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Abstract

A method for accurate measurement of the fission rate in the samples irradiated by
neutrons from the T(p,n)3He and D(d,n)3He reactions is described. The method is based on the
measurements of the fission rate in two fission chambers placed in the vicinity of the sample
and Monte-Carlo calculations of fission rates in the sample and in the chambers' fissionable
layers. The Monte-Carlo calculations employ a neutron source procedure taking into account
most of the factors influencing on the neutron spectra characteristics in conditions of a real
experiment. An experimental procedure developed for testing the proposed method is
discussed. The performance of the method is demonstrated by the results obtained in the
measurements of the total delayed neutron yields from neutron induced fission of 237Np and
235U.
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Introduction

For better understanding of the neutron induced fission process of heavy nuclei as a
whole and the mechanism of delayed neutrons (DN) emission in particular, it is interesting to
know the DN emission properties and their dependences on an excitation energy of a
fissionable nucleus. In this respect one of the least investigated values is the absolute DN yield
VdiEJ versus an incident neutron energy En. At the present time the detailed v^E^ data are
available only for nuclei 233U, 235U, 238U [1].

In experiments with a cyclic irradiation of researched sample the value vJ^E^) is
determined by the relation [2]

N(En,t) =e- RiEJMEnyFfaaiJk) (1)

where N(En ,i) is the measured count rate of the DN detector at the time / after the end of
irradiation (number of DN detector counts in a given time interval), s is the neutron detector
efficiency averaged on the DN energy spectrum; F(cii,ki,t0 is the function depending on the
values of relative DN yields at and decay constants A/, and also on the time parameters tk
(irradiation time and delayed neutron counting time, number of irradiation cycles etc.); R(En)
is the fission event rate. The value of e is usually measured in a special experiment [3]
whereas the value R(En) characterizes experiment as a whole and depends on many factors
(geometry of experiment, mass of a sample and its sizes and configuration, features of a
neutron source etc.). Therefore from the methodical point of view the most complicated task
is to determine the value of R(En) at different energies of incident neutrons.

In the majority of experiments performed with thermal neutrons and with fission
spectrum neutrons, the fission rate was determined via measuring a gamma and beta activity
of fission products emerged in irradiation process of a sample [4,5]. However the application
of such method to study the energy dependence Vd(E^ in a wide range of neutron energies
causes difficulties because of absence of the reliable data on the energy dependence of fission
product yields.

In the work [1] the fission rate was determined using the method of the absolute
counting of fission fragments in the fission chamber when the fissile layer and the sample
under investigation were exposed to almost equal neutron fluxes. For this purpose the sample
was placed close enough to the fissile layer. Such experimental configuration did not allow to
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transport the sample into a neutron detector after the irradiation, that essentially reduced DN
count rate.

The purpose of the present work is to create a method of determination of fission event
rate in a sample irradiated with quasimonoenergetic neutrons from the T(p,n)3He and
D(d,n)3He reactions. The consideration is given for the case of the measurements of DN yields
from neutron induced fission of 237Np [2].

Fission rate in samples

In general the calculation of fission rate in the sample is a quite complicated problem [6]
connected with solving the neutron transport kinetic equation taking into account neutron
multiple scattering in a sample and construction materials of the experimental setup. It is
necessary to account for a composite nonmonoenergetic spectrum of accelerator-based
neutron source as well. In the general form the value of R(E^ can be presented as the
functional of the following type:

=<Z(E)-A(r) • <p(E,Enr)>^ (2)

where E(E) is the effective macroscopic fission cross-section for neutrons with energy E,
A(r) is the neutron path length in the sample in the direction of radius-vector r of the
interaction point, <pfE,Emr) is the neutron flux on the sample with average neutron energy En,
the sign <>E,r denotes the averaging over all coordinates r and neutron energies E. The value
of <p(E,En,r) is associated with a spectrum of accelerator-based neutron source <po by the
relation

<p(ElEnjr)=0o(Ert) •«p({E:Enq) G(E'->E,Q->r)>E',n, (3)

where Q is the unit vector of an outgoing neutron direction, 0o(En) is the total neutron yield
from an accelerator target, G(E'—>E,Q-Hr) is the Green function (scattering indicatrix) of the
system which is taking into account the features of neutrons transport for the given geometry
of experiment (Fig. 1). Such geometry relates to the class of "tight (close) geometry", where
the sample under study is located very close to a neutron source and consequently subtends a
considerable solid angle relative to ion beam direction. Such geometry conditions and rather
thick targets (0.6-2.0 mg/cm2) used to obtain intensive neutron fluxes lead to the additional
neutron energy spread due to the incident ion energy losses in the target material and to the
angular kinematics broadening of neutron spectrum. These effects result in a noticeable width
(up to 10-15% relative to En) and asymmetry of the spectrum <po- Another source of the
neutron energy spread is connected with the secondary neutrons due to the processes of
neutron slowing-down in the water layer (0.4 mm) used for the target cooling and due to
neutron multiple scattering on the sample and on the experimental setup materials. These
processes lead to occurrence of the low energy tail in the spectrum (p(E,Emr). It is quite a
problem to determine the spectrum <po and especially the spectrum cp(E,Emr) experimentally.
Taking into account a high precision of the data on the neutrons emission reactions and on the
neutron-matter interaction constants, more acceptable approach is to simulate it numerically.
At the same time the normalization constant 0o(En) can be determined by the comparison of
the calculated value with the count rates RtfEJ of two monitor fission chambers (with fissile
layers made of the same material 237Np, / is the chamber's number) located directly in front of



and behind the researched sample in the same neutron flux. Use of two fission chambers for
neutron flux monitoring essentially raises the reliability of the method because possible
variations of a neutron field are taken into account in the course of the simulation.

By analogy to the expression (2) the fission rate in the fission chamber / can be
written as

where d is the efficiency of fission event registration for the fission chamber L The procedure
of the determination of the fission chamber efficiency e is considered in the paper [7] in
details. From Eq. (2-4) follows that the fission rate in the sample can be expressed as

Rs(EJ=<Rt(EJ- Wfl>r Ws (df, (5)

where the index s relates to the sample; the sign < >t means the average value of the results
obtained with two fission chambers. The equation (5) contains the measured values RifEJ, the
fission chambers' efficiencies i, and the ratio of two functionals such as W which can be
calculated by using the MCNP code [8] within the same scheme and with identical neutron
interaction constants. Such procedure essentially decrease possible errors of the calculated
value RS(EJ.

For MCjVP-calculations it is essential to define the spectrum <po(E',EnQ) of the
accelerator-based neutron source correctly. In the present work the spectrum <po was simulated
by the subroutine "SOURCE" [9] which can operate with a wide class of neutron sources
(both solid and gas) based on the (p, n) and (d, n) - nuclear reactions. Its brief description is
represented below.

Simulation of neutron source spectrum

Neutron spectrum <pc(E',QJ where 9n is the LS neutron angle relative to the incident ion
beam direction, was calculated in correspondence with the diagram (Fig. 2) under the
formula [10]:

e^Ep, 9)) • S(On-x(0p, 9)).

Here G/ is the ion angle distribution function of incident ion energy Eo and of the multiple
scattering angle 9P at the depth x from a target surface; dQp and dQ are the solid angle
elements defined by the polar angles Qp and 9 respectively; G2 is the energy loss distribution
function of the ion energy Ep at the depth x; ep(x,0p,EQ) is the mean ion energy; C(x) is the
concentration profile of the target material; da/dO is the neutron production differential cross
section; S is the character of the Dirac delta function; en is the neutron energy function
kinematically connected with the ion energy Ep and with neutron emission angle 9; x is m e

function coupling the angles 9n, 9P and 9. The indexes p and n denote a projectile and
escaping neutron respectively.



The following approximations were included:

A. The function G/ was supposed to have a form Gi(y)=exp(-y), where
y=62{x)/<62>(x) and <92>{x) is the mean square of multiple scattering angle of
ions in the target matter, i.e. the small scattering angles approximation was used.

B. The function G2 was supposed to be a Gaussian, though it is known that for small
energy losses it is described by the Vavilov distribution.

C. The targets of a multielement composition with the number of components not
more than 6 are considered.

D. The multilayer targets with the number of layers not more than 6 are considered;
inside each layer the function C(x) for the given component is considered as a
constant value. This approximation allows to operate with both solid and gas
targets.

E. The case of normal incidence of a wide ion beam uniformly distributed in the circle
of radius Rj on the target surface is considered. The centre of the beam can be
biased relative to an axis of a cylindrical target.

The calculation of the spectrum of primary neutrons requires a solution of the ion
stopping problem for the multilayer target of multicomponent composition. This problem was
reduced to the numerical solving of the system of the first order differential equations for the
first four moments of the ion energy distribution function in a target matter. The first two
moments, namely the values ep(x,6p,Eo) and energy straggling sp(x,Eo) were used for
simulating the function G2, second two - the coefficient of skewness and kurtosis - were used
to estimate the accuracy of the approach. As a part of the solution the angular values <0i2>(x)
were calculated. All calculations were based on the ions stopping data dE/dx in matter
obtained with the help of the well-known code TRIM (version 91.14) [11]. For given energy
Ep the dE/dx values were calculated using the cubic spline - interpolation. For multielement
targets (compounds) the Bragg rule was used. To calculate the functions en(Ep,0) the
relativistic kinematic formulae for two-particle nuclear reactions [12] and the atomic masses
table Audi-93 [13] were used. The code operates with the following neutron production
reactions: T(p,n), D(d,n), T(d,n), 7Li(p,n)7Be and 7Li(p,n)7Be* (and the inverse to them). The
data on the neutron production cross-section in the center-of-mass system (CM) were taken
from [14] and appropriate extrapolation was used near threshold range for (p,n) - reactions.

The code is written in "Fortran-77" for compiler/77L-EM/32 version 5.01. Its main
part is the subroutine nsource (EN, OM, X, Y, Z, WGT) which generates random variables,
namely EN - the neutron energy in MeV, OM(1), OM (2), OM (3) - the direction cosines of
the unit vector defining the neutron direction relative to axes OX, OY and OZ respectively; X,
Y, Z-the coordinates of neutron birth point (coordinate Z is chosen along the incident beam
axis); WGT-the neutron weight (number of neutrons per 1 uKl). At the first call of the
program the initial data are entered. Then the stopping problem is solved. As a result the text
file containing the mean ion energy Ep(t) (MeV), the straggling sp(t,Eo) (MeV) and <0i2>(t) on
the depth / (mg/cm2) in the tabulated form is produced. After the sampling of coordinates
(X, Y) of the interaction point in the circle of radius Rd and Z-coordinate of the neutron birth
point, the values Ep(z), sp(z), <92>(z) are calculated by a linear interpolation. Further the
appropriate random values are calculated using the normal numbers generator and random



numbers generator for an exponential distribution. Then the outgoing neutron direction angle
(cos(Q), sin(9)) in the CM system for the two-particle reaction is sampled uniformly in the
range from -1 to +1. The statistical weight WGT proportional to the differential reaction cross-
section dofEpd, O)/dQis assigned to the neutron birth event. Further outgoing direction angles
of neutrons are transformed from the CM system to the LS system, the outgoing neutron
energy EN and the OM-values are calculated (the presence of two groups of outgoing neutrons
for threshold reactions is taken into account). The results of the MCAT'-calculations of
<pd(E',EnQ) and <p(E,Emr) spectra are shown below.

Results

In Figures 3 and 4 the calculated neutron spectra <p(E,Emr) for T(p,n)3He - neutrons
interacting with the 237Np sample and 237Np fissile layer in the fission chamber are shown.
One can see the effects of the neutron flux attenuation and multiple scattering on the
constructional materials of the experimental setup. The calculations were carried out for
layout of the sample and the fission chambers relative to the neutron source shown in Fig. 1.
The layers of the fission chambers were made of dioxide of neptunium. The thickness of
fissile layers was 100 ug/cm2, diameter - 2 cm. The sample was made of dioxide of neptunium
and represents the cylinder 0.29 cm diameter and 1.5 cm height placed in the container of
stainless steel.

As it is shown in Figs 3 and 4 the neutron distributions <p<E,En,r>r averaged over the
volumes of the sample and the fissile layer for the same incident ions energy (Eo =1.318,
1.550, 1.777, 1.974 MeV) have essentially different shapes, dispersions and asymmetry. This
can be seen also from the Table 1 where three first moments of the neutron spectra related to
the sample are presented. The low energy "tail" in the neutron spectrum on the sample due to
the neutron multiple scattering effects can be seen. It is important to take into account this
component in the measurements with non-threshold fissile isotopes. Besides that in both cases
the shape of distributions has a strong energy dependence and their mean neutron energies are
rather different. Taking into consideration the energy dependence of 237Np fission cross-
section, one can expect a considerable energy dependence of the (Wf' Ws) ratio value of the
fission rates in the sample and fission chamber in the vicinity of the fission threshold for the
case of "tight geometry".

The test of the method (to estimate the Rs (EJ value properly) was carried out by
measuring the count rate i?, (EJ in the fission chambers placed at different distances from the
neutron target and by comparing the results with calculated values Wt. The results of the
comparison are shown in Fig. 5. The light circles are the experimental data /?, (EJ obtained
using the fission chamber placed between the neutron source and the sample. The black
circles show the data for the fission chamber located behind the sample. The black squares
connected by solid curve show the calculated values Wf. In the insert the ratio of the
experimental fission rate to the calculated one is presented. As one can see from the figure the
discrepancy of the experimental values of the fission rates and the calculated ones does not
exceed 1.5% in a wide range of distances from the neutron source to the fission chamber.
Therefore the accuracy of the determination of the R^EJ values based on the calculation of
the functionals W-, and Ws for actual samples should not exceed the quoted value.



In Fig. 6 the results of calculations of the values {WrWs~') for the 237Np sample
obtained for two cases of neutron flux monitoring (by one and two fission chambers) are
presented. The energy dependence of this value in the range of neutron energies for
T(p, n)3He - reaction is defined by the difference in the average neutron energies in the sample
and in the fission chamber. In the case of the D(d,n)3He neutrons the increase of the (Wi-W/1)
value with neutron energy is determined by the kinematics of the neutron production reaction.
The calculations show that the neutron transport effects does not lead to considerable changes
in the energy dependence of the fission rate ratios, while the shifts of the absolute value of the
ratio are noticible (about 10%). It can be seen from Fig. 6 that for the case of "tight geometry"
the fission rates ratio is close to a constant in the range of the average neutron energies
1-3 MeV. Such behaviour essentially simplifies the data analysis on the energy dependence
Vd(En) in the range of energies where there is a transition from one neutron source to the other
and raises the reliability of the normalization method.

In Fig. 6 (black circles) the calculation results of the value (Wi-JVs~) are shown for the
case when two fission chambers were used in the experiment for neutron flux monitoring. The
data are given for the fission chamber being placed behind the sample. The energy
dependence of the ratio is flatter in this case. This "two fission chamber" configuration was
used for measuring the absolute yield of delayed neutrons.

The method of the fission rate determination in the sample presented here was used to
study the energy dependence of DN total yield from fission of 235U and 237Np in the energy
range 0.4-5 MeV. The results are shown in Fig. 7. These data are obtained in two experiments
(with one and two fission chambers). In the case of 235U a good agreement of our results with
the data [1] is observed. In the case of 237Np the data on the energy dependence of DN total
yield are obtained for the first time and show considerable dependence of Vd on the incident
neutron energy.
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Fig. 1. The scheme of the experiment.
237 2371 - Npfissile layer, 2 - Np sample, 3 - neutron target, 4 -fission chambers.

target
sample

Fig. 2. The diagram for calculation of the neutron spectrum <po(Ent 0^. En and Eo - the
energies of outgoing neutron and incident ion respectively, Ep(x) - the ion energy at
the depth x, 6P - the angle of multiple scattering, 9- the outgoing neutron direction
angle relative to the direction of the ion at the point of interaction, 6n - the outgoing
neutron direction angle relative to the direction of the incident ion at the point x=0.
1 - the entry point of the ion in a target, 2 - the point of interaction, 3 - the point of
neutron absorption in the sample, 4, 5 - the points of neutron scattering outside of a
target.
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TABLE 1. THE FIRST THREE MOMENTS OF THE NEUTRON SPECTRA
ASSOCIATED WITH T(p,n)3He - NEUTRON SOURCE FOR THE Ti-T TARGET
THICKNESS 1.0 g/cm2

Fission chamber
Proton
energy,
MeV

1.318

1.550

1.777

1.974

Average
neutron
energy,
MeV
0.366a)

0.390b)

0.616
0.651
0.850
0.892
1.048
1.096

Neutron
energy
spread,
MeV
0.088
0.050
0.119
0.043
0.147
0.040
0.175
0.039

skewness

-1.851
-0.088
-2.834
-0.080
-3.313
-0.089
-3.532
-0.134

Sample
Average
neutron
energy,
MeV
0.324
0.340
0.561
0.586
0.780
0.814
0.967
1.008

Neutron
energy
spread,
MeV
0.090
0.070
0.121
0.077
0.151
0.089
0.180
0.099

skewness

-0.964
-0.255
-1.721
-0.480
-2.065
-0.627
-2.270
-0.073

a) The fist row contains the results of calculations including all the neutron transport effects.
b) The second row is related to the calculations taking into account of the kinematics of the

neutron production reaction and target thickness only.
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