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Abstract

The differential fast neutron spectra above 0.5 Mev at particular spatial
positions in the reactor(TRIGA MARK-ID) core has been determined experimen—
tally using several threshold activation detectors. The series expansion technique
utilizing the concept of least squares optimization was used to obtain an
approximate solution to the set of integral equations which are defined by the
experimentally determined activation data. The influence of use of different
weightiag functions in the solution was analyzed in each measurement. To
carry out the necessary mathematical calculations, a computer code for the
UNIVAC 1106 digital computer has been prepared. Good agreement was achieved
between the differential fast neutron spectra determined in this work and the
computed flux determined independently using space-independent multigroup
transport theory.
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fast(C>0.5Mev) differential neutron flux,

$(E), at particular spatial positions in TRIGA

The purpose of this work was to determine MARK-] reactor. More specifically, the
experimentally the energy dependence of the flux, ¢(E), in the center positions of the

1. Introduction
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central thimble and the outermost fuel ring
adjacent to the piercing beam tube(# 1) have
been calculated from irradiation mersurements
using several threshold activation detectors.
Threshold reactions are very useful tool in
the determination of the fast reutron fluxes.
Much of the early works!’'? in this field

have been devoted primarily to determining

the integral flux above some gpecified
threshold energy, ¢z, where
L= - ( 7,
bei= | $EDAE e

and
FE;=threshold energy of the detector.
This is accomplished by irradiating several
detector whose activation croszs section rese-
mble step function and then determining the
resulting activities, A,

A= §CEo (BB @

where
o.(E)=microscopic activation cross section
of the #* detector,
A; =activity per target atom of the 7*
detector.

From Eq. (2), with A; measured and o,(F)
known, ¢(F) can be found. Eq.(2) isa linear
integral equation, called a Fredholm cqua-
tion of the first kind. Solution of this equa-
tion is relatively easy when the kernel,
a;(E), is a continuous analytic function of
energy. However, ¢,(E) is often only a set
of values at discrete energies, and thus the
solution becomes much more difficult.

Various methods suggested by several invest-
igators for solving Eq. (2) will be examined

in a later section.

2. Methods of Solution

The series expaasion methods, which was
first introduced by Uthe®, is used primarily
in the fast range(C>0.5 Mev) where the

activation cross sections of most substances

exhibit a threshold appearance. It requires
the assumption that the differential flux can
Le expressed as a finite series in energy mul-
tiplied by suitably chosen weighting function.

On the other hand,

ceries expansion of polynomial functions has

the method using a

been suggested independently by Trice*> and
Hartmans’>. Here the spectrum Iis given as a
sum of polynomial functions

oY= WYL aigs @
where
W(E)=weighting function,
n =number of detectors,
a; =unknown constant coefficient to

be determined,
&; =expansion function.

Usually the expansion functions are selected
from a complete orthonormal set®>, but other
functions have been used by some authers®.
However, the same mathematical procedure
for determining the unknown coefficients has,
in general, been followed by most of the
investigators.

Substitution of Eq. (3) into each equation
of a set of equations of the type illustrated
by Eq.(2) leads to the following
linear algebraic equations which may be

set of

solved for the unknown coefficients:
A= ila,&; i=1u )

where
So={_ s BYWE (I (5

The solutions obtained by this method are
not exact, and widely differing solutions can
be obtained by making small changes of the
input activation data. In some cases, depen-
ding on the choice of detectors and on the
errors which are always present in the ex-
perimentally determined activation cross sec-
tions and activities, the solutions do not exist.
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For example, if two or more detectors have
very similar cross sections, then the corres-
ponding rows of the S matrix of Eq. (5) will
be quasi-proportional and the solution of the
system of equations may not be obtained by
the conventional matrix inversion technique.
Such ill-conditioning, or instability, is further
enhanced by the error in the cross sections
and activities.

The least squares method has been widely
used in numerical calculations in order to
obtain the best approximation to an exact
function with a finite number of expansion
terms of polynomials. Di Cola and Rota?’8®
first applied this method to the determination
of fast neutron spectra by series expansion
approximation.

Suppose that the fast differential neutron
flux can be approximately represented by

HEY~¢(EY=W(E) 5 a:4:(E) ©

where ¢ is the number of terms in the
series expansion and is called the approxima-
tion number(¢<n, where » is the number of
detectors). The best approximation to ¢(E)
is assumed to that which minimizes the
following quadratic form of the relative
deviation:

2

Qta, as,...,a)= TZ[ AiﬁgE"ai(ED’#(E)dE 7

i=1 A; ]

<P

in the sense of least squares. For @ to be

a minimum, it is necessary that the following
equations hold:

0Q . .
_Wa—,-_o’ =1, ®)

This leads to the following set of linear
algebraic equations (¢x¢) in the # unknowns,

o, a,:
R" Ra=R" e )
Therefore,
a=(R'R)'R" ¢, (10

where
a 1 i 7'1:)
a: 1 T2 I
a=| i e=|i| R=|: J
s i e
= 1 ,
ro=-5=—_ s (BYWE.(E)AE

A differential flux spectrum, ¢'(E), may
be calculated for each different value of t.
The spectrum which minimizes Q is assumed
to be the best fit to the experimental data
in the sense of least squares.

In this method which was named as “relative
deviation minimization method”, it is pos-
sible, at least in principle, to use all of tke
available activation data even if an instability
exists. For example, the spectrum calculated
by this method for the case t=n—1 may te
physically acceptable : whereas, the calclated
spectrum for the case t=n may not be
physically acceptable—in both cases, all of the
experimental activation data are used.

On the other hand, in the generalized method
presented previously, it would be necessary
to discard some of the activation data in
order to remove an instability or ill~condition-
ing.

This method provides a means by which the
instability problem may te eliminated without
rejecting reasonably good experimental data.

However, in some cases, it may be found
that the interpretation of the experimental
activation data by this method does not give
of t
depending on the selection of detectors and
the errors both in the cross section data and

satisfactory results for all values

activation data. In order to obtain a better
solution and a criterion for establishing the
relative confidence in the calculated resulis
under such conditions, the following considera-
tions were incorporated into this mrethod.
1) Weighting Function
In computing the fast neutron spectra by
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the series expansion method, the weighting
function W(E) may have an important role
in solving the problem, because the expansion
in Eq, (6) may be interpreted in the sense
that the unknown flux is obtained from the
shape of the function W(E) through the defo-
rmation described by the series expansion.

The fission neutron spectrum can be succes-
sfully represented by the following semi
~empirical formula for the fission spectrum of
U-235 by slow neutrons®

¢(E)~exp( —Esinh(2E) an

However, in a thermal reactor, the neutron
spectra are deformed by the processes of
elastic and inelastic scattering and absorption
by the moderator and other structural mate-
rials. Therefore the forms of the fast neutron
spectra usually deviate from the fission
neutron spectral shape. In general, the reactor
spectral shape may be reasonably assumed to
approximately follow a function proportional
to the exponential function ¢™## in high energy
region. Here g is a positive constant, and
should be determined in each measurement.

In view of these physical arguments, we can
set

W(E)=exp(—BE) az
in Eq. (6). In some cases, the series expans-
ions combined with the weighting function
may not adquately represent the true spectum
depending on the choice of detectors and the
errors in the cross sections and the activation

data, as previously indicated. The calculated
spectra may exhibit instabilities for some
values of 8.

The existence of an instability in a neutron
spectrum computed by this method becomes
evident if the spectrum shows a highly oscil-
latory appearance in which there is an ex-
tremely large dip in the spectrum or, even
worse, the flux becomes negative at one or

more interior energy points. Such a spectrum

is unacceptable from the physical point of
view.

It is necessary, then, to find the value of
B which gives the best solution to Eq. (6). In
this study,

investigate the influence of g on the neutron

an attempt was made to

spectra calculated wusing geries expansion
method with minimization of the relative
deviation.
2) Statistical Error Analysis

The study of error propagation in the series
expansion method was carried out by the use
of a Monte Carlo technique®’ 10

From the statistical error estimates of the
experimental input data in the form

ArthA; and od-kio: i=1,n

it was possible to estimate the uncertainty
in the calculated neutron spectra in the form

$ LEDLSED as

where ¢.(E,) is the calculated flux at energy

E; using the mean values of the input data.

A normal error distribution was assumed for
each of the 2n input data(n input data for
each of activation data and cross section).
Each datum was randomly varied g times and
the g sets of input data were then processed
to produce g different functions ¢'(&,) for
each selected discret energy E.,.

If the number g is sufficiently high, for
every value of E,, the following equation is
satisfied:

_ 5 $iCED
#,(BO=FB) == ——
and
. :
@ -amdr |
SyCED = | 71 [ a5

A FORTRAN code, FNS, for the UNIVAC
1106 has been prepared which performs the
calculations presented above. Laguerre poly-
nomials are incorporated into the code as the
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series expansion functions. Here, the standard
deviations in each detector cross section must
be input as a constant value which is repre~
sentative of the complete domain of definition
of each cross section. An iterative scheme
permits the g value in the weighting function

to be varied in each calculation.

3. Numerical Test

In order to establish calculation methods
and some degree of confidence in identifying
calculated neutron spectra, numerical tests
were carried out with a known neutron
spectrum. A test consists of defining a flux
spectrum, ¢r(E), over the energy range from
0.5 Mev to 15 Mev; then using ¢-(E)
together with the evaluated cross section
data to perform the integrals indicated in Eq:
(2). The integrals were performed over the
range from £; to 15 Mev. The value of the
upper limit was chosen as the energy above
which all activations are essentially negli-
gible, either because all cross sections are
small or the flux is small. These calculations
generated a fictitious sst of activities, A,
i=1,n. A set of A; derived from the cross
section data by a test neutron spectrum™:

$r(E)= (e -3+, 03e—0'75E)e—0—‘51+T (16

The five activation reactions which were
utilized in this test were: 27Al(n, a)*Na,
56Fe(n, p)*Mn, **Ni(n, p)*Co,
uIn(n, n’/)HU5*In, 54Fe(n, p)¥Mn.

Of the above reactions, the *In reaction
has the lowest threshold energy, 0.41 Mev.
The activation cross sections used throughout
this work were taken from an extensive
compilation of cross section data in Ref. 11.

The cross sections were input at discrete
energies. The code is written in such a way
that flux can be calculated at the discrete
energies for which the cross sections are
defined. Since narrow resonances are not

Nautron

prevalent in fast- threshold - cross sections(an
exception is Ni, whose activation cross section
exhibits narrow resonances in the region of 3
Mev), it is not necessary, in general, to
have extremely fine energy resolution of the
cross section data.

The activation rates A, of each threshold
detector for the test neutron spectrum expres-
sed by Eq. (16) were calculated using Eq. (2).

1) Step, Polygonal, Polynomial
Methods

Prior to performing a interpretation of these
activation data by the proposed method, several
other methods'®’1® which have been used by
many investigators were examined.

These methods were

a) Step-function approximation,
b) Polygonal method,
¢) Polynomial expansion method
The results obtained from these calculations

L Test  flux.

. Step—function  approsimaiion method.
© Pelygena!  method .
35 Legasdre  polynomial expansion method.

I Negative flux .
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Fig. 1. Calculated fast neutron spectra
for test flux
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are given and compared with the true {flux
in Fig. L.

The step-function approximation divides the
total energy interval over which ¢(E) is to
be measured into n energy groups, where n
is the number of detectors used, and assumes
the flux in each energy group is a constant.
The resulting n equations obtained from Eq.
(2) by setting ¢(E) constant can then be
solved.

In attempting to find neutron spectra by
this method,
were considered. These arrays were designa-
ted as A and B, and the corresponding flux
spectra calculated from these arrays are shown
as ¢, and ¢p in Fig. 1.
negative in some energy bands.

In the polygonal method, it is assumed that

two different energy arrays

Both spectra were

the true neutron spectrum can be approximated
by a series of values at various energy points
and that between these values the flux varies
linearly. This method gave a fairly good
approximation to the test flux, even though
negative fluxes were found in the high energy
region as shown in Fig. 1. A better solution
may be obtained using a certain energy array
and a large number of detectors. However,

the system complexity and the probability of
an ill-conditioning increases.

Since the above methods provide no reliable
logical method of finding suitable energy
arrays, these method are not considered very
accurate.

For finding the spectra by the polynomial
series expansion method, the orthonormal sets
of the Legendre polynomials were employed.
The flux spectrum calculated
detectors is given as ¢p

using all five
in Fig.1. In the
lower energy region, negative values of flux
were found. Such ill-conditioning could be
removed, as shown by ¢z, which was obtained
by rejecting Ni detector.

In the set under investigation it is possible

fux {0/ cmi-sec - Mav)

Neutron

285
to note the energy dependence of the cross
sections for %Ni and 5*Fe is similar. It follows

in Eq. (4,
are quasi-propor

that the rows of the matrix S
related to these detectors,
tional. This generates an instability that may
be enhanced using error-affected activation
rates.

2) Relative Deviation Minimization

The data processing by this method was
carried out using the UNIVAC 1106 digital
computer.,

The weighting function used in this test
calculation, for which the spectrum was defined
by Eq. (16), has a general form of Eq. (12),
in which gis a positive constant. In order to
examine the influence of p on the spectra
calculated by this method, value of g assumed
in repeated calculations was varied from 0.5
to 1.5 in a step of 0. 1.

At present, a 5% input error was taken
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Fig. 2. Calculated fast neutron spectra
for test flux with t=5
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into account: for both A; and o,(E).

This

assumption seems to be realistic, since activa~

tion rates in actual measurements are usually
affected by a 3 to 5% error and error of 5%

is typical in the cross sections®>.

The test calculations were performed using

approximation numbers ranging from t=2 to
t=n, where n=5, for each value of g. In all
cases, 150 histories were used in the Monte

Carlo calculations.

A portion of the results of these test cal-
culations are presented in Fig. 2, 3 and 4 along

with the original spectrum. As shown in Fig.

2, the influences of g values on the calculated
spectra is significant, especially in high energy

region,

Good approximations to the true

spectrum, from the standpoint of agreement

with the original spectrumr, were obtained in
cases with 8=1.1 and =12 when t=5

(Fig. 4.
In fact,
uncertainties in the calculated results,

depend on g value, are

degree of confidence in the computed spectra

aod 1. M3 n (n,p )00 gt
2. ®Niin,p) *co
- 3. SFaln,p) Swn 0
7OJ 4 Fo{n,p)" Mn
— 2 24 -
5. ¥ai(n,0) N
600l : B
- —3
500
400}— i
300}~
B —{s0
200}— N
L2
ook— |
3. 4. s.
ok e 1 ] L L. j — il L

[} 2 3 4 5 6 7 8 9 10 11 42 13 14 3

Neutron energy —— Moy

Fig.5. Activation cross sections of
threshold detectors

the relative magnitudes of the
which
indicative of the

100

Maev

Cross  section



Experimental Determination of Differential Fast Neutronm Specira——D. H. Kim

Comparing Fig.2 and 3, it should be noticed
that the relative standard deviations in the
calculated differential spectra are large at
points where the disagreement between the
"calculated spectral shape and the true spectral
shape is also large.

The oscillating character of the error is
related to the nature of the functions chosen
for the series expansion(Fig. 3).

The results of these test calculation indicate
that the statistical analysis of the errors
could give some about the
goodness of the expansion of Eq.(6), which

information
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() RRADATION  POSITION
(® PNEUMATIC  TRANSFER

(@ THERMOCOUPLE
(S) SOURCE ELEMENT
© CENTRAL  THIMBLE

&5 GRAPHITE  ELEMENT
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%) CONTROL  ROD
>

4

2
/

COLUMN \
=

"~ . THERMALIZING
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is combined with the weighting function as
defined by Eq. (12), in the particular case
under investigation.

4. Experiment

‘The primary activation reactions used in this
experiment were: In(n, n’/)!%*In, 5Ni(n, p)
5Co, *4Fe(n,p)**Mn, %¢Fe(n, p)*Mn, 2'Al(n,
a)**Na.

The cross section versus energy curves used
in the present work are given in Fig.5.

All of the detectors used in the experiment

were in the form of metalic foils, and consisted

(Fe20 )
TUBE

ELEMENT

THERMAL

Fig. 6. Plane section of TRIGA MARK -} core
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of high purity materials in order to avoid
chemical separation process after irradiation.
The physical characteristics of detectors are
given in Table. 1.

Since several different detectors were used
to determine the differential neutron flux at
two spatial locations in the center position of
the central thimble and in the center position
of the outermost fuel hole(F-ring) adjacent
to the piercing beam tube of TRIGA MARK-
I, it was required that each detector was
irradiated at the position
However, because of the large amount of

in separate runs,

Table 1. Physical characteristics of
threshold detectors

B . |Target .
Detec Sire Mass (Isotopic i%otopic Purity
tor (mg) | target |37 05| (%)
Ni B 1 om| 30.0 N 67.7699. 0
Al |dia. -%—in. 37.8 A 100 [99.986
Fe |dia. —%—in. 139.9 Fe™ 5.8298. 8
Fe |dia. Lin| 139.9 Fes 91.6698.8
In  [dia. 0.6cm| 32.45 Ints 95.7299.9

reactor time required for these irradiations, it
was necessary to irradiate two or three
detectors simultaneously. The central thimble
is Jocated at the center of the core whereas
the F-ring is close to the core periphery, as
shown in Fig. 6.

All detectors were completely shielded with

0.5mm thick cadmium covers in order to

Vol.4, No. 4, December, 1972

reduce the production of undesirable activities
by thermal neutrons. The holder assembly
which contained the cadmium covered detector
had a cylindrical form of 12.5¢cm in height
and 2.5cm in diameter and was made of
aluminium,

Since the TRIGA MARK-]
pool-type water reactor, the holder could be
ingerted into the position from the top of the
reactor. A stainless steel wire approximately
95 feet long was attached to the top of the
holder in order to place it accurately at the
desired position for each run.

With the holder on the top of the standpipe,
increased from

reactor is a

the reactor power was
shutdown to 250KW. After the desired power
level had been maintained for about ten
minutes, the holder was lowered into the
hole. The time required to lower the holder
into proper position from the top of the
standpipe was less than five seconds. Irradia-
tion proceeded until the run was ended by
simultaneously scramming the reactor and
withdrawing the holder from the hole. The
irradiation times for the runs ranged from 12
minutes to 1 hour, depending on the detectors
in order to give adequate activation for coun-
ting.

The activity of each foil detector was
counted on the gamma channel of the 7-8
coincidence counting system for measuring
gamma rays. Calibration of the counter in
order to convert count rate to absolute activity

Table 2. Experimental data
Threshold | Photopeak Central thimble F-ring

Reaction Half-life | energy energy Activation | Fractional | activation | Fractional

ev) (Mev) | rate standard rate standard

(per sec) | deviation | (per sec) | deviation
Al*"(n, a) Na* 15 hrs 3.26 1.38 4. 44X1078 0.019 9.16X1071¢ 0.035
Fe®**(n, p) Mn®® 2.58 hrs 2.95 1.81 8.81x107'5 0.034 2.04X1071° 0.037
Fe*(n, p) Mn® 312 days 2.40 0.84 5.00x107% 0.048 1.46x107*® 0. 050
Ni%(n, p) Co®* 71 days 0.62 0.81 6.19X107%3, 0. 026 1.50x10°* 0.034
In15(n, n') In'15* 4.4 hrs 0.41 0.334 1. 72 3<_}0;“ 0. 052 2.10X1078 0. 051
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was perfofmed with calibrated standard
sources, which were supplied by the IAEA
Laboratory. By use of these standard sources,
the efficiency of the 2727 Nal (TD scintilla-
tion counter at each gamma-ray energy was
obtained by measuring the total number of
photoelectric absorptions of a particular
gamma rays with fixed counting geometry.
Counting losses due to the counter dead time
are negligible provided the observed count
rate is less than 100, 000 counts per minute.
Each detector was counted a minimum of two
times on the counter in order to provide a
check on the decay time of the isotope being
counted.

The activation rates
corrected for fluctuations in power level

of each detector,

between runs, are presented in Table2 along
with the fractional standard deviations.

5. Results and Discussions

In evaluating the standard deviations of
activation data, the systematic and the sta-
tistical errors in the counting were taken into
account. Corrections for the perturbation eff-
ects of self shielding and flux depression by
the detectors were assumed negligible because
the cross sections and the thicknesses of the
detectors are quite small in the fast range.

The activation cross section data used in
this work were taken from Ref. 11. The
evaluated cross sections, which are based on
agreement between different experimenters,
competence of the experimenters, etc., are
tabulated for each reaction such that linear
interpolation is possible between such tabulated
points. No reliable information on the
representative error of each cross section over
the complete domain of energy was available.
Ilowever, since these valucs were needed as
input data for the evaluation of the calculated
results, 5% error was assumed reasonable for
all detectors as described earlier.

The same expansion function, weighting
functions and procedures were applied in this
work as had previously proved to be succes-
sful for a typical reactor-type fast neutron
spectrum in numerical tests.

It was found that, although the results are
not shown herein, the uncettainties and the
shapes of the calculated fast neutron spectra
for all values of B were most reasonable with
t=4 among other values of t.

The uncertainties associated with each value
of neutron flux at the ceniral thimble are
The cal culated fast
neutron spectral shapes at this position were
plotted for several values of g in Fig. 8.

As indicated in Fig. 8, there are large dips
at 1 Mev in cases of §=1.0 and p=1.1, and
negative fluxes at the energy points of 0.5
and 1.0 Mev when g=1.0,
acceptable from a physical point of view.
However, this does not imply that the remai-

ning portion of spectra are unacceptable.
The results for the central thimble were

presented in Fig. 7.

which is not

calculated
using the multigroup transport code, GAM-
1'®>, GAM-1, which has been used for desig-
ning TRIGA reactors,
fast neutron cross sections for the desired

compared with the spectrum!*’

by which gencrates

group structure by solution of the Pl equa-
tions from which a space-independent flux is
derived.

It should be noted that the energy region
of underswings of the calculated flux with
respect to GAM-1 spectrum between 4 and 7
Mev are corresponds to the points which the
uncertainties are large as shown in Fig. 7.

For F-ring, the results of the calculation
are reported in Fig. 9 and 10.

The oscillatory appearance and negative
fluxes in some of the results were found
depending on approximation numbers and 3B
values. It was observed that the uncertainties

associated with such ill-conditioned flux
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Table 8. Calculated results with t=4

and 3=1.2 for the central thimble
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Table 4. Calculated results with t=4 and
B=1.2 for F-ring

Neutron flux

Neutron flux

E (n/sec—cm’~Mev) Standard deviation E (n/sec—cm?~Mev) Standard deviation
(Mev)| Calculated |Monte carlo] Absolute [Relative « (Mev)| Calcnlated Monte Carlo| Absolute |Relative
0.50, 1.79X10% | 1.80X10% | 4.34Xx10% | 0.240 050, 1.23X10' | 1.24X10% 7.11X10" | 0.574
1.00| 5.51X10' | 5.58x10' | 1.53X10" | 0.275 1.00 6.84X10" | 6.89X10" | 1.32Xx10"* | 0.193
1.50| 3.81X10% | 3.81X10% | 7.95X10" | 0.207 1.50, 3.82x10" | 3.87X10" | 1.28X10" | 0.332
2.00] 3.10X10"* | 3.13x10' | 5.67X10" | 0.181 2.00] 2.69x10" | 2.73X10" | 8 03X10" | 0.294
2.50 1.91X10% | 1.93X10" | 2.71X10" | 0.141 2.50 1.69X10" | 1.71X10" | 3.43X10" | 0.200
3.00 1.05X10% | 1.06X10' | 1.06X10" | 0.099 3.000 1.16X10" | 1.17X10" | 2.12X10" | 0.181
3.50] 5.69X10" | 5.75Xx10" | 7.77X10" | 0.135 3.500 9.18X10% | 9.28X10" | 2.15X10" | 0.232
4.00) 3.27X10" | 3.29X10" | 7.79Xx10" | 0.236 4.00{ 7.98x10" | 8.05X10" | 1.86X10" | 0.231
450 2 12X10" | 2 13X10' | 6.52X10% | 0.306 4.50] 7.04X10" | 7.09X10" | 1.38Xx10" | 0.195
5.00 1.55X10" | 1.56X10™ | 4.75X10" | 0.305 5.00 6.06x10" | 6.10X10" | 9.29%10° 0.152
5.50 1.22X10" | 1.23X10" | 3.13X10" | 0.256 5.500 5.02X10% | 5.05X10" | 5.92X10° 0.117
6.00/ 9.85X10" | 9.87x10" | 1.92x10%™ | 0.194 6.00] 4.00x10% | 4.02X10™ | 3.79Xx10° 0. 094
6.50] 7 86X10" | 7.87X10% | 1.10X10" | (.140 6.50{ 3.08x10% | 3.09X10" | 2.58x10° 0. 083
7.000 6.13X10"™ | 6 14X10" | 6.15X10° 0.100 7.000 2.30%X10% | 2.31X10" | 1.91x10° 0. 083
7.50| 4.66X10" | 4.67X10" | 3.53X10¢ 0. 076 7.50| 1.67X10" | 1.68X10" | 1.48X10° 0. 088
8.00 3.45X10" | 3.46X10" | 2.32X10° 0. 067 8.00] 1.19%10% | 1.19X10" | 1.14%10° 0. 096
8.50| 2.50X10' | 2.50%10" | 1.73x10° 0. 069 8.50 8 20%x10° | 8.33X10"™ | 8.68%X10? 0.104
9.00 1.77X10" | 1.77X10" | 1.36X10° | 0.077 9.00| 5.68X10° | 5.71xX10° | 6.42x10° | 0.113
9.500 1.23X10" | 1.23X10" | 1.06X10° 0. 086 9.50| 3.84X10° | 3.85X10° | 4.64X10° 0.120
10.00| 8.42X10° | 8.45%10" | 8.01x10° 0. 095 10.00] 2.56X10° | 2.57X10° | 3.27x10° 0.127
10.50] 5.68X10° | 5.70X10° | 5.87X10? 0.103 10.500 1.68X10° | 1.69X10° | 2.27X10f 0.134
11.00] 3.78X10° | 3.80X10° | 4.19%10® 0.110 11.00] 1.10X10° | 1.10X10° | 1.54X10° 0.140
11.50} 2.49X10° | 2.50X10° | 2.92x10° 0.117 11.50| 7.10X10° | 7.14X10° | 1.04X10° 0.145
12.00{ 1.62X10° | 1.63X10° | 2.00%x10® 0.122 12.00{ 4.55X10° | 4.57X10* | 6.86X107 0.150
12,500 1.05X10° | 1.05X10° 1.34X10® 0.128 12.50) 2.89X10° | 2.91X10° | 4.49X107 0.154
13.00] 6.72X10° | 6.75X10° | 8.91Xx107 0.132 13.00[ 1.83X10° | 1.84X10°* | 2.91X107 0.158
13.50] 4.27X10° | 4.29X10° | 5.84X107 0.136 13.50] 1.15X10® | 1.15Xx10° | 1.87X107 0.162
14.00] 2.70X10° | 2.71X10° | 3.79X107 0.140 14.00] 7.17X10" | 7.20X10" | 1.19X107 0.166
14.500 1.69X10° | 1.70X10° | 2.43Xx107 0.143 14.50/ 4.45X107 | 4.47X10" | 7.54X10° 0.169
15.00, 1.06X10° | 1.06X10° | 1.55X107 0.148 15.000 2.75X107 | 2.76X10" | 4.74X10° 0.172

values, in general,

were much larger than

the uncertainties for the remaining portion of

the spectrum. In some -cases,

the negative

flux values could be assumed to be actually

positive values.

For the results presented

herein which are non-oscillatory in appearance,
the uncertainties are largest at the region of
5 Mev where large scatters were ¢bserved
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depending on B values.

No attempt was made to compare the ca-
lculated spectra for the F-ring location with
the GAM-1 spectrum, which does not give a
very accurate representation of the flux for
positions near a beam tube.

As may be observed from the results for
cases, i.e., the central

the spectra essentially

any one of two
thimble and F-ring,
coincide, especially when the uncertainties
are considered(excluding points where large
dips are observed).

If a selection of one spectrum must be made
for each of two cases, the choice is obvious for
both cases%—namely, the spectrum calculated
for t=4 and p=1.2. The primary reason for
selecting the spectra calculated for t=4 and
B=1.2 is that the uncertainties for the spectra
calculated with these values are considerably
less than the uncertainties for the spectra
which are calculated using other approxima-
tion numbers and g values.

The results calculated with t=4 and =1.2
for the central thimble and F-ring, which are
plotted in Fig. 8 and 10, are given in Table
3 and 4, respectively.

6. Conclusion

The relative deviation minimization method
in the calculation of differential fast neutron
spectra from threshold detector activation
data gave better solutions than other methods
as described in the numerical test.

In the calculation by this method, the
weighting function plays an important role in
solution of the problem, and therefore, the
choice of a suitable weighting function should
be considered in each case under investigation.
The weighting function of a form expressed
by Eq.(12) was proven to be suitable for
representing reactor-type fast neutron spectra.

It was indicated that the statistical analysis
of the errors could give some information

about the goodness of spectra calculated from
the experimental activation data.

Using the experimental data for five
detectors listed in Table 2,

good results were obtained with four terms in

the reasonably

the polynomial expression for the flux (i.e.,
with t=4) and with the exponential index of
1.2 (G.e., with f=1.2) in the weighting
function.

It should be noted that good agreement was
achieved between the fast neutron spectrum
obtained from the multigroup transport
calculation and the calculated spectra in this

work.
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