 displays the total neutron yield from Hg-, Pb-, 
and W-cylindrical targets (d=15 cm) irradiated by 1.2 and 2.5 GeV proton beam. The double differential cross 
sections of neutron production measured at Ep=0.8 GeV on 2 cm thick Pb cylindrical target presented on Fig. 3. 
Experimental data were obtained at the SATURNE accelerator at close angles (0, 25, 130, and 160 deg.). 



- 160 - 

100 1000 10000 100000
Proton energy, MeV

1

10

100

1000
S

ec
on

da
ry

 n
eu

tro
n 

m
ul

tip
lic

ity
, n

/p

Vassil'kov et al.,1990

Vassil'kov et al.,1995

Nikolaev et al.,1990 

Arai et al.,1997

Akopyan et al.,1993

Lone et al.,1987

RTS&T calc.

Fig. 1. Total neutron yield as a function of incident proton energy 

0 10 20 30 40
Length, cm

0

10

20

30

40

S
ec

on
da

ry
 n

eu
tr

on
 m

ul
ti

pl
ic

it
y,

 n
/p

Pb, 1.2 GeV (NESSI)

Pb, 2.5 GeV (NESSI)

Hg, 1.2 GeV (NESSI)

Hg, 2.5 GeV (NESSI)

W, 1.2 GeV (NESSI)

W, 2.5 GeV (NESSI)

Pb, 1.2 GeV (RTS&T) 

Pb, 2.5 GeV (RTS&T)

Hg, 1.2 GeV (RTS&T)

Hg, 2.5 GeV (RTS&T)

W, 1.2 GeV (RTS&T)

W, 2.5 GeV (RTS&T)

Fig. 2. Total neutron yield as a function of target length 



- 161 - 

1 10 100 1000

Neutron energy, MeV

1E-003

1E-002

1E-001

1E+000

1E+001

1E+002

1E+003

1E+004

1E+005

1E+006
D

ou
bl

e 
di

ffe
re

nt
ia

l c
ro

ss
 s

ec
tio

n,
 m

b/
M

eV
/s

r (x103) 00

(x102) 250

(x10) 1300

1600

Fig. 3. XxnpPb ),( double differential cross sections at pE = 0.8 GeV 

References 

1. A.I.Blokhin, I.I.Degtyarev et al., Proc. of the SARE-3 Workshop, KEK, 1997 // I.I. Degtyarev et al., IAEA 
Report INDC(CCP)-426, Vienna, 2001, p.161, p.171. 

2. Y.K. Gambhir, S.H. Patil // Z.Phys. A321 (1985), p.161. 
3. V.V. Uzhinskii, S.Yu. Shmakov // Yad. Fiz. 57 No. 8 (1994), pp.1532-1533.  
4. K.K. Gudima et al. // Nucl. Phys. A401 (1983), p.329. 
5. V.V.Uzhinskii, JINR preprint E2-96-192 (1996). 
6. D.E. Cullen, Report IAEA-NDS-39, Rev. 9 (1996). 



NUCLEAR REACTOR DATA

FUNDAMENTALS FOR THE DEVELOPMENT OF A LOW-ACTIVATION LEAD 
COOLANT WITH ISOTOPIC ENRICHMENT FOR ADVANCED NUCLEAR POWER 

FACILITIES  

G.L. Khorasanov, A.I. Blokhin 
National Research Centre - A.I. Leipunsky Institute for Physics and Power Engineering, Obninsk 

�

�

INTRODUCTION�

��

�

�

�

�

�

�



�

�

�

�

�

�

�

�

�

1. MAIN PREREQUISITES AND DEFINITIONS�
��

�

�

��

�

1.1. Method for analysing the activity of lead and nuclear reaction products �
��

�

�

�

�

�

�

�

�

�



�

�

�

�

�

�

1.2. Neutron spectra, fluxes and fluences used in the calculations�
��

�

�

�

�

�

�

�

�

�

�

1.3. Isotopic composition of natural lead�
��

�

�

�

�

�

�

�

�

��

�



�

1.4. Occupational radiation safety standards for radioactive lead and its 
transmutation products�

��

�

�

�

�

�

� �

�

�

�

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

��

� �

��

�



�

2. LONG-LIVED RESIDUAL ACTIVITY OF FNR LEAD COOLANT�

��

�

�

��

�

�

�

�

�

�

�

�

�

�

�



�

�

�

�

�

�

24-hour release in curies (1 Ci = 3.7·1010 Bq) and the relative hazard posed by 
radionuclides in a beyond-the-design accident in a BREST-type reactor [22] 



�

3. TARGET WITH LOW POLONIUM AND BISMUTH YIELD FOR AN 
ACCELERATOR DRIVING A SUBCRITICAL FAST NEUTRON REACTOR 
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4. COST OF LEAD COOLANT WITH ISOTOPIC ENRICHMENT 
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CONCLUSION 
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