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SUMMARY

This report reviews the experience obtained in the past few years with
the following unfolding codes:

SAND-II, CRYSTAL BALL, RFSP-JUL, and STAY'SL.

The main emphasis is on the comparison of these codes, based on prac-
tical experience with application of these codes under comparable condi-
tions.
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1. INTRODUCTION

Experimental information on a neutron spectrum can be obtained from a
set of experimental reactiom rates, obtained with activation and/or
fission detecrors.

The advantage of this type of detectors is that in general their dimen-
sions can be small with respect to proportional counter tubes vhich
sometimes are also used for neutron spectrum determinmation.

Also the insensitivity of activation detectors to gamma ray radiation,
and the wireless operation are advantages.

The irradiation times which are needed for a particular set of activa-
tion detectors depend on the neutrom flux density and the mass, type
and nuclear data of the detector material.

The detectors are selected in such a way that a suitable product radio-
nuclide is obtained.

After the irradiation the activity of each detector of the set is meas-
ured, from which the activity per atom at saturation in the considered
neutron field is derived.

The choice of activation detectors in a set is also influenced by the
type of neutron field. A thermal nzutron flux density spectrum requires
other detectors than e.g. a fusion spectrum. The suitability of a par-
ticular reaction for a certain spectrum depends mainly on its cross sec-
tion as a function of energy. Relatively large cross section values
should be present at those energies where neutron spectrum information
is required. Furthermore the cross section shapes of the reactions
should all be different and well known.

The latter remark restricts in practice the size of the detector set

to a rather simple one, especially if it is considered that each reac-
tion contributes tc the reliability of the resulting neutron spectrum.
Practical problems like unsuitable half-lives and difficulties with
counting give a further restriction to the composition of the set, so
that for general purpose reactor metrology activation sets of 20 or less
reactions can be used.

In the case that the activities at saturation of an activation detector
set are available, an unfolding procedure has to be performed to obtain the
neutron flux density as a function of the energy from the experimental
reaction rates at saturation,

Due to the rather small number of activation reactions in an activation



set, the number of flux density groups vhich can directly be derived

is also small. Therefore another approach was required to have a better
representation of the neutron spectrum in some wore groups. This was
found by insertion of additional informatiom om the imput of the pro-
gram, vhich is required for the calculatiom of the output spectrum (or
solution spectrum). The additional information comsists of the best
estimate of the neutron spectrum in which the activation detector set
vas irradiated. .

The computer programs wvhich are applied for the calculation of the out-
put spectrum are often called unfolding programs. These programs per-
form the spectrum calculations generally with a rather fine group struc-
ture of the energy scale, so that the number of energy groups is much
larger than the number of detectors.

The calculation procedure results in an output spectrum which is a
modification of the input spectrum.

Various procedures for modifications are applied in the unfolding pro-
grams, but a property of all the programs is that the reaction rates of
the detector set (experimental values) are compared with calculated
reaction rates, cbtained for the neutron spectrum of interest and an
available cross section library.

I1f appreciable differences are found in the comparison of experimental
and calculated reaction rates, the unfolding algorithm of the program
will modify the input spectrum data in such a way that in general this
dif ference becomes smaller.

The modification procedure implies in some cases internal rules,

which determine some properties of the output neutron spectrum.

In some unfolding programs the modification of the input spectrum is
performed in a2 number of iterations, while in other programs in principle
only one step is required to achieve the output spectrum.

The role of the various reactions which are applied in the calculation
of the solution spectrum can be influenced by the use of statistical
weights.

The decicion whether "a'" solution or "the"” solution has been achieved
is not a unique procedure.

In the older programs rather crude criteria were applied, while more
recent programs give the solution on the base of a least squares calcu-
lation in which all uncertainty contributions are considered.

The uncertainty information can comprise variance and covariance contri-



butions for the three imput data groups (resctiom rates, imput spectrum,
and cross sectioa values).

The output data of the programs,vhich apply exteasive umcertaiaty infor-
mation in the iaput, can supply also uacertaiaty data for the output
spectTum.

An estimate of the umcertainty of a solutiom spectrum obtaimed with an
unfolding code in which only the uncertainty of some data vas applied
in the input can be obtained with a Monte Carlo procedure. In this
procedure the influence on the solution of the umcertaianty introduced
for certain input parameters can be calculaced.

An other prucedure demomstrates the improvement ratio for a certaia
iaput set for an uafolding code.

The results of an unfolding procedure vwill be influenced by three con-
tributions. These are:

- the input data;

- the mathematical properties of the unfolding procedure;

- the guidance (quality decision) by the unfolding physicist.

In the following part of the report the influence of the three contri-
butions will be discussed. It may be clear that the influences of the
three contributions cennot always be separated.



2. INPUT DATA

2.1. Problem independent input data

All the unfolding procedures under comsideration require (evaluated)
cross section data for the applied reactions ia an umfoldiag rua.

The cross section data are im most cases available in the form of a
library.

Some unfolding prograns need the cross sectior data as point values,
vhile other programs apply group cross sectiom values im the calculations.
The libraries which were available during the execution of our work were
several: SAKD-II libraries, the ENDF/B-IV dosimetry file |1|, and the
DOSCROS?7 library |2|.

All these cross sectiom libraries are available in a (SAMD-II) group
structure vhich comprises 620 groups with 45 groups per decade of energy
belov | MeV, and groups with a width of 100 keV between | and 18 MoV [3].
The data on the ENDF/B-IV dosimetry file in the SAKD-II structure ori-
ginate from the ENDF/B-IV dosimetry file TAPE412, which is available as
point cross section values with prescribed interpolation rules for the
smooth part and with resonance parameters for the resonance regions.

The 620 group structure is fine enough to be rather independent of the
weighting spectrum, which is applied to calculate the group cross secion.
In the case that the cross section data have to be corrected for the
effect of neutron selfshielding, the 620 group structure is in principle
too coarse |4, but in most cases reasonable results will be obtained.
Some unfolding programs perform the calculation with a much coarser
group structure (i.e. 50 or 100 groups). The use of these programs for
general purpose reactor metrology spectrum unfolding makes it necessary
to calculate group cross sections in the appropriate structure.

The weighting spectrum which is required in these calculations should

be accurate, otherwise important errors may be introduced in the cal-
culations. This holds especially for spectrum regions with large local
flux density changes.

If the spectrum resulting from the unfolding deviates clearly from the
weighting spectrum, extra calculations of adapted group cross section
may be required.

The requirements of the input (weighting) spectra are discussed in 2,2.2.
In some unfolding programs uncertainty data of the cross section data

can be inserted.



In one of the unfolding codes (STAY'SL) detailed variamce amd covariamce
data can be applied and amother code (SANDPET) uses rather simple
uvacertainty data. Detailed cross sectiom uacertaimty data were mot yel
available. A rather simple library with wacertainty data has been pre-
sented some years ago by McElroy [5|. Im this library a rough group
structure is applied: 15 groups from 107!7 to 18 MeV. Imn each group
the error is assumed to be comstant and independent of the values pre-
sented for other groups.

Data are available in this library for a series of metrolegy reactiomas.
In our study this library has been used without wpdating for chaaged
and improved cross sectiom data, vhich became available more recestly.
In some unfolding codes corrections can be made for the presemce of
covers surrounding the activatiom or fission detectors during the irra-
diation. For these correction caiculations some special cross section

sets are required, vhich were vrittea also in the cross section libraries.

2.2. Problem dependent input data

2.2.1. Reactions and activity data

In all unfolding codes a series of reaction rates for differeat materials
have to be given in the input. The reaction rates are specified in terms
of activities at saturation per target atom. These values are obtained
from counting results with aid of a series of calculations with various
constants and conversion factors. In several unfolding programs also

the uncertainty of the activity values can be inserted.

The estimate of the uncertainty of the input activity data is rather
complex. The reprcducibility of activity doterminations can in general
be determined rather well, but the influence of systematic effects on

the uncertainty is often questionable due to lack of knowledge on the
contribution of various sources (i.e. perturbation of irradiation field.
uncertainties related to counting systems, uncertainties in nuclear

data, etc.).

In two unfolding programs (SAND-II and CRYSTAL BALL) corrections can be
made for the absorption of incident neutrons in covers which surround

the target material of interest during the irradiation. The correction

is based on a simple exponential attenuation.



2.2.2. The input specttwm

All four uafelding codes require am input spectrum. This iapet spectrum
should contain all infermstion vhich is available feor the experiment
position under consideration. The information which is available for a
neutrom spectrum at a pesition of interest cam originate [rem variews
seurces.

- The results of detailed reactor physics calculations are prebably the
best.

- In some cases goeod results can be obtained vith theeretical fumctioms
(e.g. for 3 well mederated nsutron spectrum the Mawwell function
coupled te a I/ distribution).

- The comparability of the pesitiom of imterest with a pesitien with
knowva neutroa input spectrum can lead te select these data as impnt
spectrum.

-~ The experience or intuition of the wnfoldiag physicist is used vhen

other informmtion seems insufficiest or wareliable.

The spectrem informatiom which is obtained frem physics calculatiomns is
often supplied for am emergy interval which is smaller than the emergy
interval vhich is required feor the wafolding.

In the detector set for wmfolding often detectors are spplied for ther-
mal neutroms as well as detectors which detect fast newtroms above 10 XeV.
For this reason the calculated spectrum has to be extrapolated.

For the extrapolatiom of a calculated reactor mewtron spectrum 2 Trepre-
sentation of the fission spectrum can be applied in the fast neutron
region. At the low energy side various extrapolation functioms can be
used. For a well moderated thermal reactor a 1/E distridbution coupled
to a2 Maxwellian is often applied.

In this extrapolation the joining enmergy of both distributions and the
temperature of the Maxwellian are important paraneters to obtain the
correct ratio of thermal and in"ermediate meutron contributions.

For the extrapolation on low ener=y sides of (ast reactor spectra no
general relation isx available and backpground information is required

to find an acceptable spectrum shape.

The values vhich are obtained from the physics codes for spectnm caleu-
lations are often group flux density * alues for rather broad ensrgy groups.
Extrapolation of these data is not a straightforwvard matter. Also the

calculations of the group cross sections in energy regions vith jlarrow



peaks in the cross section curve and the actual spectrum are rather un-
reliable. For this reason it can be tried to obtain a more smooth
spectrum. This spectrum has to be made in such a way that the group
flux density values of the smoothed spectrum and the original calcu-
lated spectrum are the same.

For such a spectrum it can be assumed that the original information is
still present in acceptable form and that the disappearance of the steps
in the flux density makes the spectrum more probable from a physics
point of view.

A smooth spectrum can be obtained by conversion of the group flux density
values in point flux density values.

For this conversion several methods can be applied, but a reasonable
choice seems to be for the groups with a width of AE=E-E; and a value
¢g for the group flux density E = AE/Au and the corresponding flux den-
sity value ¢E-¢8/AE. The value Au is given by

1nE; - 1nE,.

A smooth spectrum can be obtained ty linear interpolation of the point
flux density values and also the extrapolation can easily be performed.
For the interpolation a straight line function through the logarithms
of the energy and flux density values can be used.

Condensation of the smooth data into the original structure will show
differences.

Small changes in the point flux density will effect the results of the
condensation; in this way with trial and error a smooth spectrum with
correct group values can be obtained.

The smooth spectrum data can now also be converted to a coarser group

structure for the unfolding programs with a rather small number of groups.

2.2.3. The convergence criterion

The various unfolding codes apply different criteria to decide whether
further calculations in a next iteration step are required.

In one program (STAY'SL) the solution spectrum is calculated on basis

of a direct least squares procedure in one single step. Here the uncer-
tainty data of all input data are applied in the calculation.

The other unfolding programs (SANDPET, RFSP-JUL, CRYSTAL BALL) have the
possibility to insert only the uncertainty data of the input activity or

they require no uncertainty data at all (original SAND-II version).



-12 -

The ratio of the input and the calculated activity can be computed and
the standard deviation of the ratios of an input set can be calculated
for the spectrum of interest (input, intermediate or output).

1f the calculated spectrum is a good approximation to the actual spec-
trum of irradiation position, the standard deviation will be small.

Due to counting statistics and the conversion data applied in the
activity determinations an activity value with some uncertainty will

be obtained. This can be the reason that even for the case that the
true spectrum and the calculated spectrum are the same, a relatively
high standard deviation will be found (an uncertainty value for the
activity of 2% is estimated here).

In the calculation of the activities in the unfolding procedures a cross
section library is used. These cross section data are not completely
exact and will show also uncertainties. These cross section uncertain-
ties should also be considered in the interpretation of the standard
deviation of Ap/A..

A measure which seems to be better suited for observing the fit between
the input reaction rates and calculated reaction rates is the difference
between these two values divided by its standard deviation. The stan-
dard deviation should comprise the contributions of the input and the
calculated reaction rate uncertainties |6/. A value much larger than 2
for this measure shows that a significant difference for the two reac-
tion rate values is found for the spectrum of interest.

The overall performance of the detector set in the spectrum of interest
can be obtained as the square root of the sum of the squares of the
differences divided by their standard deviations, divided by the number
of detectors (the so called "average relative deviation"),

This value should be near 1, if no differences exist between the true
and the calculated spectrum. This means that the average difference
will be of the order of the standard deviations of the series.

In the case that the latter value is near 1, it means not directly that
an acceptable solution has been obtained, because too much structure or
other physically unrealistic patterns might have been generated by the
unfolding procedure. For this reason the shape of the solution spectra
should always be considered in combination with the convergence rri~
terion. The acceptability of the spectrum should always finally be

judged from a physics point of view.
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3. THE UNFOLDING CODES

The following unfolding programs have been applied:

- CRYSTAL BALL |7]

~ RFSP-JUL |8|

~ SANDPET, a modification of SAND-II |9|

- STAY'SL |10].

These four programs apply each a different algorithm to calculate the
solution spectra. The algorithms are not discussed here, but described
in the program manuals; three programs are reviewed in [ll[. They
are all suited to calculate a complete reactor spectrum.

There are important differences and limitations to all the programs
which will be discussed in the following part.

The presentation of the results and the plotting of the neutron spec-
trum data was performed with a f2w small utility programs.

The calculations with the unfolding programs were performed with a
CDC CYBER-175 computer.

3.1. CRYSTAL BALL |7|

The program CRYSTAL BALL needs a cross section library which has an
identical fo-mat as the library which is used in the SAND-II program.
The cross section library can be written by the utility program of
CRYSTAL BALL named XSTAPE.

A difference between the SAND-II and CRYSTAL BALL libraries is that

the SAND-II library contains group cross section data, and the CRYSTAL
BALL library point cross section data. For this reason we modified the
program CRYSTAL BALL in such a way that the SAND-II library could be
applied directly.

The input data have to be given in a prescribed format. It is possible
to perform automatically corrections for the presence of detector covers
(Au, B or Cd).

The values of the parameters required in the input for the speed of
convergence are very often not well chosen, so that trial runs are
needed to obtain the desired performance.

In the program performance one single and reliable reaction has to be
specified in the input, This reaction has to be indicated with the so
called detector importance index. In our calculations we used a reac-

tion with low uncertainty data.
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The inovut spectrum in the series of calculations was always supplied in
the 620 groups format of SAND-II. The several other input possibilities
for the input spectrum information were not supplied.

The convergence criterion which is applied in CRYSTAL BALL and printed
as average relative deviation seems to be a good criterion. It is

defined as

n AR - ACY 2})
1
ARD = {— Z _1____1_
n . m
1=] s
where n = number of input reaction rates;
A? = input reaction rate;
AT = calculated reaction rate for spectrum of interest;

]
e B e

= estimated uncertainty in AJ-A§.

A drawback of this convergence parameter can be present if the set of
(Am-Ac)/s? values comprises one large value. In this case a too low
value for this ratio 1s obtained for all other reactions, since the
solution is determined by the ARD, which is the root mean square value
of all these ratios.

A small disadvanta, of the present version of the program is that the
ratio of input reaction rate and calculated reaction rate for the input
spectrum is not printed.

The input spectrum data can be applied in several formats and forms.
Extrapolation of these data on the low energy scale and high energy
scale can be performed and also the interpolation between energy points
is taken care of in the program. In these calculations an output of
SAND-II (without spectrum modification) was applied as input spectrum
for CRYSTAL BALL.

The execution of the program requires a computer with rather large
capacity (364 k memory positions). The actual calculations require much
more computer time than the other programs. This is very pronounced if
a series of iterations has to be performed. The number of iterations
can be adjusted with some special input parameters. A good value for
these parameters can save computer time when more calculations for a
particular input deck have to be performed. A typical calculation time

for the calculations considered here is 60 s.
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3.2. RFSP-JUL [8]

The program RFSP-JUL needs a cross section library comsisting of energy
values with accompanying cross section values.

The program performs the interpolations which can be done in two ways.
In our study the cross section library in the SAND-II format was modi-
fied, so that these data could be used as input for RFSP-JUL.

The input cards have to be supplied in a prescribed format.

The speed of convergence can be adjusted with a special input parameter
called u. The actual value of v is problem dependent and has to be
chosen with care from trial runs, to obtain the output in a reasonable
number of iteratioms.

The program cannot correct automatically for covers which are applied
around the detectors during irradiations. In these calculations this
was solved by applying these corrections directly to the input cross
section data.

The input spectrum has to be supplied in a rather coarse energy struc-
ture which is not extrapolated in the program. 1In these calculations
we used 75 groups or less.

The point flux density can be interpolated with four different methods
which have to be specified in the input |8!.

The actual spectrum input data in some of our final calculations were
obtained with a utility program of STAY'SL where the same group struc-
ture is applied.

The convergence criterion of RFSP-JUL is not so convenient if input
uncertainties are applied. For this reason the output data were inter-
preted in terms of the parameter ARD as applied :n CRYSTAL BALL.

The execution of the program needs a computer with large capacity

(766 k memory positions). In this respect it is the largest program
of the four programs considered here.

The computer time needed for a typical run for this report is about 4s.

The number of iterations does not effect this time appreciably.

3.3. SAND-II |9]

In the calculations presented here a somewhat extended program version
of SAND-II was applied. This extended version is named SANDPET. The

extensions comprise the error calculations with a Monte Carlo procedure,
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the application of input uncertainties for the reaction rates and the
calculation of the improvement ratio.

The principle of the Monte Carlo procedure and the input uncertainty
application is the same as described in [12]|, [13|, and [14]; the
realization method is sowmewhat different.

The principle of the improvement ratio calculations is described in [15].
The basic algorithm for the spectrum modification in SANDPET is thc same
as in SAND-II.

The cross section library which is applied can be made from point cross
section values with the program CSTAPE from the SAND-II program package.
The program CSTAPE performs the interpolation and. if required, some
extrapolations.

The program SAND-II can perform automatically corrections for the pre-
sence of foil covers during the irradiations. The cross sections of the
cover materials have to be stored in a special section of the cross sec-
tion library.

In the DOSCROS77 library cross section data for Au, B and Cd are available.
The input data have to be given in a free format type, which is very use-
ful in practice.

The speed of the convergence cammot be adjusted in the SAND-II program
and is much dependent on the actual input, so no extra runs are required
as for CRYSTAL BALL and RFSP-JUL.

The input spectrum has to be supplied in the form of a series of point
flux density values.

The program interpolates and can also extrapolate with various functicns
vhich can be selected.

An input spectrum is generated in 620 groups.

The convergence value, determined by the standard deviation of the ratio
A?/’AE, which is applied, is less favourable than the ARD criterion,
especially if the input information comprises also uncertainties in SAND
for the reaction rate data.

The average relative deviation as used in CRYSTAL BALL seems more suitable.
The couputer memory needed by the program (SANDPET) is about 45 k.

A typical run with the program takes about 13 s.

A drawback of the program is that sometimes the changes in the A?/Af
ratio become so small after some iterations, that the iterations are
stopped and a so called "stability” is obtained before the required
convergence criterion has been met. Ia this case too small modifica-

tions have to be expected.
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3.4. STAY'SL [10]

Due to the extensive covariance matrix information required at the input
of this program it was not easily and directly suitable for the unfolding
problems of interest, but with some simplifying assumptions on the uncer-
tainty of the input data some runs could be made. The only extra uncer-
tainty which was required was the uncertainty of the input flux density
values. These were taken equal for each of the 75 groups and the cor-
relations of these values were assumed to be zero. The value of the
uncertainties wr:: s+!ected in such a way that the ratios of input reac-
tion rate and calculated reaction rate were comparable with those of the
other programs (same value for the average relative deviation).

For the preparation of the input data a number of utility programs is
required. These programs are not optimal at this moment and for this
reason an input preparation requires much effort, especially if the
number of groups has to be changed or if the reaction set is altered.

A somewhat unpractical fezture of the present version of STAY'SL is also
that the reaction name is not printed directly, but has to be found from
a sequence number. Up till now we did not improve the output features
of the program.

The programs XCOV and FCOV prepare the cross section covariance matrix
and the flux density covariance matrix, respectively. The number of ele-
ments in these matrices for a case of 75 groups and 20 reactions is
=5,6x103 and =1.12x10°, respectively for FCOV and XCOV.

In our study we had not enough detailed information on correlations
between the group flux densities of the input spectrum. We assumed that
all non-diagonal elements in the covariance matrix were zero, and that
all diagonal elements were the same. This resulted in a rather small
input for FCOV.

The input for XCOV containes zeroes for all matrix elements,which
resulted also in a rather simple input deck.

When better covariance data for the cross section data file bscome avail-
able, an extra utility program will he required to determine the matrix
of interest for a particular reaction set, which does not contain all
reactions which are present for the cross section data file.

Due to the rather broad energy groups which have to be used, one has to
apply well defined group cross sections.

These data can be calculated with the best estimate of the input spec-

trum and detailed cross section data.
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Here a cross section library in the SAND-II format was applied.

Due to this procedure a clear correlation between the flux density data
and the cross sections is introduced, which complicates the matter.

It is not yet clear how to avoid this pitfall, but,due to the crude selec-
tion of the cross section covariance file, this problem will not influence
the results which are presented here.

The input data for the programs have to be given in a formatted form.

At present no provisions are available to take into account the possible
presence of detector covers.

In principle no convergence criterion has to be applied in STAY'SL, but,
due to lack of knowledge of the flux density uncertainty, some calculations
with various flux density uncertainties were performed until an acceptable
value for the ARD was obtained. This "misuse'" of the program was required
to obtain some data on the performance of STAY'SL.

Irconsistent input data sets are indicated in the program output.

The program STAY'SL is rather small; in our case it required *27 k memory
positions. The typical calculation time for a run is about 3 s.

The plctting and other output treatment procedures have to be perfcrmed
with a special output program.

A program which presents all data in a clear form is not yet available.
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4. THE ACTUAL UNFOLDING PROCEDURE

In the preceding chapters the input data and the unfolding codes have
been discussed. For a neutron spectrum calculation an input data set
and an unfolding code is required. All the data are punched and an
unfolding run is performed. The probability that already in the first
run an acceptable output is obtained is quite small. In a number of
cases this can be due to simple punching errors amd clearly incorrect
activity values. But even after correction of this type of mistakes
problems often occur. This can be due to inconsistencies in the input
data. These can be caused by an unfavourable or unrealistic choice of
the input spectrum or by incorrect extrapolations of correct data.
Another reason can be inconsistencies in the input- or the calculated
reaction rate. It is also possible that too much structure is generated
in the output spectrum (peaks and valleys, negative flux density values).
In some cases, especially in fast neutron spectra, different reactions
with similar response range tend to modify in an opposite way. This
tendency may become apparent e.g. as local structure in the spectrum
plots for SAND-II and CRYSTAL BALL, or as unrealistic small values of
the ratio Ay/A. for the other reactions in the output of RFSP-JUL and
STAY'SL.

The speed of convergence which is needed to obtain the correct conver-
gence value in a suitable number of steps can only be determined by trial.
If the code STAY'SL is applied, also several somewhat modified input data
sets can be required to obtain an acceptable result. This is especially
the case when the uncertainty data of the input spectrum data have to

be estimated.

The problems mentioned above imply that the unfolding is not a straight-
forward procedure. Sometimes it is not easy to find the origin of an
inconsistency in the input data set and to correct for it, because
"trustworthy" data seem to be "suspected” in some cases.

In the following section some comment is given on the inconsistencies

and what can be done to obtain consistent data.
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4.1. Inconsistencies in the input data

The detection of reactions which show inconsistencies is for some unfolding

codes rather difficult (RFSP-JUL, CRYSTAL BALL, and SAND-II), and rather

easy for STAY'SL where a message is printed when the program discovers

that the input deck contains unlikely information.

The ratio of input and calculated reaction rates of the other codes at

the first iteration step may give a ratio which does not fit in the pat-

tern of the other ratios, which may indicate an inconsistency. If an

inconsistency is present in the input data, some action should follow.

Possible actions on the input data are:

1) Modification of the input spectrum;

2) Deletion of the suspected reaction from the input data;

3) For some unfolding codes an increase of the uncertainty data for the
activity can be suitable.

If no extra information is available, we cannot give a preference rule

for action.

4.1.1. Modification of the input spectrum

The modification of the input spectrum data is not possible if they have
a good quality, but in several cases an extrapolation has to be performed,
especially for the unfolding procedure. This extrapolation can refer to
the fast part of the spectrum (fission or fusion) or to the low energy
side where also various extrapolations can be made.

When the input spectrum information is available as group flux density
values, an interpolation can be used to obtain a smooth srectrum without
the block structure.

For a thermal reactor the thermal part of the neutron spectrum is impor-
tant when activities induced by capture reactions play an important role.
For this reason it is often useful to try several input spectra with
various values for the matching constant p determining the joining point
E = ukT between the Maxwelllan and the I/E distribution; also some change
of the neutron temperature can be fruitful,

The best input spectrum can be determined on basis of the lowest devia-
tions of input and calculated reaction rates or on basis of a smooth
spectrum shape in the 1/E part.

On the high energy side of the spectrum also various versions of extra-

polations can be tried, but in most cases this is not necessary, because



the modification information in this part of the neutron spectrum has a
better quality, so that the role of the input spectrum is not so impor-
tant in this energy region.

When the overall results of the unfolding are bad, it should be con—
sidered whether the best estimate applied for the neutron spectrum is
still valid or whether it has to be updated. The selection of the
input spectrum turns out to play an essential role in the unfolding
procedure. When unfolding codes apply a limited number of groups, and
the input spectrum consists also of a limited number of groups, then
some precautions are necessary with respect to the preparation of the

input spectrum (see 2.2.2.).

4.1,2. Deletion of a suspected reaction

Even after the best adjustment of the input spectrum it can happen that

the results for one or a few reactions show clear inconsistencies with

respect to the other reactions. This inconsistency can be seen from

the difference of input and calculated reaction rates at the first

iterations or from structure in the output spectrum which cannot be

ascribed to the actual neutron field. The input data inconsistency has

to be removed to obtain a more reliable output spectrum. _

The modification of the input reaction set is complicated because:

- A real inconsistency can be present;

~ Extreme or suspected values might however indicate extremely valuable
information;

- The inconsistency is only available with respect to other "good”

information.

For these reasons it is difficult to decide which is the origin of

the inconsistency and to take proper measures.

If no explanation for the inconsistency can be found, the influence of
the reaction on the unfolding process has to be reduced or the reactio:
has to be removed from the input data deck.

Improved results can alsc be obtained with an adapted convergence cri-
terion, but in this case relatively small modifications will be obtained

which can be effected strongly by suspected reactions.
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4.1.3. Reduction of uncertainty

As described in 4.1.2 the inconsistencies can be removed by reducing the
influence on the unfolding from the reaction which is suspected. This

can be obtained by increasing the uncertainty data of the reactiom of
interest in the input deck. The amount of increase depends on the judge-
ment of the unfolding physicist vhether the reaction of interest should
still have influence on the results or that the influence can be neglected.

4.2. Inconsistencies due to converg nce criterion

For a good input data deck inconsistent results can be obtained if the
unfolding procedure implies a too large modification. This can be due
to a too pessimistic choice of the input spectrum uncertainties for
STAY'SL or a too low convergence value for the other unfolding codes.
The inconsistencies resulting from this source can be detected by in-
specting the spectrum shape of the output spectrum.

Much structure, strong and physically unexpected strong changes, negative
flux density points are illustrations of these incomsistencies.

This type of inconsistencies can be reduced by modification of the con-
vergence conditions. Here also care is required because the actually
applied criterion determines the degree of the modification and so the

output spectrum.

4.3. Sources of inconsistencies

The sources of inconsistencies are in general related to the uncertainties
in the input reaction rates or in the input cross section data.

Even a particular cross section set can show for various neutron spectra
a different behaviour with respect to other reactions.

Due to lack of good uncertainty information this may lead to inconsis-
tencies,

The experimental activity determination method can also lead to inconsis-
tent activity dara sets due to incorrect nuclear data or too large and
unknown uncertainties of these data.

The nuclear data which are needed may comprise:

~ The specific number of atoms of the sample;

- The half-life of the product nuclide;



~ The gamma-ray sbundances of the prodect muclide;

~ The neutrom spectrum dependent fissiom yield;

~ In some cases the product wwclide itself is mot measured, but a radio-
active daughter; here wore muclear data and wacertainties are intreduced
in the calculation of the reaction rate. The experimental procedure of
activity determination will also comtribute to the wacertainty.
Important comtributions can be expected from the actual mesasurement amd
the data treatmemt procedure. Were also the absolute activity deter-
mination has to be comsidered.

The detector mass determination cam give appreciable wmcertaimty comtri-
butions if very small sasples are applied or if mixtures comtaining the
detector material are applied.

Impurities in the detector material and contamimation of the sample can
lead to systematic errors. This type of errers is difficult te trace
and has to be comsidered for each case separately.

The presemce of strowg cross section resomamces in materials presemt in
the irradiation surtroundings can lead to incomsistencies if these rese-
nances agree in energy with resomances in the detector set and if they
are not taken into account in the input spectrum.

An wmjustified imput spectrwm choice camn also lead to incomsistencies
vhich are difficult to detect.

&4.4. Some experiences

Inconsistencies wvhen they occur will lead in most cases to an iteratiom
procedure in which the output of ome calculation determines the composi-
tion of the nev input deck. The steps which are needed in such a proce-
dure depend on the actual situation and on the experience of the urfolding
physicist. In some cases wore than 20 runs were required to find the
reason of an inconsistency.

The experience vhich is needed t> obtain acceptable output spectra is
difficult to descrive. Experience vith 10 collaborating guest scientists
and students showed that the actual unfoid.ng procedure did not give much
problems, but that very often the handling of utility software gave lots
of problems due to an unsatisfactory description of the program details,
vhile also the prepsration and adaptation of the input to correct for
inconsistencies was rather time consuming. In most cases J months were
required to obtain a good experience.

An unfolding code can never be used as a black box; a single run never

guarantees an output spectrum which can be accepted as solution spectrum.
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5. PRESEXNTATION OF THE RESULTS OF AN UMFOLDING PMOCEDURE

For 2 goed interpretitiom o: tha results it is required that each unfeiding
code gives the proper information. This information sheuld comtain the
ratio of iaput amd calculated activity for ecach imput resctiom.

It input values for reaction rate wacertainties ave applied, it is also
useful to give this ratio divided by this uacertaiaty value.

The output should also comtain the standard deviatioa of all ratios aad,
if imput umcertaimries ave applied, also the average relative deviatioa.
The shape of the output spectrum should aluays be inspected by means of

a plot with apprepriate scales. In theie plots structure cam often be
observed rather easily.

For thermal reector msstrom spectra the flux per wait lethargy can be
plotted vith wach less decades on the flux demsity scale tham if the

flux per emit energy is plotted. The advantage is that irregularities
are detected easier amd faster.

It is often vorthwhile to plot also the ratio of ocutput and imput spectrum.
This ratio as a functiom of the emergy shows often a more detailed picture
of unfolding process than the cutput spectrum.

In 2 number of cases some extra information om the performance of a code
can be obtained with a Monte Carlo error calculation or with an improve-
ment ratio calculation. These data can also be plotted.

The spectrum .nformatiom cam also be printed and a2 comversion to broader
energy groups facilitates the comparison with the calculated input spec—
trum sometimes. Also some characteristics of the spectra can be presented

(i.e. the mean energy, etc.).
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6. RESULTS

During the execution of the comparison of unfolding procedures several
neutron spectra have been unfolded with the programs SAND-II, RFSP-JUL
and CRYSTAL BALL, and in some cases with STAY'SL. The neutron spectra
which were considered originated from fission sources, from accelerators,
from fast reactor facilities, and from thermal reactors.

The input spectra which were used originated in most cases from physics
calculations which resulted in a rather small number of groups.

In order to obtain comparable results for the programs with rather small
and rather large number of groups, all input spectrum information was
converted to smooth data in the SAND-II group structure. These smooth

data were then converted to the coarser group structure.

6.1. No input weight data

A number of calculations has been performed with input data sets in
which no activity uncertainties were applied. In this case the standard
deviation of the ratios of the input reaction rate and the calculated
reaction rate (as e.g. supplied by SAND-II) for the output spectrum
seems a reasonable parameter to determine the convergence.

When no uncertainty information for the input data is available, then
the value of this convergence parameter has to be estimated. In such

an estimation not only the uncertainties of the reaction rates, but also
the uncertainties in the calculated reaction rates due to cross section
uncertainties should be taken into account.

In table 1 the uncertainties in typical reaction rates for several spec-
tra are shown. The uncertainties in the experimental reaction rates are
about 24% for activation reactions, and 4 to 57 for fission reactions
under favourable conditions. Combination of the two contributions gives
the total uncertainty for the reaction of interest. The rounded average
value of these uncertainties (which are assumed to have comparable values)
is probably a good input value for the convergence parameter. A value
lower than this estimate will lead to modification of the spectrum in a
random way, dependent on the actual reaction rate value which is applied.
A larger value will lead to a too small modification of the spectrum,
and then good input information will not be used in an optimum way.

The detectinn of inconsistencies in the input data is rather troublesome

if no weight data are applied.
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1f too many reactions are deleted information is wasted; if inconsistent
data are applied, a biased output spectrum will be obtained.

This dilemma leads to a subjective choice which may have a large influence
on the shape of the output spectrum, and its characteristic properties.
Typical results obtained with CRYSTAL BALL, RFSP-JUL and SAND-II for the
CFRIT spectrum are given in fig. 1, which shows the form of the ratio of
output spectrum and input spectrum.

The input data are obtained from |[16] and |5]|.

In the calculations the reactions 238U(n,y), “3Sc(n,y), 1!1°In(n,y),
l‘7Ti(n,p), “aTi(n,p) and 115In(n,n') were not applied due to inconsis-
tencies. From these results it follows that for the three programs
applied, the contributions of fast neutrons in the energy region of 5
MeV is too small in the input spectrum. Also at about 10-4 MeV this
effect seems to be present. This peak is due to the reaction 59Co(n,y).
In the energy region between about 5x10™* and 107! the modification of
the three programs is different, but rather small in amplitude.

The program SAND~II gives a structure with sharp peaks and valleys.

The program CRYSTAL BALL gives a more smooth modification.

RFSP-JUL seems also to give a smooth output spectrum, but this is partly
due to the small number of groups. The modification pattern is charac-
teristic for the code applied, but this holds not completely for STAY'SL,
because the modification pattern of STAY'SL depends of course on the
flux density covariance matrix.

Some characteristic modification patterns are shown in fig. 2 for a STEK
fast neutron spectrum and only two reactions: one thermal activation
reaction, °2Co(n,y), and one threshold reaction, 38Ni(n,p). The step
modification of SAND-II, the linearly changing modification of CRYSTAL
BALL and the response dependent modifications of RFSP-JUL and STAY'SL
are clear. The flux density correlations between the various groups
were assumed to be zero in the STAY'SL calculation.

In fig, 2 STAY'SL output spectra for the same input data are supplied
with different covariance matrices. These results show that for STAY'SL
the modification pattern ¢,,,/¢;n is not a characteristic of the algo-
rithm, but for the covariance matrix. These matrices can be chosen in
such a way, that the modification pattern is similar to that of one of
the other three codes.

In a series of calculations it was tried to remove the structure in the

SAND-II ou‘put spectra by applying the smoothing procedure during the
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unfolding calculations. The results were not really better and for this
reason the smooth procedure was not applied in the actual unfolding cal-
culations, see fig. 4.

Some results of three unfolding programs for a thermal reactor neutron
spectrum (the LFR at Petten) are shown in figs. 5 and 6.

In some figures also the 90Z response regions are indicated (5Z of
response below this region and 5% above).

Some of the detectors were irradiated under cadmium of boron covers to
shift the response to higher energies, but even with these covers no
appreciable response occurs between about 1072 and 1 MeV.

The plots of the energy dependence of the ¢, /¢;, ratio show that the
overall tendency of the modification introduced by the three codes is
approximate the same; the SAND-II program gives some detailed local

structure, which is absent in case of CRYSTAL BALL.

6.2, With input weight data

Also calculations have been performed in which statistical weights for
the reactions were applied; these weight factors were based upon values
of the reaction rate uncertainties, specified at the input. The values
applied were the square roots from the sum of the squares of the experi-
mental uncertainty of the experimental reaction rate and of the estimated
uncertainty in the calculated reaction rate (mainly based on cross sec-
tion uncertainties).

Results which were obtained for the CFRMF neutron spectrum are presented
in tables 2, 3 and 4 and figs. 7 and 8.

Table 2 shows the ratio and the relative ratio (with respect to reaction
rate uncertainty) for the CFRMF input spectrum, From this table it fol-
lows that the 620 groups flux density spectrum results @pbtained with
CRYSTAL BALL and SANDPET) deviate clearly from the results for a 75
groups spectrum (obtained with RFSP-JUL and STAY'SL). The results for
these latter two codes show also some clear deviations. These differ-
ences are due to loss of (real or putative) information in the conver-
sion of the 620 groups spectrum to the 75 groups spectrum (see table 5
for the influence of this effect).

Two series of output spectra have been calculated for the four codes.
First an average relative deviation equal to the uncertainty was applied;

this yielded a "too good" output spectrum, Good output spectra were
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obtained for an average relative deviation of about 1.45. The results
are shown in table 4 znd in figs. 7 ... 9.

Especially fig. 9 shows the effects of a "too good" output spectrum
(obtained for an average relative deviation of about 1) in the energy
region of about 1072MeV: A rather wide valley in the CR(STAL BALL out-
put, much structure in the SANDPET output, and a rather narrow valley

for RFSP-JUL and STAY'SL.

The results presented in figs. 7 and 8 show the output spectrum results
which are accepted as a reasonable output. The spectrum shape is rather
smooth (fig. 7).

The ratio of output and input spectrum shows for all programs the same
type of modification between 10 and 10! Mev, at about 1072 Mev, and at
about 104 MeV. The CRYSTAL BALL output ratio is probably too smooth

and the structure in the SANDPET results is not likely to occur in the
actual neutron spectrum.

The valleys in fig. 8 are due to the reaction 238U(n,y). Probably the
information of this reaction is not consistent with the other reaction data.
The output spectrum data of RFSP-JUL and STAY'SL does not have enough
information to decide on inconsistencies, but the peak at about 1074 tiev
and the two valleys just beside it are rather pronounced. At this point
the decision to accept the output or to go on without the 233U(n,y) reac-
tion (or with an adjusted uncertainty) and prorably also a smaller con-
vergence value can be made. For this example no turther calculations
have been done, Some additional calculations resulted in the improve-
ment ratios, see fig. 10. The programs CRYSTAL BALL and SANDPET show in
this figure a valley in the energy region between about 10" and 100 Mev.
In this region, where there is no appreciable detector response, the
codes show, as we have seen in the case of only two detectors, typical
different modification behaviour. Because of the low value of the im-
provement ratio, however, no real improvement can be expected in this
energy region, The same is valid for the codes RFSP-JUL and STAY'SL,

but these codes do not modify when the resposne is small, so no real
modifications can be expected (STAY'SL did not use correlation data for
the input flux density values in this calculation).

In fig. 11 the results of a Yonte Carlo calculation with SANDPET are shown.
In this figure we observe that the magnitude of the uncertainty cf the
output spectrum is quite large, not only in the energy region (0.1 to |

MeV), where detector response is poor, but also in the region between
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I and 5 MeV. 1In the keV region we observe too much structure in the
solution, accompanied by large uncertainties.

The uncertainty in the output spectrum is mainly determined by the uncer-
tainty values for the cross section data, and to a lesser extent by the

uncertainty value of the reaction rate data.

7. CONCLUSION

From the results which are presented for the set of input data applied

here it follows that the four unfolding codes give comparable output

spectra if a number of precautions in preparing the input data is taken

into account.

Important aspects for the actual unfolding procedure are:

- The conversion of the input flux density values;

~ The determination of the input uncertainty (combimation of input reac-
tion rate and calculated reaction rate uncertainty for the input
spectrum);

- The choice of a suitable convergence value;

- The detection of inconsistencies in the input data.

The first two subjects can be solved quite easily, the two following

aspects are more difficult to handle in an objective way. This is due

to a too limited knowledge on the quality of the input data (i.e. cross

sections and reaction rate data). For this reason no optimal results

may be expected for neutron spectrum unfolding without improved input

data information. The improved input data should comprise at least:

-~ A consistent cross section library with uncertainty data;

Detailed input spectrum data and ,if possible, also uncertainty data;

A consistent input reaction set with uncertainties. Consistent means

that no reactions hav- to be deleted during the unfolding calculations;

More experimental data in important neutron spectrum regions (for
damage predictions the energy region between 1072 and | MeV).

Also the energy region from IO-6 to 10~2 MeV needs more exper imental
information.

All uncertainty data should, if possible, include both variances and
covariances. If all tkis information is available, the program STAY'SL

can give good results.



In the case that inconsistencies can be expected the progran SANDPET is

convenient to show them by means of local structure in the plot of the

output spectra.

Under favourable conditions the other programs will yield comparable

results.

The quality of the input data and the output data should always be

judged from a physics point of view.
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Table 1. Uncertainties in calculated reaction rates.

Values (in ) are based upon cross section data in the DOSCROS77
library |2|, and upon the SAND-II cross section error library |5].

. neutron spectrum
reaction
LFR CFRMF 252¢f TOKOMAK
6Li(n,a)3H 0.49 6.43 6.17 5.16
108 (n,a)’Li 0.49 3.85 6.22 3.42
23Na(n,y)2"Na 0.98 5.63 4.29 6.11
24%Mg(n,p)2*Na 6.46 6.46 6.40 9.33
27A1(n,a)2"Na 3.92 3.91 3.88 9.39
27 A1 (n,p)27'Mg 3.78 3.79 3.80 16.83
31p (n,p)3lsi 6.43 5.49 5.27 6.74
32g (n,p)32p 7.64 6.11 5.40 5.80
45g¢(n,y)"8Sc 1.96 5.12 5.32 5.14
46Ti(n,p)"6sc 7.69 7.51 7.43 17.50
477i(n,p)*’Sc 13.80 12.39 11.12 11.80
487i (n,p)*8sc 8.86 8.87 8.75 14.34
S4Fe(n,p)>"Mn 3.82 3.84 3.77 7.17
55Mn(n,y) °6Mn 0.81 6.37 4.82 6.66
56Fe(n,p) °Mn 3.64 3.67 3.66 13.99
58Fe(n,v) > Fe 7.63 15.04 6.46 14.6)
58Ni (n,2n) 5 'Ni 19.59 19.59 19.63 20.00
S8Ni(n,p)>8Co 2.30 2,24 2.24 6.89
59¢co(n,y)%6Mn 5.97 5.98 5.92 9.52
59¢o(n,y)¢%o 3.73 8.55 4,81 8.90
60Ni(n,p)®%Co 6.12 6.13 6.08 8.90
63Cu(n,a)®%%o0 6.36 6.37 6.31 9.16
63Cu(n,2n®2Cu 6.06 6.06 6.14 7.97
63Cu(n,y)8%Cu 4,75 5.89 4.60 5.71
6%2n(n,p)¢*Cu 11.63 11.01 9.97 11,13
30zZr(n,298%2r 13.53 13.53 13.58 14.98
10920 (n,y)110Ag 1.96 4.97 4.32 4.99
1151n(n,n"!151In 5.76 5.54 4.49 4,12
11510(n,y) 116 1nM 2.59 2.77 5.59 2.78
1271 (n,2p1261 17.66 17.66 17.33 14.68
197 Au(n,y) 1 98Au 1.55 3.16 3.21 3.21
232Th(n,f)FP FP 11.84 9.45 8.18 8.15
232Th(n,y)233Th 2.73 4.2) 4,86 4,42
235y (n,f)FP FP 0.50 3.54 2.11 3.77
237Np(n,f)FP FP 3.04 3.83 1,92 5.86
238y (n,f)FP 2.42 2.15 1,70 7.74
238y (n,y)23% 3.93 4,26 4,16 4,57
239py(n,f)FP 0.50 3.48 2,31 3.78




Table 2. Values for Ap/A. and (Ay-A.)/s(Ap-Ac.) for the CFRMF input spectrum.

-c{-

. A /Ag Ap~Ac divided by uncertainty
reaction
CRYSTAL BALL | RFSP-JUL SANDPET STAY'SL | CRYSTALL BALY RFSP-JUL | SANDPET STAY'SL
“7A1(n,a)24Na 0.9032 0.9201 0.9032 0.9210 -3.78 -1.86 -3.78 -1.83
27A1(n,p)27Mg 0.9560 0.9778 0.9560 0.9741 -0.98 -0.49 -0.98 -0.57
“58¢(n,y)48sc 1.1523 1.1896 1.1523 1.1736 5.4) 3.39 5.4] 3.09
46Ti (n,p)"®sc 1.1104 1.1348 1.1104 1.1325 2,16 1.71 2.16 1.68
%87 (n,p)"8sc 1.0107 1.0305 1.0107 1.0307 0.14 0.33 0.14 0.33
“71i(n,p)"*7Sc 0.8893 0.9070 0.8893 0.9057 -2.92 ~0.71} -2.92 -0.72
>“Fe(n,p)>“Mn 1.0381 1.0607 1.0381 1.0576 0.48 1.45 0.48 1.37
58Fe(n,v)5%Fe 0.9676 1.0064 0.9676 0.9857 -0.35 -0.04 -0,35 -0.09
58Ni(n,p)58cCo 1.0771 1.0997 1.0771 1,0973 0.83 3.56 0.83 3.46
39Co(n,Y)¢%Co 1.1500 1.0345 1.1500 1.1687 1.99 0.38 1.99 1,88
63Cu(n,y)8%Cu 0.9423 0.9769 0.9423 0.9605 -1.43 10,31 -1.,43 -0.52
11510 (n,n")1151n 1.0808 1.101) 1.0808 1.1006 0.61 1.40 0.61 1.39
NS1n(n,y)! 161" 0.9229 0.9469 0.9239 0.9407 -2,11 -1.33 -2.11 -1.48
197 pu(n,y)!%8Au 1.0123 1.0292 1.0123 1.0317 0.32 0.8l 0.32 0.88
235y (n,f)FP 0.9664 0.9911 0.9664 0.9852 -0.78 -0,23 -0.78 -0.38
237Np(n, £)FP 0.9888 1.0138 0.9888 1.0079 -0.19 0.31 -0.19 0.17
238y (n,f)FP 1.0655 1.0863 1.0655 1.0869 1.56 3.36 1.56 3,33
238y (n,v)23% 0.7726 0.7909 0.7726 0.7871 -1.49 =4,11 -1.49 ~4.18
239%u(n, f)FP 0.9926 1.0183 0.9926 1.0114 -0.16 0.48 -0.16 0.30
ARD 1.93 1.564 1.93 1.94 1.93 1,564 1.93 1.94
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Table 3. Values for A /A. for the CFRMF solution spectrum.

) Ap/Ac
reaction
CRYSTAL BALL| RFSP-JUL SANDPET STAY'SL
27a1(n,a)?"Na 0.9904 0.9580 0.9334 0.9611
2771 (n,p)2 Mg 0.9573 0.9576 0.9425 0.9575
43gc(n,y)"*6sc 1.2080 1.2049 1.1676 1.1903
S“Fe(n,p) "Mn 0.9824 0.9973 1.0042 0.9982
58Fe(n,y)>%Fe 1.0051 1.0236 1.0144 1.0064
58Ni (n,p) 58Co 1.0198 1.0296 1.0405 1.0313
33¢o(n,v)5%o0 1.1242 1.0134 1.0579 1.0644
63cu(n,y)5"Cu 0.9931 0.9996 0.9815 0.9905
115in(n,y) 16 12" 0.9731 0.9650 0.9528 0.9627
197pu(n,y) ! 28Ay 1.0705 1.0502 1.0418 1.0544
235y (n,f)FP 1.0060 1.0035 0.9892 1.0016
237Np(n, £)FP 0.9915 0.9967 0.9847 0.9985
238y (n,f)FP 1.0000 1.0027 1.0252 1.0062
238y (n,y)23% 0.8194 0.8105 0.8148 0.8115
239uy(n, f)FP 1.0360 1.0276 1.0120 1.0250
1151n(n,n")1151n" 1.0257 1.0309 1.0472 1.0356
“67i(n,p)*6Sc 1.1125 1.1115 1.0940 1.1129
4871 (n,p)"*Sc 1.0967 1.0642 1.0385 1.0668
“71i(n,p)*7sc 0.8375 0.8451 0.8579 0.8472
ARD 1.46 1.46 1.47 1.45




Table 4. Values for (Ap-A.)/s(An-A.) for two CFRFM output spectra.

_gc_

output spectrum (ARD = 1.45) too good output spectrum (ARD = 1,00)
reaction

CRYSTAL BALL| RFSP-JUL | SANDPET STAY'SL (RYSTAL BALL| RFSP-JUL | SANDPET STAY'SL

27A1(n,a)2"%Na -0.22 -0.98 -1.54 -0.90 -0,22 -0.23 -0.35 -0,28
27A1(n,p)27Mg -0.95 -0.94 -1.28 -0.94 -0.77 -0.84 -1.19 -0,83
455c(n,y)48sc 3.70 3.66 2.98 3.39 1.53 1.99 1.73 1.85
S“Fe(n,p)>“Mn -0.42 -0.06 0.10 -0.04 -0.42 0.26 -0.33 -0.23
58Fe(n,v)3%Fe 0.03 0.16 0.09 0.04 -0.05 0.10 0,27 0.02
58Ni (n,p)58Co 0.70 1.05 1.44 1.1 0.46 0.68 0.67 0.70
59Co(n,y)%%0 1.38 0.15 0.64 0.71 0.35 -0.02 -0.01 0.03
63cu(n,y)®“cCu -0.09 0.00 -0.24 -0.12 -0.44 0.03 0.01 0.00
1151n(n,y) 16 1a™ -0.67 -0.88 -1.18 -0.93 -0.27 -0.52 -0.78 -0.52
198 Au(n,v)1%%Au 1.96 1.40 1.16 1.51 1.73 1.57 0.81 1.33
235y (n, f)FP 0.15 0.09 -0.28 0.04 0.05 -0.09 -0.05 -0.04
237Np(n, £)FP -0.19 -0.07 -0.34 -0.03 0.06 0.21 -0.26 0.13
238y (n,f)FP 0.00 0.1 0.98 0.24 -0.16 -0.15 -0.10 -0.11
238y (n,y)23% -3.54 -3.72 -3.63 -3.70 -2.60 -2.45 -2,47 -2,28
239py(n, f)FP 0.95 0.73 0.31 0.66 0.70 0.42 0.52 0.44
1151n(,n") 131" 0.35 0.43 0.65 0.49 0.44 0.39 0.35 0.37
461i(n,p)*bsc 1.42 1.41 1.19 1.43 1.42 1.35 1.23 1,31
487i(n,p)*8sc 1.05 0.70 0.41 0.72 0.76 0.98 0.95 0.93
471i(n,p)"*’Sc -1.24 -1.18 -1.08 -1.17 -1,27 -1.25 -1.24 -1.24
ARD 1.46 1.46 1.47 1.45 1.0} 1.02 0.995 0.959
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Table 5. Influence of group structure for CFRMF spectrum.

The following notation is used:

<0>620 » the cross section averaged over the spectrum in its 620 group
representation;

<0>756 = the cross section averaged over the spectrum determined by 75
group values (spectrum is stepwise constant inE); this spectrum
was obtained by simple condensation from the 620 group data
(g = #g/4E);

<g>75P 2 the cross section averaged over the spectrum, determined by 75
point values (spectrum js piecewise linear in E between the
point values; E= E/Au; ¢E-¢g/AE).

reaction <g>620 <g>756/<5>620 <0>75P/<°,szo
1) 2) 3)
27A1(n,a)2"Na 1.763 10728 1.033 1.004
27A1(n,p)2"'Mn 9.004 10728 1.028 1.002
455 (n,y)*8sc 2.007 10726 0.97] 0.998
4€é1i(n,p)"*®sc 2.315 10727 1.027 1.001
48Ti(n,p)*8sc 6.710 10729 1.032 1.003
*7Ti(n,p)"*’Sc 4.624 10727 1.038 1.002
S%Fe(n,p)>“Mn 1.655 10726 1.030 1.002
58Fe(n,y)>%Fe 6.230 1027 0.982 1.007
38Ni(n,p)>8Co 2.200 10726 1.035 1.002
5%co(n,y)5%o0 7.846 10 26 1.028 1.044
63cu(n,y)®*Cu 4.755 10726 0.996 1.002
1151 n(n,n"11351n® 4.534 10726 1.055 1.008
1151n¢n,y)!161In 3.006 10 23 0.983 1.000
197 Au(n,y) ! %8Au 4,138 10725 0.976 0.997
235y (n,£)FP 1.588 10725 0.991 0.999
237Np(n,£)FP 5.493 10725 1.044 1.005
238y (n,f)FP 6.984 10726 1.052 1.007
238y (n,y)23% 2.343 10725 0.986 1.017
239%y(n,f)FP 1.770 10724 0.999 0.999
1 6821 L . i, %21 i
<6>820= ] ol(E).4g(E) AEY/ ] ¢L(E).AE
i=1 i=1

with ¢g(E) is the CFRMF spectrum

2) <0>75G=as above with $g(E) is the CFRMF spectrum (in 620 groups), con-
verted to a histogram in 75 groups. The energy boundaries are
shown in table 6; in each group ¢gz(E) is constant; ¢g(E) -¢8/AE.

3)

<g>75p=as above with ¢g(E) is the CFRMF spectrum, converted to a 75
point structure with E= AE/Au and ¢E-¢g/AE; AE = width of the
groups:
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Table 6. Boundaries of the emergy structure ia 75 groups

(expressed in MeV).

0.100
0.270
0.960
0.210
0.475
0.960
0.120
0.160
0.210
0.270
0.360
0.475
0.600
0.760
0.960
0.120
0.160
0.210
0.270
0.360
0.475
0.600
0.760
0.960
0.120
0.160

107
105
1073
107
o "
{1
1072
1073
1073
1073
1073
1073
1073
1073
1073
1072
1072
1072
1072
1072
1072
1072
1072
1072
1071
1071

0.210
0.270
0.360
0.475
0.600
0.760
0.960
0.120
0.160
0.210
0.270
0.360
0.475
0.600
0.760
0.960
1.40
1.90
2.40
2.90
3.40
3.90
4.40
4.90
5.40
5.90

107!
107!
1071
107!
107!
107}
107!

6.40
6.90
71.40
7.90
8.40
8.90
9.40
9.40
10.4
10.9
1.4
11.9
12.4
12.9
13.4
13.9
14.4
14.9
15.4
15.9
16.4
16.9
17.4
18.0
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The ENDF/B-IV cross section library was used in these
calculations.
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K = number of iterations;
§ = standard deviation of A™/A® values;
Sy number of grouns used in smoothing.
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