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Abstract

This report briefly summarizes present activities, current status and

procedures associated with neutron spectrum unfolding by activation technique within

the IAEA programme on standardization of reactor radiation measurements.

Experimental efforts and calculations related to unfolding are critically

analyzed including the most recent techniques, interlaboratory cooperation, direct

influence of recently measured cross-sections on the unfolded neutron flux density

spectrum, re-evaluation of some cross-sections, neutron self-shielding factors and

scattering effects.

This work has been performed within the IAEA programme on standardization of

reactor radiation measurements, one of the important objectives of which is assistance

to laboratories in the Member States to implement the multiple foil activation technique

for neutron spectra unfolding, an especially useful technique for in-pile neutron

measurements. The programme was initiated by the Metrology Section of the Seibersdorf

Laboratory in cooperation with the Nuclear Data Section, the Reactor Physics Section

of the Division of IJuclear Power and Reactors and with the support of the Computer

Section.

Investigation of relevant problems, such as intercomparisons, influence of

cross-section structure on unfolded neutron spectra, implementation of new codes,

distribution of calibration source and foils, multigroup scheme, neutron self shielding

factors, compilation work, critical evaluation of unfolding codes and application of

recently evaluated cross-sections are briefly summarized.
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1. Seibersdorf-Helsinki Intercomparison

We are grateful to laboratories of Member States for the concern

they have shown to our IAEA programme on standardization of reactor radiation

measurements especially to Helsinki University of Technology, Finland for their

close cooperation under the leadership of Prof. Dr. Routti. In that particular

work, a new generalized least squares unfolding method, LOUHI, (l) is directly

compared with the SAND-II programme (2) by solving three different problems.

In two of these problems, light water type reactor (LWR) neutron flux density

spectra are considered. For the third problem, a betatron associated neutron

flux spectrum is taken into consideration. In both calculation techniques, the

LOVHI and the SAND-II, the same cross-section library ENDF/B-IV is used. For

the first two LWR problems the same input spectrum and the reaction rates are

used for calculation. As a result, through a series of procedures which are

explicitly explained in Ref. (3-5)» the solution reaction rates and neutron

flux density spectra are compared. Very interestingly by this effort we almost

find the same problematic reaction rates as found by the SAND-II using entirely

different computer technique. The reaction rates giving the large differences

between input and output values are tabulated in Table 1. Other values of reaction

rates obtained by the LOU HI and SAND-II are shown in Table 2. Previously we

presented 90$ response intervals of these reactions (Ref 4)» The overall

differences in the neutron flux density spectra and more detailed results

are presented in Ref.6. More detailed investigations on the physical as well

as the mathematical aspects of the results will be further performed by

Prof. Dr. J.T. Routti, Dr. J. Sandberg and co-workers.
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Reaction LOUHI A, (%) SAND-II A (%)

27Al(n,oc)24Na 1.4O2E-28 + 9.45 1.366E-28 + 6.64

48Ti(n,p)48Sc 4.816E-29 - 8.32 4.828E-29 + 8.59

115In(n,n')115Inm 5.644E-26 +14.5 4.949E-26 + 2.59

127l(n,2n)126I 1.928E-28 +33.9 1.331E-28 - 7.50

232Th(n,f) 1.887E-26 + 9.26 1.786E-26 + 3.42

TABLE 1. Problematic reaction rates obtained by the LOUHI and the SAND-II
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Reaction

27Al(n,p)27Mg

32S(n,p)32p

46Ti(n,p)46Sc

47Ti(n fp)47Sc

54Pe(n,p)54Mn

LOUHI A {$>) SAND-II

63Cu(nf2n)62Cu

1O3Rh(nfn')1O3Rhm

2 3 7»p(n,f)

238,

9.127E-28 + 3.10 8.673E-28 - 2.03

1.455E-26 - 1.29 1.386E-26 - 5.97

2.651E-27 - 0.04 2.654E-27 + 0.075

4.O1OE-27 - 1.26 4.2O6E-27 + 3.57

1.832E-26 +0 .38 1.754E-26 - 3.89

2.371E-28 + 0.21 2.4O3E-28 + I.56

2.414E-26 - 0.78 2.360E-26 - 3.00

2.O75E-29 + 3.29 2.O31E-29 + I.095

'U(n,f)

2.125E-25 - 5.64 2.18OE-25 - 3.20

4.257E-25 - 1.69 4.279E-25 - 1.18

6.791E-26 - 2.65 6.984E-26 + 0.11

TABLE 2. Reaction rates obtained by the LOUHI and the SAHD-II
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2. Seibersdorf-CESNEF Cooperator

In CESNEF-politecnico di Milano, they have installed near the core of

a water "boiler of 50 kw, a neutron filter made of B.C, in order to obtain a neutron

flux density spectral shape that could be of utility in intercalibration problems

connected with irradiations in fast assemblies. Dr, V. Sangiust kindly sent the

input guess flux spectrum and a series of measured reaction rates to be treated by

IAEA using the SAITD-II and the CRYSTALL BALL (7) programmes. The meaningful com-

parison using the same ENDF/B-IV cross-section data is in progress. There are some

refinement questions on the values of 27Al(n.p)27Mg and 54Pe(n,p)54Mn reaction rates.

3. Influence of cross-section structure on unfolded neutron spectra

The influence of cross-section structure on neutron spectra unfolded

"by multiple foil activation technique has been studied for the SAND-II case. For

three reactions with evident structure in neutron cross-section above threshold:

27Al(n,o£)24CTa, 31P(n,p)31Si and 32S(n,p)32P, two remarkably different sets of

evaluated data were selected from the available evaluations; one set of data was

"smooth", the structure having been averaged over by a smooth curve; the other set

was "sharp" with structure given in detail. These data were used in unfolding

procedure together with other reactions, the same in both cases (as well as input

spectra and measured reaction rates). It was found that during unfolding calculations

less iteration steps were needed to unfold the neutron flux spectrum with the set

of "sharp" data. In case of "smooth" data it was difficult to obtain an agreement

between measured and calculated activity values even by increasing the number of

iteration steps. Contrary to expectations, considerable deformation of unfolded

neutron flux spectrum has been observed in the case of the "smooth" data set.

These results are presented in the RSIC seminar-workshop or the "The ory and

Application of Sensitivity and Uncertainty Analysis" held in Oak Ridge, Tennessee,

August 22-24, 1978.

4. Implementation of the CRYSTAL BALL Programme

The implementation of the CRYSTAL BALL programme (7) is successfully

achieved in the IAEA Seibersdorf Laboratory with the support of the IAEA Computer

Section. But, unfortunately, the calculations showed that, from the computation

time point of view, we found it 30 times moro expensive than the code (2) SAND-II



- 136 -

for a particular problem. That was a drawback as one considers the

implementation of this code in the laboratories of the Member States. But

recently, Drs. P.B.K. Kam and F.W. Stallman, Oak Ridge National Laboratory,

have incorporated a linear programme technique to obtain upper and lower

bounds for integral responses of activation foils. They have now decided

to replace the CRYSTAL BALL by the new code WINDOWS (8). They kindly informed

us that the CRYSTAL BALL option in WINDOWS is executing approximately five

times faster than the version we have in the IAEA Seibersdorf Laboratory.

The documentation for WINDOWS is completed, however, the authors did not

obtain approval to release the code. They predict that the WINDOWS will be

available through RSIC before the end of the year, 1978. Preparations for

the implementation of the WINDOWS has started in the IAEA Seibersdorf

Laboratory.

5. Distribution of calibration source and foils

The reaction Rh(n, n ) Rhm is, because of its low neutron

energy threshold, very useful for the determination of the low energy part of

fast neutron fluences in reactors or accelerators. Because of the short half-

life (56 min) of the activation product 103—Rh—m, no activity standards of this

nuclide can be procured from elsewhere. Relatively long-lived standards can be

supplied, however, in the form of 103—Pd sources; this nuclide has a more

convenient half-life of 17 days and emits the same K-X-rays or the 103-Rh-m.

The International Atomic Energy Agency's Seibersdorf Laboratory

offered, as a part of its programme on the standardization of reactor

radiation measurements, a limited number of kits which enabled a number of

institutes to perform the necessary 103-Rh-m activity determinations for

which only a suitable x-ray detector (e.g. a thin Nal(Tl) detector with

a Be-window) is needed.

One kit 103-Rh-m-ll was consisting of:

(a) 3 pure rhodium discs, diameter 10 mm, thickness 0.10 mm;

(b) 2 discs, diameter 10 mm, thickness 0.15 mm, consiting of aluminium

and (4.00+0.01)% rhodium.

(c) One 103-palladium source with a nominal activity of about 74 kBg

(2jrCi). The radioactive material is sealed by heat between two
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polystyrene foils: the diameter is 20 mm, the total thickness 0.5 mm.

More than 40 laboratories showed interest

of having IAEA special standard foils and/or sources have "been informed

and a very good response received. Relevant information is given in

Appendix 1. 14 kits to 13 laboratories of Member States have been

supplied by IAEA, Seibersdorf Laboratory. Researchers, institutions and

countries are shown in Table 3*

It is a great pleasure to acknowledge the interest and close

cooperation of laboratories of the Member States with the IAEA Seibersdorf

Laboratory.

The inclusion or exclusion of this Rh(n,n ) ~Rh reaction

to the neutron flux spectra unfolding may yield different results and

these must be further investigated. We are kindly informed of some

discrepancies from few of the laboratories of the Member States and this

new information will provide further challenges to the understanding of

unfolding and/or to the "best" set of reaction rates.

6. Multigroup scheme

As it is emphasized by U. Parinelli (9) it is important to

optimize the subdivision of energy groups for a particular problem. For

example 621 groups of SAND-II are too many for comfortable processing with

space-dependent codes and too few to take into account the detailed

resonance structure in a condensation procedure. There are improvements

in this direction using e.g., 100 neutronsand 17 gamma groups (12). A standard

scheme compatible with those set up in reactor physics and in shielding could

have many advantages (9)» The number of neutron energy groups may be

decreased on the high energy tail of the flux spectrum and number of groups

on the resonance energy may be increased. In cooperation with IAEA Seibers—

dorf Laboratory, CESNEF is working for preliminary unfolding on a MINTSAND

programme using smaller number of neutron energy groups. It will be

interesting to calculate the influence of less neutron energy groups on

unfolding. In order to see the interpolation and extrapolation errors in

neutron spectra folding and unfolding a detailed report (13) is presented.
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Researchers Institutions Countries

1. Doc. Dr. P. Bensch

2. Dr. J.T. Gutierrez

3. Prof. Dr. D. Seeliger

4. Dr. M. Bricka

5. Dr. J.T. Nerurkar

6. Dr. R.A. Al-Kital

7. Dr. N. Abdullah

8. Dr. M. Najzer

9. Dr. J. Spaans

10. —

11. Dr. G.W. Burholt

12. Dr. W.H. Taylor

13. Dr. M.K. Kozlowski

Atominstitut d. Osterr.
Universitaten, Vienna

Insti tuto de Asuntos Nucleares,
Bogota

Technische Universit'at Dresden,
Dresden

Centre d'Etudes Nucleaires de
Cadarache, Cadarache

Department of Atomic Energy,
Bombay

Iraqi Atomic Energy Commission,
Baghdad

Badan Tenaga Atom Nasoonal,
Jakarta

Institut "Jozef Stefan",
Ljubljana

Hoofd Bureau Commerciele Zaken
Research Center, Petten

University of Witwatersrand,
Johannesburg

Univ. of London Reactor Center,
Ascot, Berkshire

U.K. Atomic Energy Authority,
Winfrith, Dorchester

Argonne National Laboratory,
Arg-onne, Illinois

Austria

Colombia

German Democratic
Republic

Prance

India

Iraq

Indonesia

Yugoslavia

The Netherlands

South Africa

U.K.

U.K.

U.S.A.

Tabln 3
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In this work, we first took an input spectrum for LWR type reactor,

ENDF/B-IV cross-section data and a set of given saturation activities

as indicated in reference (3). In order to find the energy spectrum of

neutrons we ran the SAND-II programme on iteration mode and then

activation mode is applied to find the same saturation activities. Then

using the same cross-section data we recalculated the neutron flux

spectrum. Two spectra are compared through the quantity called P (13)

for 621 groups of neutron energy. In most of the points an agreement of

the order of 0.02^ has been achieved (13)» That particular procedure can

"be an efficient check—up for the errors involved in the decrease of neutron

energy groups at reasonably high energies.

7. Neutron self-shielding factors

As discussed in reference (3) in the determination of neutron

self—shielding factors there are many discrepancies "between calculations and

experimental results (14-17)• Especially, if one takes the case of seif-

shielding of Co in the CFRMF neutron spectrum (l8, 19) and l/E neutron

spectrum, the discrepancies are high (Table 8 and Fig. 7 of Ref. 14)«

With the CPRMF spectra and l/E neutron spectrum, the use of total cross-

sections from the EMDF/B—IV file yield much too low G values, especially

at the resonance region.

For 55Mn, both the ENDF/B-III without scattering and the ENDF/B-IV

with total cross—sections give 6 values much lower than "expected" (Table 10

and. Fig. 9 of Ref. 14). With the CFRMF spectra and l/E neutron snectrum,

the use of total cross sections from the ENDF/B-IV file yield much too
55]ow self-shieldiirg G values, especially at the resonance peak region. For Mn,

both the ENDF/B-ITI without scattering and the ENDF/B-IV with total cross

sections give G values much lower than "exnected" for the resonance peaks at

energies of a few hundred eV (Table 10 and F^g.Q of Ref.14).

Seibersdorf Laboratory has close contact with JAERT, Japan through

T)r. I. Kondo on the compilation and selfshielding corrections of the cross-

sections for resonance activation detectors. Up to now, the total or the

Absorption cross-section of the foil material is insufficiently considered
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as far as the contribution to the selfshielding is concerned. As a matter of

fact, the effect of scattering in the foil is often considered to be negligible.

Sometimes it is considered to increase the chance of activations of the neutrons

in the thermal energy region, and often to decrease the chances greatly at the

resonance regions. However, in some cases, even in a resonance energy region,

the energy loss of the neutron scattered by the foil nucleus is not large enough

to be removed from the energy region under consideration. We are fully in

agreement with JAERI and Petten that when the scattering to capture ratio is

large or is found in oases of ^JUn and Cu it is not clear how to handle the

situation. The decision should be made in the process of the neutron spectra

computations with several combinations of the foil activities and the corresponding

cross—section data. This problem together with streaming problems (20, 2l) should

be considered for each experimental set-up. We will repeat the need of having

a special study group working only on these effects in specific irradiation

arrangementr; for neutron dosimetry and damage determinations in reactor and

CTR materials.

There are recent indications (22) that the determination of resonance

parameters by area analysis give different scattering widths than the shape

analysis of transmission. The evaluated parameters are not able to explain

various integral experiments in thermal—neutron reactor fuel lattices. The

effective or shielded resonance integrals, which are largely dependent (23) on

the capture width of the 6.67eV resonance of e.g. U are especially overpredicted

by the evaluated resonance parameters. There is a spread on ]_ J which we find

very important.

Finally, a recent work (24) has indicated some important differences

between the measured cross-section values and the values operated in the foil

media. There is a systematic difference between the way for finding total

cross-sections and the way of application of self-shielding factors. The

determination of some self-shielding factors at Seibersdorf Laboratory with

cooperation with Dr. F. Bensch from the Austrian Atomic Institut has started

for on-resonance and off-resonance regions for neutron activation detectors.

8. 'In(n,yf) In Reaction

An extensive report by the principal author (25) is issued on the

penetration of mono-energetic neutrons inside the detector foils and related

problems.
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9» Reaction rate and neutron flux spocta compilation work

Compilation work of spectra obtained by calculation and/or

by direct spectrometry and corresponding measured reaction rates for l/E,

LWR core and pressure vessel, CTR first wall and blanket have been completed.

Unfortunately requests for LMFBR core and blanket and HTGCR moderator and

iron block have not yet been supplied. Following- the IWGRRM recommendations,

the compilation of reaction rates have already yielded ways of finding biased

reaction rates measured in some laboratories of Member STates and information

exchange is in progress.

Reports on investigation of the neutron spectrum in the SCHERZO System

BFS-35 by means of proton recoil proportional spectrometers and on measurements

of neutron spectra behind iron-water and iron-shielding-configurations at the

University Budapest by means of the Rossendorf proton recoil proportional

counter spectrometer have been kindly sent by Dr. D. Albert and it is gratefully

acknowledged.

10» Critical evaluation of unfolding codes

The merits of three neutron spectrum unfolding programmes are under

investigation by Dr. W.L. Zijp (26). These unfolding programmes are: CRYSTAL

BALL (7), RFSP-JUL (27) and SAND-II (2). Recently a new neutron spectrum

unfolding code STAY»SL became available (28). A sample problem for

the intercomparison of these four existing programmes was also applied (29)•

It is found that (Fig. 1 of ref. 26) solution spectra and their ratio to the

input spectrum introduces largest modifications and also the smoothest spectrum

structure in the case of CRYSTAL BALL. The modifications of RFSP-JUL and

SAND-II are different and they have the same order of magnitude. We have only

vague ideas about.* the origin of these modifications. In order to investigate

them a systematic selection of activation detector (foils) sets seems important.

In the test problem explained in Ref. 29| a set of only nine reaction rates was

applied. They were eight activation reactions and one fission reaction. From

the uncertainty data of the output spectrum of STAY»SL, it is found that the

modifications are small in respect to their standard deviation. Under this

condition no meaning can be given to the modifications and the reasons of these

modifications are not known. The situation may not be the same for another.
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sets of reaction rates. The interference of the response functions

must be carefully investigated. Fluctuations on the output spectra have

been obtained for a number of set of reaction rates (3-6). For example, in

Ref. 3j Fig«6, exclusion of Al(n,<x )^Ta reaction has made significant changes

in the betatron associated neutron flux spectrum. However lOfo decrease in

the value of this reaction rate did not make any substantial change. We do

not know to what extent the systematic errors in cross-section data and

activity values can contribute to unjustified modifications in different

sets of reaction rates (29). The selection of suitable set or sets of

reaction rates, neutron spectrum shape found by SAND-II unfolding code,

10 reaction rates from the second set (Ref. 3» Table 4) was almost identical

with the spectrum obtained by the second set of 17 reaction rates. In addition,

for the LWR input spectra (Ref.5 page 4)»' the prediction of saturation activities

by SAND-II unfolding code show larger uncertainties for the following reactions:

238TT/ v\239T7 48m../ s48o 115T , v sll6mT 27.w N24,T~* ll{nfi) JyU, Ti(n,p)^ Sc, -\En(n,5j In, (Al(n,o0 Na

, 127T/ O ^ 1 2 6 Tand 'I(n,2n) I.

We need more solid justification criteria for the modifications which seems to

be reliable. More comparisons with the direct spectrografic measurements and

analytical calculations are needed using the F factor criteria which introduced

in Ref. (3, 13).

Another difficulty is that the four unfolding codes have different

methods to check whether the results after a modification step fulfil the

required agreement with the input data. Additional difficulty is the difference

in the number of energy groups. The programme STAY'SL does not need an external

convergence criterium and it has a unique solution character. But it depends on

the uncertainties given in the form of covariance matrices of the input spectrum,

the activation data and the cross-sections. In addition, it is assumed that

the three sets of input data (activation, cross-section and input neutron

spectrum data) show no correlation of uncertainties between the sets (28).

The input spectrum may be inadequate to obtain optimal results and in many

cases plays a dominant role. The results presented in Ref.29 clearly supports
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the conclusions of B. Arcipiani and M. Marsequerra (30) on the influence

of the input spectrum dependency and the physical meaning of the modifications

of the codes. The programme STAY'SL needs also input flux density with covariance

data. In Ref. 29, 3/° normalization uncertainty was applied and a purely

diagonal component with a constant relative standard deviation of 24^. Questions

like, why it is constant and why the value is 24%, remain for further discussion.

The intercomparison between the codes should be made also in the energy ranges

less than lMev with the F factor analysis protocol using a well—known cold,

clean reactor reference spectrum (3, 13)• The impact of unjustified modifications

of different codes to the damage cross—section evaluations needs to "be investigated.

The unfolded spectra for the AWL 16-Mev system (32) indicate that

the neutron flux must be very small below 1 Mev. In order to make the

calculated (n, y) activation integrals agree with measurements, it was

necessary to drop the lux sharply below the lowest measured flux at about

800 keV. The shape of the low energy portion of the spectrum cannot be precisely

determined since the (n,3 ) and V(nTf)F.P. reactions have energy responses

that are much too "broad to unfold fine structure. Some of the (n,Y) reactions

may have large errors in the Mev region as was seen for Au(n,?f ) at the recent

NBS Symposium (3l)« Reducing the fast neutron cross sections would of course

allow more flux at low energies (32).

11. Applications of new Titanium cross-sections

P. Smith, from the IAEA Nuclear Data Section has converted the

point wise data of C. Philis et al. (33) to 621 groups for the Ti(n,p),

Ti(n,p) and Ti(n,p) reactions. Substantial changes in the neutron flux

shape have been obtained and evaluations are in progress. Contributions

from higher mass isotopes via (n,d) or (n,t) type reactions have been taken

into account. Application of new digital values of ^Rh by E. Barnard and

D. Reitmann (34) is in consideration.

Final Remark

The success of the programme depends on the continuous and active

interest of the laboratories of the Member States.
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I n f o r m a t i o n

Kit 103-Rh-m-ll

Some references on the excitation function of the reaction
103-Rh(n,n1)lO3-Rh-ra are given below (l)(2)(3).

103-Pd reference source

103-Pd decays, with a half-life of (16.96 - 0.06 days) (4), in 99«97$ of
the electron capture transformations to 103-Rh-m. The conversion factor of
103-Rh-tn being very large (oĉ  = 126), both nuclides emit essentially the same
K-X-rays of about 20 keV only, with probabilities of 78^ and 8.3$ resp. The
K-X-ray emission of the 103-Pd source (c) will therefore correspond to that
from a 103-Rh-m source of about 1 MBq. This value, i . e . the equivalent
103-Rh-m activity (decaying with a half-life of 17 days), will be stated in the
certificate.

Use of the Al-Rh discs

The 103-Rh-m activity in an irradiated Al-Rh foil (b) can easily be determine'1

by comparing the X-ray emission with that from the 103-Pd source (c), measuring
both in about 2 cm from a Nal(Tl) detector with Be-window. For the Al-Rh foils,
the self-absorption is of the order of 1/S only and can be calculated if better
precision is desired.

Use of the pure Rh discs

The activity of the Al-Rh discs may, however, be too low for the measurements,
if the neutron fluence is to be determined at places where the neutron flux
density is low. The pure Rh discs (a) contain about 80 times more Rh than the
Al-Rh discs and should be used in these cases.

Unfortunately, the self-absorption of the Rh discs when measuring K-X-rays
is of the order of 5O/̂» Some typical experimental values are given in (4)f but
whenever possible, the measurement of the self-absorption should be made for the
source-detector set-up used. This can be done relatively easily, if Rh and Al-Rh
can be irradiated simultaneously at some other place where the flux density is
high enough to give convenient counting rates for both discs.

Multiple use of the Rh detectors

A half-life of (56.II6 - 0.009) min has been published for 103-Rh-m. The
discs can therefore be used for several activations if the main activity is allowed
to decay. Some long-lived activities, mainly 192-Ir, may build up, but their
contribution to the counting rate may be subtracted if the disc is measured a
second time after a day or so.
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