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An investigation of the neutron die-away time

Abstract

Neutron coincidence counting applied to the assay of Pu-bearing waste is commonly based on the
assumption that the time intervals between detected fission neutrons are distributed according to
a monoexponential function, often called Rossi-alpha distribution. The time constant of this
characteristic exponential function is generally referred to as the die-away time of the detector
assembly. In fact, the distribution of time intervals is derived from the more fundamental arrival
time distribution, which is also assumed to obey a monoexponential law. In view of the design
studies for our neutron counter, the validity of this basic assumption was investigated. Different
parameters such as neutron moderation and absorption in the sample and the presence of
cadmium-lining were investigated by means of Monte Carlo simulations using the MCNP-code.

The simulation results lead to the conclusion that the description of the arrival time function with
a monoexponential function with a sample-independent die-away time is only a first
approximation. The monoexponential decay is perturbed by a second time component related to
the detection of neutrons already thermalized in the sample. This thermal component cannot be
described by a monoexponential function, but has a characteristic shape with a fast build-up
reaching a maximum followed by a slow decay as a function of the arrival time. The relative
contribution of this component strongly depends on the absorption and moderation of the sample
matrix. This component cannot be described by a simple analytical expression involving sample
related parameters. Hence, no direct useful information can be withdrawn from the arrival time
probability function to characterize the waste matrix.The thermal component can be strongly
suppressed by the use of cadmium-lining in front of the detector blocks simplifying the
mathematical description of the arrival time probability function. Indications of the bias introduced
by an inaccurate modelling of the die-away process will be given.
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1 Introduction

Neutron coincidence counting aims at discriminating the time correlated neutrons (neutrons
belonging to a same fission) from uncorrelated or accidentally correlated neutrons (e.g. neutrons
produced by (a,n)-reactions or belonging to different fissions) [1,2,3]. This discrimination is
based on the fact that fission neutrons are emitted simultaneously and have a common time origin
while other neutrons are emitted randomly with respect to each other. Although fission neutrons
have a common time origin, they will be detected at different arrival times because each fission
neutron is independently subject to a different slowing-down process in the waste matrix and
detector assembly.

The arrival time probability function P(t) expresses the probability of detecting a neutron in the
detector at arrival time / after its birth at t~0 in the sample and is generally assumed to obey a
monoexponential law :

P(t) - -e~ (1)
x

with T a parameter indicated as the die-away time. The arrival time probability function P(t)
however cannot be directly measured, since there exists no experimental means of detecting the
time origin of a fission. Hence only the time elapsed between the detection of two neutrons can
be measured. The probability distribution R,(t) of the time intervals between two detected
neutrons from a same fission event can be equated when considering a first neutron to arrive at
arrival time s and a second at arrival time s+t for all possible arrival times I of the first neutron :

Rx{t) • (>(s)P(s.t)ds - e T (2)
JO

The time dependence ofR,(() follows the same monoexponential law as the basic arrival time
probability function P(i) and is known from reactor theory as the Rossi-alpha distribution [3,4].
We will further refer to the probability function R,(t) as the one-dimensional Rossi-alpha
distribution.

In quite a similar way, advanced coincidence counting techniques [3] make use of the relative
arrival time function of three neutrons from a same fission, which is given by :

RJt,,t.) - [°°P(s)P(s*t.)P(s+t.*t.))ds « e xe * (3)
1 l Jo

with /, and t2 the time intervals between a first and a second, respectively the second and a third
detected neutron. We will refer to the probability function R/1,,1^ as the two-dimensional Rossi-
alpha distribution.

When P(t) is not monoexponential, the functions R,(t) and R/t/JJ will become in general rather
complicated functions. Since neutron coincidence counting techniques explicitly rely on the
knowledge of the specific time behaviour of the functions R,(t) and R/tjJJ, correct expressions
forR,(() and R^t^t) should be used to adequately determine the amount of fissile material present
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in waste drums.

Another interesting aspect to consider is the possibility to use a detailed analysis of R,(l) or
R/(,,tJ to measure the neutron properties of the waste matrix. This of course requires that R,(t)
and R/t,,t) can be measured with sufficient detail which is possible nowadays using Time Interval
Analyser boards [5].

In the following paragraphs, the effect of neutron moderation and absorption in the waste sample
on the arrival time probability function will be investigated theoretically and by use of Monte
Carlo simulations. The possible use of the arrival time probability function and the one-dimenional
Rossi-alpha distribution for matrix identification will be further looked at.
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2 A theoretical investigation of the arrival time probability function

2.1 The moderation and diffusion times

In this paragraph we will elaborate a theoretical model describing the influence of moderation and
absorption in a waste drum on the arrival time of neutrons in the detectors. The different neutron
processes, such as moderation, thermalization and diffusion, are well known from reactor theory.
In reactor theory, the different processes are modelled via several concepts and equations. In the
following paragraphs, we will make use of some of these concepts and equations.

The mean life time of a neutron r is composed of two major components, a mean moderation time
rmod and a mean diffusion time rdlff, which can be expressed as a function of the material
characteristics as [6] :

2 1 1
T " T*o d" + Tdiff £a w, vn

 + a N v h <4)
' 5 5 0 a a th

with rmoder : the mean moderation time for moderation from an initial energy E down to an
energy of 1 eV;

vdiff : the mean (thermalisation and) diffusion time of the neutrons;
\ : a parameter expressing the mean loss of lethargy per collision : e.g. for H2O £=1;
os oa : the average microscopic cross-section for respectively scattering (fast, epithermal)

and thermal absorption;
Ns, Na : the atom density of respectively scattering and absorbing materials;
v0 : the neutron velocity corresponding with an energy of 1 eV;
vth : the neutron velocity of a thermal neutron.

Generally rmoder is short compared to rdlff, e.g. for an infinite volume of H2O : rmoder = / us
while r ^ = 215 \is.

2.2 The free flight moderation and diffusion length

The free flight moderation length ARmod, defined as the distance travelled in free flight by a
neutron during its moderation, can also be expressed as a function of the material characteristics.
The square of this free flight moderation length is given by [6] :

6 F 6 f

with F : the Fermi-age, expressed in cm2;
D(E) : the diffusion coefficient as a function of energy;
//= cos if/ : the mean value of the cosine of the scattering angle tfr;
cos ifr= 2/(3A) where A stands for the mass number of the moderator material.

The square of the free flight diffusion length, defined as the distance travelled in free flight by a
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neutron during its diffusion for an infinite volume, can simply be expressed as :

Afl2 - 6-^— - 6 ((L\

where the microscopic cross-sections oa, os are for thermal neutrons.

Generally AR2
moder is somewhat larger than AR2

diff, e.g. for H2O : b>.Rmoder=12.7 cm while
ARdiff=6.9 cm. These values have to be compared with the characteristic dimensions of a waste
drum : e.g. a 220 1 drum has a radius of 28.5 cm and a height of 90 cm.

The combination of the time and space aspects of moderation and diffusion allows to describe the
time aspect of the detection of neutrons in a waste assay system with 3He-detectors embedded in
polyethylene.

Depending on the specific position of the neutron source in a waste drum, the flight direction of
the neutron, the type and density of the moderating material, the neutron tracks in the waste drum
will be either larger or smaller than ARmoder. Consequently, a fast neutron will be completely or
only partly moderated when it leaves the waste drum. In most cases the distance travelled in the
drum will be less than ARmoder and additional moderation occurs outside the drum in the
polyethylene of the detector blocks. The moderation time rmoder is of the order of lus and will
generally not vary a lot whether the moderation takes place in the waste matrix or in the
polyethylene of the detector benches. Moreover, possible variations of the moderation time due
to different waste matrices will be of the order of 1 us and are negligble compared to the diffusion
times which are of the order of several tenths of microseconds. Hence, observable variations of
the die-away time will solely be due to variations in diffusion times.

2.3 The detection of fast and epithermal neutrons

First of all we will consider the case where the distance travelled by the neutron in the waste drum
is less than the free flight moderation length ARmoder. In this situation, diffusion will only take
place in the detector blocks. This is the case for most of the neutrons in waste drums and for most
waste matrices in general. The diffusion time in the detector block will be less than the diffusion
time in an infinite volume of pure water, because the detector block is finite and moreover
contains neutron absorbing 3He-tubes. The diffusion time is still much larger than the moderation
time. In fact, when a neutron gets thermalized somewhere in the polyethylene, the mean diffusion
towards a 3He-tube will be a characteristic of the detection assembly only. The mean diffusion
time will be independent of previous moderation in the waste matrix, since the mean spatial
distribution of thermal neutron birth is not affected by a different moderation in the drum. To
conclude, the mean diffusion time x^ for neutrons thermalized in the detector blocks will be quite
independent of matrix effects due the characteristic and direction sensitive diffusion to the 'He-
detector acting as a black hole.

Of course, not every neutron will have an arrival time equal to this mean diffusion time. Neutrons
that thermalized in the proximity of a detector, have a high probability to diffuse only during a
very short time before being captured in the 3He-detector. Neutrons, that thermalized further away
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from a detector tube have a higher probability for longer diffusion times, but also a higher
probability of being captured before reaching the 3He-tube. Hence, the net probability of having
short diffusion times is much larger than the one for short diffusion times. These physical
phenomena will yield a monotone decreasing function depending only on the characteristic
diffusion time of the polyethylene.

This monotone decreasing component, related to the detection of fast and epithermal neutrons
that leave the drum, will of course be proportional to the number of fast and epithermal neutrons
arriving at the detector blocks. The number of neutrons arriving at the detector blocks will directly
depend on the moderation process in the waste drum. With more moderation in the drum, more
neutrons stay longer in the drum, thermalize and are finally absorbed. A difference in absorbing
characteristics of a matrix will not influence the die-away time nor the function as a whole,
because absorption can in a good approximation be reduced to thermal absorption and this
monotone decreasing component only takes into account neutrons thermalized in the detector
blocks. Hence, a difference in moderation and absorption characteristics will only act as a
proportional factor to the monoexponential function.

2.4 The detection of thermal neutrons

This paragraph considers the detection of neutrons which are completely moderated and
thermalized in the waste drum. For neutrons thermalized in the waste drum, the net diffusion time
Tdi/H c a n be considered as the sum of the diffusion time rdi/

m'e in the waste drum and the
diffusion time rdJ

E in the polyethylene of the detector blocks as stated in expression (7) :
TH _ waste PE

T diff- T d,JT + T dlff ( 7 )

The diffusion time Tdl^'a'"e in the waste drum can simply be evaluated as rdl^"a'"e=n/(Us v,,J where
Ss is the macroscopic scattering cross-section in the matrix, vlh is the velocity of a thermal
neutron and n represents the number of collisions for a thermal neutron in a free flight distance
of length d in the waste drum. The number of collisions can be related to d as follows :

()
6D 2

The time a neutron spends in the waste matrix before leaving the drum and after having diffused
over a distance d can be described by the product of the mean life time between two collisions,
which is given by l/(£s. vlf), and the number of collisions n :

S.( l -u)d :

- _ __r . _
cliff y o

(9)

This waste diffusion time Tdi/™* adds to a characteristic mean diffusion time rdi/
B in the

polyethylene of the detector blocks. The diffusion time vd(ff-
PE however will not be the same as rdiff,

since the thermal neutrons are forced to cross a minimum distance in the polyethylene before
reaching a 3He-tube. For fast and epithermal neutrons on the other hand the mean characteristic
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diffusion ret ime is related to the mean spatial distribution of the place where neutrons become
thermal. By consequence, the mean diffusion time TdJ

E only depends on the thickness of the
polyethylene in front of 3He-tube.

The neutron arrival time will be the sum of a very short moderation time, a diffusion time in the
waste matrix and a characteristic diffusion time in the polyethylene of the detector blocks. In this
sum the moderation time can be neglected and T™ equates to :

-PE
• dlff

(10)

Equation (10) states that there always exists a minimum arrival time ^E
diff and that the

prolongation of r™ due to diffusion in the waste drum is proportional to the square of the free
flight distance da neutron travels in the waste drum before leaving it.

The radial probability distribution of the birth place of thermal neutrons in a sphere shell -due to
moderation of fast neutrons emitted in the centre of a sphere- is described by the thermal birth
function #(/-,) [6]:

B(r) -
\3/2

(11)
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Figure 1 : Thermal birth function B(r) for F=50 cm2 in the case of warm water.
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Figure 1 shows this function for a warm water moderator, which has a maximum at r=2v/F=\0A
with F the Fermi-age for warm water.

The probability of having an arrival time corresponding to a diffusion time in the waste and an
extra distance travelled in the drum will be the product of the thermal birth function B(r) and a
probability function describing the neutron absorption in the matrix. In a first approximation we
will assume that this absorption can be described by an exponential function. The arrival time
probability function of these neutrons as a function of the distance r of thermal birth in the waste
matrix and the distance d, travelled by this thermal neutron in the drum, can be described as :

..3/2
(12)

From figure 2, it is obvious that for every distance r, there exist a lot of different paths to the
detector which all have different values for d. With every distance of thermal birth r, one can
associate the minimum distance a neutron has to travel before reaching the detector.This path will
be the path with the shortest arrival time and also the highest detection probability.

Point source of fast
neutronsDistribution of thermal

neutron birth

Detector block

Waste drum

Figure 2 : The detection of neutrons thermalized in the waste drum.

For every radial distance of thermal neutron birth, the highest detection probability is associated
to the shortest paths dmin and the shortest arrival times. This suggests a monotone decreasing
arrival time probability function. The source term for thermalized neutrons described by D(r)
however clearly has a thermal birth place with maximal probability, which will also be reflected
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in the arrival time probability function. For increasing minimum distances dmin, the source term of
thermal neutrons first increases, then reaches an optimum and finally decreases. The arrival time
probability function will show the same behaviour. For distances other than the minimum distance
dmin, the arrival time probability function will still be characterized by a fast build-up and slow
decay, but the arrival time corresponding with the highest probability will change. All these
contributions will add up to an overall arrival time probability function for this component with
a fast build-up reaching a maximum corresponding with a trade-off of neutron population and
neutron attenuation, followed by a slow decay governed by the absorption in the waste matrix.

The effect of different moderating matrices will mainly be noticed through a change in the Fermi-
age F, which will shift the maximum in the arrival time function of thermal neutrons towards a
later arrival time. This is due to an increased distance travelled by the thermal neutron in the drum
resulting in longer waste diffusion times towards the detector. Different absorbing matrices will
also shift the maximum, but will primarily decrease the tail of this distribution.

2.5 The expected total arrival time probability function

Combining the results from paragraph 2.3 and 2.4, the total arrival time probability function can
be described by a monotone decreasing component associated to the detection of fast and
epithermal neutrons and a second component associated to the detection of thermal neutrons. The
latter component has a typical shape with a maximum and a slowly decaying tail as illustrated in
figure 3 :

o
o
c

13

Fast neutron component

Thermal neutron component

Arrival time

Figure 3 : Fast and thermal neutron components of the arrival time probability distribution.
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3 The arrival time probability function for different moderating matrices

In this paragraph we will take a closer look at the influence of different moderating matrices on
the arrival time probability function P(t) by use of Monte Carlo simulations using the MCNP 4A-
code [7]. The arrival time probability function P(t) was investigated for a hexagonal detector
assembly, with 60 3He-detectors embedded in polyethylene and without cadmium-lining. In the
Monte Carlo simulations we tallied the arrival time of each neutron and for each of the 60
detectors after their birth in the waste matrix at t=0 with a fission energy spectrum.

We simulated a homogeneous volume source distribution in the waste drum and also a point
source in the centre of the drum.

1.00E-01

1.00E-02

re

a. 1.00E-03
c
o
oa>
Q 1.00E-04

1.00E-05

• Series 1 Series2
•Series3 Serjes4
Series5 Series6

• Series7

0 100 200 300

Arrival time (ps)

400 500

Figure 4 : Neutron detection probability versus arrival time (fis) on a log-scale for point and
volume sources in different moderating matrices. The legend is explained in tables
land 2.



An investigation of the neutron die-away time 12

1.00E-01

= 1.00E-02
03
H

2
Q.
C

o
« 1.00E-03

1.00E-04

• Series 1
Series3
Series5
Series7

Series2
Series4

• Series6

0 20 40 60

Arrival time (JJS)

80 100

Figure 5 : Neutron detection probability versus arrival time (ps) on a log-scale (first 100 us)
for point and volume sources in different moderating matrices. The legend is
explained in tables 1 and 2.

Scries 1

Series 2

Series 3

Scries 4

Series 5

Series 6

Series 7

Matrix Type

Void

Concrete 3

Concrete 2

Void

Concrete 1 + H*100

Concrete 2

Concrete 3

Source Type

Point

Point

Point

Volume

Volume

Volmue

Volmue

Die-away time
t(us)

62

71

76

62

78

66

63

Total Efficiency
(%)

23.3

3.1

14.1

23.6

1.7

19.6

11.8

Table 1 : Characteristics of different moderating matrices.

Matrix

Concrete 1

Concrete 2

Concrete 3

H

0.45

0.85

2.7

o
51.26

50.95

54.8

Na

1.16

1.77

0.0

Mg

0.39

0.24

0.54

Al

3.55

4.47

2.33

Si

36.04

30.6

7.75

K

1.42

1.87

0.0

Ca

4.35

8.06

30.2

Fe

1.38

1.19

1.68

Table 2 : Composition of the different matrices in weight percent.
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The plots of these probability functions (figures 4 and 5) clearly show a purely exponential decay
during the first 100 us with almost the same decay constant (die-away time) The values of the die-
away time x for the different moderating matrices are listed in table 1. The die-away time was
determined from the monoexponential behaviour during the first lOOus. Table 1 indicates only
small changes of r which are within the uncertainties of MCNP. The considered matrices range
from void (no moderation in the sample) to strong moderating concrete matrices (e.g. concrete
3). An exponential function with a matrix-independent die-away time r was predicted by our
theoretical description of the detection of fast and epithermal neutrons. This exponential
component is the main contribution of P(t) and is commonly used as a first approximation in
neutron coincidence counting. We notice that even for a highly moderating matrix such as the
concrete 1 with an extra hydrogen content, the die-away timer is only 78 us and deviates from
the others with 20%. Practically no neutrons escape from this waste drum (overall detection
efficiency of 1.7%).

The total detection efficiency which is proportional to the area under P(t) however strongly
depends on the matrix type. Table 1 indicates that a strong moderation in the waste matrix
severely decreases the total efficiency due to the increased possibility of thermal absorption of the
moderated and thermalized neutrons in the waste drum.

From the total arrival time probability functions P(t), we subtracted the monoexponential function
for different matrices to obtain the residual component attributed to the detection of thermal
neutrons. Figure 6 shows the thermal components for different moderating matrices.

100

- Series2
- Series4
- Series6

Series 1
Series3
Series5
Seriest

150 200 250 300 350

Arrival time {\is)

400

Figure 6 : Thermal neutron detection probability versus arrival time (/us) for point and volume
source in different moderating matrices. The legend is explained in tables 1 and 2.
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Figure 6 shows that the thermal component of P(l) is characterized by an onset at approximately
lOOus, then has a fast build-up and finally slowly decays. This seems in good agreement with the
predictions from the theoretical model explained in chapter 2. For point sources, we also notice
that for a higher moderator density of the matrix, the maximum of the thermal component shifts
towards a later arrival time. This is due to an increased distance travelled by the thermal neutron
in the drum resulting in longer waste diffusion times towards the detector. For volume sources
this aspect is somewhat masked by the volume distribution.

4 The arrival time probability function for different absorbing matrices

In this paragraph, the influence of different absorbing matrices on the arrival time distribution P(t)
is examined by use of MCNP-simulations. We added a thermal neutron absorber, cadmium, to the
waste matrices concrete 1 and concrete 3 (see table 2) in varying concentrations. The
concentrations varied between 0.1 and 10 weight percentage. Calculations were made for volume
and point sources for which the results are shown respectively in tables 3 and 4.

Series 1

Series 2

Series 3

Series 4

Series 5

Series 6

Series 7

Matrix Type

Concrete 3

Concrelc3 + 0.1 Cd

Concrete 3 + 1.0 Cd

Concrete 3 + 10 Cd

Concrete 1 +0.1 Cd

Concrete 1 + 1.0 Cd

Concrete 1 + 10 Cd

Die-away time x ((is)

63 us

67 (is

63 us

59 us

63 us

63 (is

58us

Total Efficiency (%)

11.8

18.6

17.6

17.2

9.7

8.1

8.5

Table 3 : Characteristics of different absorbing matrices for volume sources.

Series 1

Series 2

Series 3

Series 4

Series 5

Scries 6

Series 7

Series 8

Series 9

Matrix Type

Void

Concrete 3 + 10 Cd

Concrete 3 + 1 Cd

Concrete 3 +0.1 Cd

Concrete 3

Concrete 2+10 Cd

Concrete 2 +1 Cd

Concrete 2 +0.1 Cd

Concrete 2

Die-away time t (us)

62

65

61

61

71

67

67

72

76

Total Efficiency (%)

23.3

1.6

1.3

1.7

3.1

9

8.4

9.7

14.1

Table 4 : Characteristics of different absorbing matrices for point sources.
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Figure 7 : Neutron detection probability versus arrival time (pis) on a log-scale for volume
sources in different absorbing matrices. The legend is explained in table 3.
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Figure 8 : Neutron detection probability versus arrival time (jus) on a log-scale for point sources
in different absorbing matrices. The legend is explained in table 4.
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The figures 7 and 8 and tables 3 and 4 clearly indicate that the neutron die-away process is
dominated by the monoexponential contribution with a time constant which is independent of
neutron absorption in the waste matrix. This is true for a volume source as well as for a point
source. This corresponds with the prediction by our model that neutrons detected at short arrival
times have undergone only partial moderation in the waste drum and the moderation and
thermalisation is completed in the polyethylene of the detector blocks. Since these neutrons are
not yet thermalized when they leave the drum, they will not suffer thermal absorptioncaused by
the cadmium in the drum. Fast and epithermal absorption is negligible compared to thermal
absorption, except for some strong resonances of specific elements. Hence, the dominating
monoexponential component ofP(t) with its characteristic die-away time will not be influenced
by the presence of absorbers in the waste matrix.

Tables 3 and 4 also show that with increasing neutron absorption the total detection efficiency
first decreases and then increases as a function of increasing cadmium concentration. The increase
of the detection efficiency with increasing concentration of a neutron absorber is due the
decreasing concentration of moderator material to thermalize the neutrons. There clearly exists
a minimum for the total efficiency at a certain ratio of moderator and absorber.

From the total arrival time probability functions P(1), we substracted the monoexponential
function for different matrices to obtain the residual component attributed to the detection of
thermal neutrons. Figures 9 and 10 show the results of the thermal component for different
moderating matrices (remark the origin of time is at 100|is).

0.00035

0.0003

• Series 1

• Series2

• Series3

• Series4

50 150 200 250 300

Arrival time (\is)

350 400 450

Figure 9 : Thermal neutron detection probability versus arrival time (us) for volume sources for
different absorbing matrices. The legend is explained in table 3.
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O
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Figure 10 : Thermal neutron detection probability versus arrival time fas) for point sources for
different absorbing matrices. The legend is explained in table 4.

Figures 9 and 10 again show that P(t) deviates from a monoexponential function. The residual
function has the same shape as explained in previous paragraph. Figures 9 and 10 also show that
the addition of a neutron absorber in the waste matrix (cadmium in this case) reduces the
contribution of long lived neutrons due to a higher probability of being absorbed in the drum.
Another interesting feature is that the shape of the thermal contribution does not change much
with the addition of a neutron absorber. This can be explained by the fact that the neutron
absorber only affects the global detection probability.The relative concentration of moderating and
absorbing material will however slightly shift the minimum arrival time and the maximum of the
thermal component.

5 The arrival time probability function for a cadmium-lined detector assembly

The detector assembly considered in the previous paragraph was not cadmium-lined. In this
paragraph the effects of cadmium-lining will be looked at. The cadmium-lining is aimed at
preventing thermalized neutrons from being scattered from the detector benches and re-entering
the sample, where they can induce additional fissions. In the case of high amounts of fissile
material this mechanism leads to a measurement bias due to additional neutron multiplication.
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Figure 11 : Neutron detection probability versus arrival time (fis) for point and volume sources
in Cd-lined assemblies. The legend is explained in table 5.
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Figure 12 : Neutron detection probability vs arrival time (jus) on a log-scale for point and
volume sources in Cd-lined assemblies. The legend is explained in fable 5.
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The figures 11 and 12 show simulated arrival time probability functions for a cadmium-lined
detector assembly and for different waste matrices. The thermal component of P(t), clearly present
in bare detection assemblies, has completely disappeared here. These results agree with the
predictions of the theoretical model and especially subscribes the fact that the second component
is solely due to the detection of thermal neutrons.

Series 1

Series 2

Series 3

Series 4

Series 5

Matrix Type

Void

Concrete 3

Concrete 3

Concrete 2

Concrete 2

Source Type

Volume

Volume

Point

Volume

Point

Die-away time x

67

64

65

64

63

Total Efficiency
(%)

19.2

7.52

1.06

13.4

7.53

Table 5 : Characteristics of Cadmium-lined neutron counters

A comparison between table 1 (results for a bare detector assembly) and table 5 indicates that
there exits no significant difference in die-away time between a bare and a cadmium-lined detector
assembly for the different matrices and source distributions considered. This again is very well in
accordance with our theoretical model which states that the die-away time is related to the
thermalisation process in the detector blocks and is characterized by an average mean diffusion
time. When comparing the detection efficiency of a cadmium-lined and a bare neutron counter,
one notices the expected decrease of the total efficiency due the absorption of the thermalized
neutrons leaving the drum.

6 An analytical expression for the arrival time probability function for bare
and cadmium-lined neutron detectors

The theoretical considerations and the Monte Carlo simulations in the previous paragraphs lead
to the conclusion that the normalized arrival time probability function for a cadmium-lined
detector assembly ^(t) can in a very good approximation be expressed as a monoexponential
function with a sample-independent die-away time parameter r :

pc\t) i." (13)

From this arrival time probability distribution we then can derive the one dimensional Rossi-alpha
distribution R,cd(t) using equation (2), which after normalisation results in :

(14)

Bare detector assemblies will however also detect a thermal component which can in a first
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approximation be described by three characteristic time constants :
- Tt represents the minimum arrival time of a thermal neutron and corresponds to the minimum

diffusion time experienced by a thermal neutron travelling from the front of the detector
block towards a detector-tube.

- T2 describes a build-up of the arrival time probability for thermal neutrons.
- T3 characterizes the tail of the thermal component of the arrival time probability function.

When expressing the relative number of detected thermal neutrons by a factor q, the normalized
arrival time probability function Pban(t) of a bare detection assembly becomes :

/»*•"•(/) • {\-q)-e
 x (/ < r,)

- (l-q)-e T * q (t > r,)

The corresponding one-dimensional Rossi-alpha distribution R,bare(t), which can be derived from
this total arrival time probability function Pba"(t) is a complex function of time which is essentially
a sum of exponential functions with time constants equal to combinations of t, Th T2 and T3. The
integrations involved in the calculation ofR}

bare(() will introduce products containing functions of
r, T,, T2 and T3, which will make R^ft) deviate from a monoexponential behavior, even for t< T,.
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Figure 13 : A comparison between Pf"'re(t) and R,bare(() for a concrete-3 matrix and a point
source positioned at the centre of the drum.
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Figure 14 : A comparison between Pbare(t) and R^re (t) for a concrete-3 matrix and a point
source positioned at the centre of the drum and presented on a log-scale.

The figures 13 and 14 show the one-dimensional Rossi-alpha distribution R,bar'(t) corresponding
to the arrival time distribution Pt""'e(0 for the concrete-3 matrix and for a point-source located
at the centre of the drum. The presentation on a log-scale in figure 14 shows that the non-
monoexponential character of R,bare(t) is even more pronounced than for P^'ft). The function
Rj^ft) contains at least two exponentials with a different decay constant. The first, fast decay
constant is only slightly influenced by the presence of the thermal component in the arrival time
function. It can therefore still be considered to be matrix independent. The second, slow decay
constant on the other hand, strongly depends on matrix properties. The relative contribution of
this slow component to R,(t) also depends strongly on the matrix, but can easily be suppressed
by the use of cadmium-lining.
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7 An evaluation of the use of cadmium-lining in detector assemblies

In this paragraph we will bring together all the elements discussed in the previous paragraphs in
order to deal with the more general problem of when to use a cadmium-lining in a neutron assay
system. There is one assay condition in which the use of a cadmium-lining is highly recommended
and this is with the assay of large amounts of fissile material. When assaying large amounts of
fissile material, the cadmium-lining of the detector blocks is used to prevent scattered thermal
neutrons to re-enter the sample where they can provoke induced fission. Waste assay often deals
with relatively small amounts of fissile material, diluted in the large volume of the waste drum.
In this situation, their is no direct need to use a cadmium-lining. There are however still some
other aspects in neutron assay where the presence of a cadmium-lining plays an important role.

In waste assay with neutron coincidence counting, the amount of fissile material present in the
waste drum is often determined from the net number of Reals which is obtained by substracting
the counts in the Accidentals (A) gate from the counts in the Reals + Accidentals (R+A) gate. The
Reals can be related to the 24OPueq-mass via the following expression [8]:

P G

R - m24O.e2jl/2.e \(l-e T) O 6 )

with m240:240Puefrmass (473 fissions/s-g)
e : detection efficiency
P : predelay
G : gatelength
x : die-away time
M2: second moment of the probability distribution for fission neutrons

This expression explicitly assumes that the time arrival function P(t) and R,(t) are
monoexponential as a function of time. In the previous paragraphs we showed that this is
generally not true. Hence measurement procedures making explicitly use of equation (16) will
be subject to a bias whenever P(t) and R,(t) are not monoexponential. In the previous paragraphs
we discussed the fact that P(1) especially deviates from a monoexponential function when a
sample emits substantial amounts of thermal neutrons and when the detection of these thermal
neutrons is not suppressed by a cadmium-lining. The deviation between P(t) and a best fitted
monoexponential function is minimal close to the time origin. Hence equation (16) approximately
still holds when the (R+A) gate length is taken of the order of the time constant describing the
exponential behaviour ofPft) close to the time origin. The corresponding detection efficiency to
use in equation (16) should therefore be obtained from the measurement of the Reals rate of a
known sample. The detection efficiency obtained from the Totals rate will under estimate the
24oPueq-mass. Another important requirement connected to the use of the Reals with expression
(16) is that the long delay, which is the delay between the opening of the (R + A) gate and the
opening of the (A) gate by a same neutron, is taken sufficiently long. In some cases the tail in P(t),
due to the detection of thermal neutrons, extends beyond 1 ms. If the long delay is taken too
short, the number of Reals will be under estimated and so will the 24OPueq-mass. The validity of the
use of equation (16) to determine the 24OPueq-mass with a bare detection assembly is restricted to
that portion of P(t) and R(t) not influenced by the detection of thermal neutrons. The same
conditions on the gate lengths also apply to multiplicity counting, which explicitly relies on the
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fact that P(t) and R,(t) are monoexponential [2,3]. It is also clear that, when respecting these
conditions, there is generally no profit in using a bare detection system for its increased detection
efficiency compared to the same system with cadmium-lining, since both will only consider the
detection of fast neutrons.

If the assay is based on calibrations with representative samples relating the number of Reals
directly to the ^u^-mass then the gate length of the (R + A) gate can be taken larger including
a portion ofP(t) and R,(t) related to the detection of thermal neutrons. These large gate times
correspond also to an increased total neutron detection efficiency. Whenever a waste drums in
some aspects deviates from the calibration samples, then the result will be biased not only through
a different detection efficiency, but possibly also through a different arrival time probability
function.

With cadmium-lined detector assemblies however the monoexponential behaviour of P(t) and
R,(t) is guaranteed at all times since no thermal neutrons are detected. Hence equation (16) can
be used without any restrictions on the gate length of the (R + A) gate. So with a cadmium-lined
detection assembly the (R + A) gate and the (A) gate lengths can be optimised for maximal
counting statistics on the Reals rate. The nearly perfect monoexponential shape ofP(t) and R,(t)
in cadmium-lined detector assemblies are to be preferred for multiplicity counting because the gate
lengths can be optimised for optimal counting statistics while the neutron multiplicity theories
[2,3] are valid without restrictions. Moreover accurate dead time corrections algorithms [2,9]
which are especially important in multiplicity counting also assume that P(t) and R,(t) are
monoexponential.

One direct disadvantage of the use of a cadmium-lining in a detector assembly is the possible
increase of correlated spallation neutrons induced by cosmic rays on the cadmium. This increases
the coincident background and hence the detection limits. The high neutron multiplicity of these
spallation neutrons however makes it possible to use adapted filtering techniques which can
discriminate against this coincident background [10].
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8 Conclusion

Numerical data obtained with MCNP and theoretical models and approaches were discussed in
order to describe the neutron arrival time probability function which characterises the time aspect
of the detection probability in neutron coincidence counting with fast neutron detectors. The fast
neutron detectors considered are 3He-detectors embedded in polyethylene. The arrival time
probability function, and the experimentally more relevant Rossi-alpha distribution are commonly
assumed to have a monoexponential behaviour as a function of time. We showed that this
assumption is generally not true when considering neutron assay with a bare detection assembly.
This is due to the fact that a bare detection assembly also has a probability to detect thermal
neutrons. Neutrons which thermalize in the waste drum and that are detected can have appreciable
longer arrival times than fast neutrons which have arrival times characterized by the polyethylene
of the detector block. The arrival times of the detection of thermal neutrons does not follow a
monoexponential behaviour and generally complicates the overall time arrival probability function.
From a theoretical point of view the arrival time probability function can be described by a fast
component and a thermal component. The fast component is purely monoexponential and is
characterised by a time constant independent of matrix properties and fully determined by the
neutron properties of the detector blocks. The thermal component depends on the neutron
interaction properties of the waste drum. It has however always a characteristic shape determined
by a minimum non-zero arrival time at which the detection probability increases with time, reaches
an optimum and finally slowly decreases. The optimum in the detection probability for thermal
neutrons as a function of time is related to the balance between an increasing thermal neutron
population as fast neutrons get thermalised and an increasing probability of thermal neutron
capture with the live time of thermal neutrons. The fact that the thermal component has a
minimum, non-zero arrival time allows to use coincidence counting with bare detection assemblies
and with sufficient short gate lengths chosen below the minimum arrival time of the thermal
component. In this condition the arrival time probabilty function and the Rossi-alpha distributions
derived from it are nearly monoexponential with a sample independent time constant. The
corresponding detection efficiency is then solely due to the detection of fast neutrons, because the
short coincidence gate length discriminates against the detection of thermal neutrons.

Neutron coincidence measurements which explicitly rely on a monoexponential Rossi-alpha
distribution and which are performed with a bare detection assembly should meet the condition
on the coincidence gate length in order to get unbiased results. In these circumstances, however
there is no advantage in using a bare detection assembly for its higher detection efficiency
compared to a cadmium-lined assembly, since both will only consider the detection of fast
neutrons.

With a cadmium-lined detector the monoexponential shape of the Rossi-alpha distribution is
guaranteed at all times, since no thermal neutrons are detected. Hence no restrictions apply to the
use of the gate lengths and they can be chosen to optimize counting precision and statistics. The
monoexponential shape of the Rossi-alpha distribution obtained with a cadmium-lined detection
assembly also guarantees the validity of multiplicity counting algorithms and dead time correction
formalisms.
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