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ABSTRACT

An accurate calculation tool is essential for the assessment of
nuclear data by the pulsed neutron technique. The Monte Carlo transport
code MORSE is such a tool and its application to the calculation of
pulsed neutron experiments is presented. Modifications to the code and
a set of ancillary programs to enable the direct comparison of calcu-
lation with experiment are described.

The time profile of the pulsed neutron source is treated in a
manner which allows more efficient use of the code. However, as a
consequence some parameters, such as detector responses at different
times, are no longer uncorrelated. Error analysis which takes proper

account of these correlations is presented.
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1. INTRODUCTION

The pulsed neutron technique, applied as a diagnostic tool to heavy
metal assemblies, is based on the observation that as neutrons slow down
in such assemblies they do so with little dispersion of the energy
spectrum. As a result, the behaviour of the neutron population (measured
as a detector ra=sponse) at any particular time reflects the nuclear
properties of the assembly material in some particular energy range.

For a typical source spectrum of mean energy ~ 2 MeV, the neutron popu-
lation slows down to a mean energy of ~ 100 keV in ~ 100 ns. Thus, a
measurement of the time behaviour of such a neutron population in a
heavy metal assembly, over the time range 0 to 100 ns, probes an energy
region of considerable interest in the neutroniqs of fast reactors, and
can be used as a means of assessing cross section data on international
nuclear data files.

In essence, the technique consists of: ;

(i) measuring a time-dependent detector response in an assembly
following the injection of a pulse of neutrons into the
assembly, and

(ii) calculating the same time-dependent response using the data to

be evaluated.
Any inconsistencies between calculation and measurement can be attribu-
ted to inadequacies in the nuclear data used to describe the nuclear
characteristics of the material in the assembly.

Such a strategy assumes that the calculational method can account
accurately for details of the neutron interactions in the assembly.
Until recently, the only calculational tool available was the zero-
dimensional diffusion code TENDS [Maher et al. 1967; Moo et al. 1974].
This code was developed for use with large volume pulsed thermal systems
in which the neutron distribution is separable in space, energy and time
during the time range of interest — a situation in which the application
of a zero-dimensional code is valid. The diffusion theory calculation
produced results which were in excellent agreement with experiment when
the nuclear data used were modified to take proper account of the physical
properties of the material used in the experimental assembly [Ritchie
1968]. Excellent agreement was also obtained with experimental results
for small polycrystalline pulsed assemblies in which space-energy-time

separability and the assumptions of diffusion theory do not strictly




apply [Ritchie et al. 1970]. This is in line with the general experi-
ence that diffusion theory 'works' in many situations in which it is not
strictly applicable.

In pulsed heavy metal assemblies, the neutron distribution is a
continuously slowing down distribution and is certainly not separable in
space, energy and time. This is similar to the case for small poly- -
crystalline assemblies in which the neutron distribution is also a
slowing down distribution. The success of the zero-dimensional dif-
fusion code in the latter case suggested that the code might also be
applicable to experiments with heavy metal assemblies.

Experiments with heavy metal assemblies have to be performed in
such a way as to allow a spatial Fourier decomposition of measured time-
dependent detector responses to yield essentially space~independent
results for direct comparison with the results of TENDS calculations.

The parameter used for comparison was the logarithmic derivative of the

detector reaction rate associated with the fundamental Fourier spatial .
mode. The agreement between theory and experiment [Moo et al 1974;
Rainbow & Ritchie 1975] was not satisfactory. This was particularly so
in the time range immediately after the pulse, when the neutron energy
spectrum is in the range 0.5 to 5.0 MeV, where the data for inelastic
scattering, which is the dominant interaction, are least certain and the
approximations of diffusion theory are least likely to hold. In the
absence of any other calculational tool, it was not possible to assess
quantitatively the extent to which the calculational method was at
fault.

The combinatorial geometry version of the multigroup Monte Carlo
radiation transport code MORSE [Emmett 1975] has been acquired from the
Oak Ridge National Laboratory.. This code is able to treat, in detail,
the geometry of the experiment and should, in principle, be an accurate
calculational method.

The present report describes the application of the MORSE code to
the calculation of pulsed neutron experiments. Modifications to the
input, output and data accumulation subroutines are discussed, and a set
of ancillary programs, which have been produced to facilitate the com-
parison of experiment with calculation, are also described.

A feature of the method is that the MORSE calculations are done
with a source time profile having a narrow (short duration) rectangular

form. Time-dependent detector reaction rates, or time-dependent spectra



suitable for comparison with experiment, are synthesised by convoluting
the code output with a histogram representation of the experimental
source pulse profile, As a result, if a particular experiment is
repeated and a different source pulse profile pertains, a new MORSE
calculation is not required.

A disadvantage of Monte Carlo calculations is that they require
long periods of computer time, but this handicap is offset in the
present application by the considerable reduction in experimental com-
plexity and effort, quite apart from the essential feature of its
intrinsic accuracy. Experiments conducted to allow a spatial Fourier
decomposition take a long time (several days) to perform and, because
the same source must apply for measurements made at different spatial
positions to satisfy normalisation requirements, they are very demanding
on the long-term stability of the experimental equipment, particularly
the pulsed neutron source. As a result, the frequency of aborted measure-
ments of this type was quite high. The availability of a code such as
MORSE, which is able to account for all important aspects of an experi-
ment, obviates the need for Fourier decomposition and requires the
measurement of a time-dependent detector reaction rate only at a single
position. Such a measurement takes a couple of hours. In addition,
since there is no normalisation requirement, minor instabilities of the
pulsed source are integrated into both the measured source pulse profile

and the measured detector reaction rate and, as a result, are of no

consequence.

2. THE MORSE CODE

The MORSE code is a multipurpose, multigroup Monte Carlo neutron
and gamma-ray transport code which can be used for a wide range of
problems. Its many useful features include:
The ability to treat the transport of either neutrons or
gamma-rays or a coupled neutron and secondary gamma-ray problem.
The use of multigroup cross sections.
. The treatment of anisotropic scattering.
. The three-dimensional combinatorial geometry package.
. The ability to treat time-dependence.
The option of several types of importance sampling (e.g.

Russian roulette, splitting).



The flow of the code consists of three nested loops: one for runs;
one for batches; and an innermost loop for particles (neutrons or
gamma-rays). A batch is processed by following the histories of a
number of particles. A given problem is performed by processing a
number of batches of particles; this constitutes a run. The batch
processing feature is used so that statistical variations between groups
of particles can be determined and errors assigned to the calculated
results.

The code can be considered to consist of five separate modules:

. random walk;

. cross section;

. analysis;

. combinatorial geometry; and

. diagnostic.

The random walk module consists of the routines which generate
source particles and follow them through their histories. *

The cross section module consists of the routines which process the
cross section information needed by the code. This module reads cross .
sections for media or elements in either DTF-IV [Lathrop 1965] or ANISN
[Engle 1967] format, mixes cross sections for several elements to obtain
media cross sections, and determines the probabilities and angles of
scattering for each group to group transfer. An option is available to
write the processed cross section data onto magnetic tape or disc. This
avoids reading the cross section information for a subsequent run requiring
the same data.

The analysis module consists of those routines which handle the
analysis of particle interactions such as scattering events and boundary
crossings. Estimating routines, usually written by the user, identify
events of interest and determine some measure such as an estimate of
scalar flux. Bookkeeping routines accumulate information from the
estimating routines. An arbitrary number of detectors, energy-dependent
response functions, energy bins, time bins and angle bins are allowed
with virtually no numerical limitations other than available core
storage. BAnalysis is in terms of:

. uncollided and total response;

response as a function of energy and detector;

response as a function of time and detector;




response as a function of time, energy and detector; and

. response as a function of angle, energy and detector.

Each of these responses may be output, if requested, along with the
associated fractional standard deviations (fsd).

The combinatorial geometry module describes general three-
dimensional material configurations in terms of unions, differences and
intersections of simple bodies such as spheres, boxes, cylinders, etc.

The geometry is specified by two tables. The first table describes the
type and location of the set of bodies used in the geometrical description;
the second identifies the physical zones in terms of unions, intersections,
etc. of these bodies.

The diagnostic module provides an easy means of dumping, in readable
format, current values of a variety of problem variables. In addition,
there are numerous diagnostic error messages which may be printed by the
various subroutines.

For the application of MORSE to the pulsed neutron experiment,
various user subroutines have been written and several additional
features incorporated in the code. These are described in the following
sections.

2.1 The Neutron Source

A special version of the MORSE subroutine SOURCE, which determines
the initial parameters of all the source particles, has been written.
Source neutrons are generated with equal probability during a finite
time interval (pulse width) which is specified in the input data stream
via the MORSE user subroutine INSCOR. This corresponds to a source
pulse which has a rectangular time distribution.

The angle and energy dependence of the source is determined by
appropriate angle-dependent source spectra read in the form of cumula-
tive distribution functions from a local neutron source library. This
library contains data for the sources used in experiments and includes
the angle-dependent neutron energy spectra for the thick target
de(d,n)loB reaction measured by Whittlestone [1976, 1977] for a range
of bombarding deuteron energies. BAlso included are some of the results
of Inada et al. [1968] for the same thick target reaction. Data generated
by the locél code LIPNA [Ritchie 1976; Rainbow et al. 1977], which
calculates angle-dependent spectra for the thick target 7Li(p,n)7Be
reaction, can also be loaded into this library.

The initial parameters for each source neutron are determined by




using the random number generator package of MORSE in conjunction with
the input cumulative distribution functions in the following manner.

Suppose we have a parameter x (such as source neutron energy) and its
probability density function f(x) as in Figure 1. The cumulative dis-

tribution function of x, F(X), is defined as:

X
F(X) =/ fF(t)8t  ; OS<SF(X) <1 .

If the random number generator is used to generate random numbers pi,
where 0 < pi < 1 and the p, are independent and drawn from a uniform
probability density distribution, then the pi and the inverse of the
cumulative distribution function F(X) may be used to generate random X,
as indicated in Figure 1. These X; values are distributed according to
f(x) (Spanier & Gelbard 1969]. At the end of each run, the accumulated
source statistics are printed. They are a record of the source dis-
tribution for the calculation and may be compared with the input speci-
fications.

2.2 Detectors (Boundary Crossing Estimators)

In most neutronics problems, the basic quantity of interest is a
particle flux averaged over a surface. A common procedure for esti-
mating scalar flux in Monte Carlo calculations is to score the weight of
the particle divided by the absolute value of the cosine of the angle
between the particle track and the normal to the detecting surfacs (and
the area of the surface).

The MORSE subroutine BDRYX is called whenever the geometry tracking
routines encounter a particle track crossing the boundary between media.
It thus serves as the routine by which events of interest are identi-
fied, and the quantity of interest is estimated and passed on to the
bookkeeping routines for storage in appropriate arrays.

Several versions of this routine have been written for local use.
In general, the detecting surface is some section of a hollow cylinder.
The neutron flux at this surface has been estimated as indicated above.

2.3 Stop/Restart Feature

A somewhat crude but nevertheless effective stop/restart feature
has been incorporated into the code to allow long calculations to be
interrupted and restarted. This is an essential feature for a code
which, because it may require a large amount of core (up to 800 K bytes)

and run for an extended period (tens of hours), must usually be run at




times of low demand by other computer users.

The calculation may be stopped, apart from abnormal terminations,
by one or two means. The first is to complete the calculation in the
normal manner by completing the requested number of runs and batches.
The second is to cancel the calculation via the operator's console in
conjunction with the local subroutine PTEST, a member of the local
FORTRAN library AAE,FORTLIB. PTEST tests for a local P-type cancel
command at the end of each batch. When such a command is encountered,
the calculation terminates prematurely but in the normal manner, with
the usual end of job printout and dump of results. In both cases, the
next random number in sequence from the random number generator is
stored on disc. This number may then be used as the starting random
number for a subsequent restart of the calculation.

Operating a stop/restart feature in this manner means that for each
separate run of the code there is a set of output data. Apart from the
usual printout, which records the progress of the calculation and some
of the results, each code run produces a dump of the results onto an

output dataset. A program, MADD (MORSE add), has been written to com-

bine the data from two output datasets and to write them out onto another

dataset in the same form. The results on this dataset are in the same
form as the results of a single calculation and, because the random
number sequence has been maintained, are equivalent to those of a single
extended calculation starting with the original starting random number.

2.4 Double-precision Accumulators

The standard arrays which accumulate results as a MORSE calculation
proceeds are in single precision. In the case of extended calculations,
this can give rise to numerical problems as small quantities are added
to increasingly larger quantities. To overcome this problem, a system
of double-precision accuﬁulators has been written into the code to
supplement the single-precision accumulators.

A large two-dimensional array records the details of each detector
event as it occurs. The contents of this array are processed every nb
batches, where nb is an integer specified in the input data stream via
the MORSE user routine INSCOR. They are sorted and then added into
time-dependent response and time-dependent spectra accumulators which
are stored in double precision on magnetic disc.

The code has also been arranged so that after every mb of these

double precision transfers, there is a dump of the results onto the

: . /j




output dataset. In the case of extended calculations and computer mal-
functions, this serves as a means of preventing the loss of all results.

The parameter mb is specified in the same way as nb.

3. MORSE CALCULATIONS

The MORSE code, in the modified form described above, is used to
calculate two different types of pulsed neutron experiment. One of
these is the integral pulsed experiment [Moo et al. 1973] in which the
quantities measured are time-dependent integral detector reaction
rates. The other is a pulsed experiment in which neutron energy spectra
are measured as a function of time with small detectors filled with the
liquid scintillator NE213 [Whittlestone 1978].

It is usual, whatever the type of experiment under consideration,
for MORSE to be used to calculate the time-dependent spectrum of the
neutron flux, ¢(x,E,t), at the detector location X. The time-dependent
reaction rate, R(x,t), of a detector is calculated by integrating -
¢ (x,E,t) over energy E weighted by the energy response of the detector,

O(E). That is

[ee]
R(x,t) =/ O(E)¢ (x,E,t)dE .
o

This is valid provided that:

(a) self-shielding in the detector is negligible;

(b) flux depression caused by the detector is negligible; and

(c) absorption by the detector does not affect the time-dependence

of the neutron flux in the experimental assembly.
This is normally the case and it allows the results of a single MORSE
calculation to be used to calculate the time-dependent reaction rate of
any detector of interest for which the energy response is known. If,
however, these conditicns do not apply, then it is necessary to include
the detector explicitly in the MORSE calculation and to perform a sepa-
rate calculation for each detector.

In practice, the experimenter usually does not have good control
over the source pulse profile, but is able to measure it accurately.
The effect of this is that during an experiment which involves the
measurement of several different quantities (such as a particular
detector reaction rate at several different positions or several dif-

ferent detector reaction rates at one position), the effective beam -



pulse profile usually changes by a small but significant amount. To
allow efficient use of the code, it was decided to make the MORSE cal-
culations independent of the source pulse profile by performing them
with a source pulse profile having a narrow rectangular form. As a
consequence, the raw MORSE results must be folded with an experivental
source pulse profile to produce results suitable for comparison with
experimental results. The following sections describe how this is done,
indicate its effect on the associated error analysis, present some
typical results and describe a new recipe, for the parameterisation of
time-dependent detector reaction rates, which has arisen as a result of
pulse profile folding and its effect on er?or analysis.

3.1 Folding MORSE Output

Consider yi, i=1,N to be raw (unfolded) MORSE output, where i
represents a particular time bin and N is the total number of time bins
considered in a calculation. The yi may be either integral detector
responses or group fluxes, depending upon whether time-dependent integral
detector reaction rates or time-dependent spectra are being considered.
Further, let fi, i=1,n be the measured time profile of the neutron
source pulse where i represents consecutive time intervals (see Figure
2). So long as the MORSE source pulse width and the time bin widths
associated with the raw MORSE data and the source pulse profile are the
same, the folded MORSE output is then derived using the following

relationship:

n
Y. = L f,y
. . . -_-+1 ’
] L R
where the Vj are the folded data.
It is important to observe that Vi are non-independent data. As a
consequence, any error analysis associated with operations in the time
domain, such as integration or curve fitting to a time response, must

include a consideration of both the variances and the covariances

associated with the Vi. These are given by the following expressions:

o¥(VY,) = ;
it D

2 .2 i< 4.

1

]
N
~

L<

2
and O0°(Y,,Y. )
+
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=0 ’ m>n

oz(vjm,vj) j,jtm=1,N
where the Oz(yi) are the variances associated with the raw MORSE data
derived from a statistical analysis of the batch results.

It should be noted that it has been assumed that the errors assoc-
iated with the fi are negligible. The extension to include a considera-
tion of these is straightforward but tedious.

3.2 Time-dependent Detector Reaction Rates

A plot of the unfolded and folded time-dependent responses of a
235y fission detector is given in Figure 2. The calculation was made
for a cube of depleted uranium of side 203 mm with a thick target
9Be(d,n)loB source (Ed = 2.3 MeV) at the centre of the assembly. All
cross sections were group-averaged; they were generated from the
ENDF/B-IV library by the code SUPERTOG [Wright et al. 1969]. The source
pulse profile used for the folding is also presented in Figure 2.

A well-established practice for the intercomparison of this type of
data, both measured and calculated, has been to examine the time-dependence
of the derivative of the reaction rate curve. This parameterisation has
proved useful because the results are independent of any amplitude
normalisation effects. In the past, 'instantaneous decay constants' (or
logarithmic derivatives) have been evaluated on the assumption that
decay curves are exponential over a short time interval. The data were
fitted to the functional form Ae—kt (t represents time; A and A are
parameters) and A was evaluated. All of the data points in the time
responses were independent and, as long as the same recipe for finding
the A was applied to both experimental and calculational data, not too
much consideration was given to the goodness of fit. With the advent of
folded MORSE output and non-independent data, the same procedure cannot
be used to fit each set of data. This has necessitated a revision of
the procedure for evaluating instantaneous decay constants and a more
detailed consideration of goodness of fit.

The new procedure is to obtain a good fit with a polynomial to the
logarithm of the data points and to evaluate the slope of the fitted
polynomial at the centre of the range of fit. The fitting program
written for this purpose is able to handle polynomials up to any order.

It is based on the weighted least squares fitting criterion of minimising
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the weighted sum of the squares of the residuals, S, with respect to the
parameters of fit, P, for a non-independent set of data points [Martin
1971). 1In this case, S may be written in matrix notation as

s = RUR

where R is the vector of residuals, g? is the transpose of R and W is

the weight matrix. The elements of R are
Ri = Yi-f(xirpll ---:Pm) [}

where the yi are the data, the f(xi,pl,...,pm) are values of the fitting
function and the x, are values of the independent variable. The weight
matrix is the inverse of the variance matrix V, the elements of which
are made up of the variances and covariances associated with the Yy as

follows:

)

2 .o
Vij o (yi) ' i=3

2 gk 4
a (eryj) ' 1 ] .

In the special case of independent data Yy (e.g. experimental data),

when
oz(yi,yj) =0 , i#j
the weight matrix becomes diagonal and the fitting procedure reverts to
the more usual form.
Since the data to be fitted are the logarithms of the folded MORSE
data, Vi, the elements of the variance matrix are not those given in
Section 3.1. They are derived by using the following result from the

theory of functions of random variables. The variances and covariances

associated with the function g(xi) of random variables x, are given by

¢

2 V(D 1242
o [q(xi)] (g (xi)] o (xi) ,

14

2 |- |- 2
and © [g(xi),g(xj)] g (xi)g (xj)o (xi,xj) ,
where the g'(§i) denote the first derivatives of the g(xi) with respect
to X evaluated at the mean values Ei of the X - This result is valid
provided that the function varies slowly compared with the probability
density functions of the random variables X, . Thus, for the logarithms

of the folded MORSE data:

Vv, .
1)

2 ~ 2 2 .o s
o] [En(Vi)] = g (Vi)/Vi , i=3

n

2 2 . s
o [En(Vi),Zn(Vj)] o} (Vi,Vj)/ViVj , i1#5
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Figure 3 is a plot of the logarithmic derivatives, A(t), evaluated
from the folded 2?5y time response presented in Figure 2. Each fit was
made over an interval of 11 time bins (12.32 ns), the calculated A(t)
being assigned to the middle time bin. Successive values of A(t) were
obtained by advancing the interval of fit.

During this work, it was found that fitting to non-independent data
can, at times, give rise to some disconcerting results. These results
were quite unexpected and are presented here for the record. Figures 4
and 5 show the results of a series of fits over the two time ranges
indicated in Figure 2. Fiqure 4 presents fits made over the time range
25.76 to 38.08 ns which covers the peak of the detector reaction
rate. Figure 5 covers the time range 41.44 to 53.76 ns during which the
detector reaction rate decreases monotonically. In each case, the
results presented by the top rows of the figures have been obtained by
using the full weight matrix. Those compared in the bottom rows have
been obtained by setting all of the covariances to zero to yield a
diagonal weight matrix. It should be borne in mind that in this appli-
cation, the source pulse profile covers 30 time bins (33.6 ns) so that
all of the points in the fitting range are strongly correlated (all
elements of the weight matrix are non-zero) and there are quite a large
number of degrees of freedom (dof). The folded data in Figures 4 and 5
are derived from the raw MORSE results associated with 33 and 40 time
bins, respectively.

The most disconcerting results are those for the two parameter fits
with the full weight matrix. They look nothing like a reasonable fit
to the data in the same sense as those on the bottom rows; however,
they do correspond with the minimum of the weighted sum of residuals.

It can be seen that the fits improve as the number of parameters of fit
(the order of the polynomial) is increased.

3.3 Time-dependent Spectra

Whittlestone [1978] has used an NE213 organic liquid scintillator
to measure proton recoil spectra as a function of time in the pulsed
depleted uranium assembly, using a 2.3 MeV thick target °Be(d,n)!%
source. These will be unfolded to yield time-dependent spectra of the
neutron flux integrated over a set of time windows. A MORSE calculation
of this experiment has been performed. Routines have been written to
fold the raw MORSE output, integrate it over the time windows and per-

form the associated error analysis.
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Figure 6 is a plot of the angle-integrated source spectrum for the
2.3 MeV °Be(d,n)!°B thick target reaction. This figure shows, in the
form of neutron flux per unit lethargy, the data measured by Whittlestone
{1976, 1977] and the group structured spectrum used for the calculation.
Below 200 keV, it has been assumed that the flux per unit energy is
constant. o

Figures 7 and 8 present some calculated spectra plotted as flux per
unit lethargy integrated over various time windows. The spectra in the
top rows are raw MORSE results which have not been folded and correspond
to a steady source of duration 0.1 ns. The spectra in the bottom rows
have been obtained from the raw MORSE results by folding with the source
pulse profile presented in Figure 9 and by integrating over the same
time windows. The pulse profile has been calculated with the functional

form
expl-|t]|3/2]

for a full width at half maximum height of 3 ns. This is similar to the
pulse profile used in the Whittlestone measurements.

From these figures, it can be seen that the folded spectra in any
particular time window are harder than the corresponding non-folded
spectrum, particularly at early times. This is due to the later injection
of high energy neutrons from the extended source and demonstrates that
it is important to know the appropriate source pulse profile.

Figure 10 presents a plot in the same frame of the unfolded spectra
presented in Figures 7 and 8. It shows the evolution of the neutron
energy spectrum with the passage of time and indicates the amount of
dispersion. BAn extra spectrum has been included in this fiqure; it is
the one which peaks at the lowest energy and corresponds to a time
window from 57.0 to 151.6 ns.

3.4 Calculation of Adjoint Flux?

The present application of the MORSE code corresponds to the normal
or forward solution of the transport equation. In operator formalism,

the equation
‘E(b (ilEvlt) = S(_&lErt) ’

where £ is the transport operator and S(x,E,t) is the neutron source, is
solved for ¢ (x,E,t), the normal neutron flux. § is of uniform strength

over a short period of time. The unfolded detector reaction rate y(t)
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is obtained by integrating the product of:the neutron flux and the
energy response function of the detector, 0(x,E) over energy and the

volume of the detector as follows:
y(t) = J[Jo(x,E)(x,E,t)dx dE . (1)

The folded detector reaction rate Y(t) suitable for direct comparison
with experimental results is obtained by folding y(t) with the measured

source pulse profile f(t) as follows:

P
Y(t) = / f(t)y(e-T)ar , (2)
(o]

where P is the duration of the pulse. The advantage of doing the for-
ward calculation is that, for a single calculation of ¢, as many dif-
ferent detector reaction rates as required may be calculated by pro-
viding the different 0(x,E) and using Equation (1).

The Morse code can, as an option, be used to solve the adjoint
problem. This involves solving the adjoint transport equation with the

detector as the source. The equation
¢*(§IEIt)£* = 0*(E,E,t)

is solved for the adjoint flux ¢*(x,E,t), where O*(x,E,t) is a source at
the detector location with an energy spectrum corresponding to the
energy response of the single detector of interest and of uniform
strength over a short period of time. Since ¢*£d is a scalar for any

particular time t,
O*p = RLrD = (GG * = A = *s

Thus, the unfolded detector reaction may be calculated as follows:
y(t) = J/¢*(x,E,t)S(x,E)dx dE . (3)

The folded detector reaction rate Y(t) may then be obtained as above
(Equation 2). From Equation (3), it is clear that the advantage to be
gained by calculating the adjoint flux is that, for a single calculation
of ¢*, the different reaction rates of a single detector corresponding
to many different neutron source spectra may be calculated.

The normal transport equation has been solved in the pyesent
application because, initially, these calculations were undertaken for
comparison with the results of integral pulsed neutron experiments in
which several different detectors (23°°u, 23°pu and 2%7Np pulse fission

chambers) were used. In other applications (e.g. time-dependent spectra)
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in which a single detector response is of interest, more efficient use
of the code might result if the adjoint flux were calculated. It is
clear, from the above discussion, that the pulse profile folding and the
associated error analysis are form;lly the same for the forward and

adjoint problems.

4. SUMMARY

The MORSE Monte Carlo transport code has been tailored to fit the
special requirements of the pulsed neutron experiment. Double-precision
spectrum accumulators and a stop/restart facility have been incorporated
into the code to facilitate the performance of calculations to high
accuracy. 4

In practice, the experimenter usually does not have good control
over the source pulse profile but is able to measure it accurately. As
a consequence, during an experiment which involves the measurement of
several different quantities (such as a particular detector reaction
rate at several different positions or several different detectors at
one position), the effective beam pulse profile usually changes by a
small but significant amount. A technique has therefore been developed
which involves folding the results of a MORSE calculation with a measured
experimental source pulse profile t¢ produce time-dependent results
which reflect the time dependence of the source used in an experiment.
This allows more efficient use of Monte Carlo calculations since one
such calculation can be used to produce time-dependent responses appro-
priate to the different source pulse profiles occurring during many
separate measurements. The disadvantage is that,statistical errors in
parameters such as reaction rates at different times are no longer
uncorrelated. The analysis codes used to process the unfolded MORSE
data to provide for valid comparisons with experimental results take
proper account of these correlations in the error analysis.

The inherent accuracy of the Monte Carlo method and the ability of
MORSE to account for all important details of a pulsed experiment will
enable more reliable assessments of nuclear data to be made by the

pulsed neutron technique.
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