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FOREWORD

The Consultants' Meeting on Integral Cross Section Measurements
in Standard Neutron Fields for Reactor Dosimetry was convened by the
IAEA Nuclear Data Section in Vienna, 15 - 19 November 1976, as part
of the IAEA Programme on Benchmark Neutron Fields Applications for
Reactor Dosimetry, described in INDC(SEC)-54/L+Dos, July 1976.

The need for the application of benchmark neutron fields, parti-
cularly for the validation and improvement of neutron data required
for reactor dosimetry, was recognized by the IAEA Consultants' Meeting
on Nuclear Data for Reactor Neutron Dosimetry, held in September 1973
[INDC(NDS)-56/U], and supported by the Agency's Working Group on
Reactor Radiation Measurements and International Nuclear Data Committee.

The importance and usefulness of this approach was well demonstrated
by the US Interlaboratory LMFBR Reaction Rate (ILRR) programme [Nuclear
Technology 25, no.2, Feb. 1975] and was extensively discussed at the
First ASTM-EURATOM Symposium for Reactor Dosimetry, Petten, Sept. 1975
[EUR-5667 e/f].

The present Consultants' Meeting is the first international meeting
devoted to this subject; it summarizes progress in this field in
laboratories of the IAEA member states.

The main results of the meeting are as follows:

- a comprehensive survey of benchmark neutron fields available
at present for reactor dosimetry applications and their classi-
fication in three categories;

- review of the methods used at present for spectral characteri-
zation of neutron fields: direct spectrometry, activation,
analytical calculations, and of results obtained with these
methods;

- review of the present status of integral and differential
neutron cross-section data for reactor dosimetry and new
classification of the reactions in two categories;

- discussion of methodology for validation and adjustment of
differential neutron data on the basis of integral data;

- better understanding has been reached between scientists
working in the fields of integral and differential data
measurement s.

The proceedings of the meeting are published in two volumes.
Volume I contains the review papers and Volume II thecontributed papers
presented at the meeting. The summary report, published as INDC(NDS)-81/L+M,
is included in Volume I because of its importance for a better understanding
of the results of the meeting.

M.F. Vlasov

Scientific Secretary
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I. INTRODUCTION AND OVERVIEW

1. Importance of Neutron Dosimetry - The importance of well-understood,

firmly established and standardized neutron dosimetry methods has become

more evident since the IAEA Consultants' Meeting on Nuclear Data for

Reactor Neutron Dosimetry (Vienna, 10 - 12 September 1973)*. The inter-

est in dosimetry for fast reactor applications, which was already sub-

stantial, appears to have further increased; a growing realization of

the importance of dosimetry is obvious for reactor vessel surveillance and

for other safety-related applications. More requirements for more

accurate dosimetry come from several issues connected with the fuel cycle.

Dosimetry is an essential part of the various shielding problems which

are receiving general attention for all types of reactors and which have

given rise to a programme of coordinated evaluation and benchmark ex-

periments (also promoted by the I.A.E.A.) which is parallel to, and

has many interfaces with, the present dosimetry benchmark programme.

Controlled thermonuclear applications call for exacting dosimetry

measurements in order to investigate crucial material problems; inter-

pretation of actual or projected damage measurements and extrapolation

to fusion reactor environments rely heavily upon dosimetry to correlate

effects in very different neutron spectra.

2. Status of Dosimetry Data - Some substantial improvements in neutron

cross-sections and other dosimetry data have been achieved since the

1973 Consultants Meeting. However, the situation remains far from

satisfactory: important gaps and discrepancies are still present, and

new ones have been identified, so that a continuation of the dosimetry

benchmark programme appears fully justified.

3. Consistency - The importance of arriving at a consistent cross-section

set for the validation of reactor physics calculations and for spectrum

unfolding is enhanced by the opportunity of putting together information

derived from various sources when expensive experiments are involved,

such as for instance in material irradiation programmes. This necessity

was identified, among others, by the recent IAEA Specialists' Meeting on

Radiation Damage Units (Harwell, 2 - 3 November 1976).

* further referred to as 1973 Consultants' Meeting.

** see for example Proceedings of Techn. Committee Meeting on Differential
and Integral Nuclear Data Requirements for Shielding Calculations, Vienna,
10-15 October 1976, to be published as IAEA Technical Report.
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4. International Cooperation - International cooperation, both on the

basis of bi-lateral or multi-lateral programmes, and through inter-

national organizations, has been effective in this first period of

implementation of the recommendations of the 1973 Consultants'

Meeting. For instance, the Euratom Working Group on Reactor Dosl-

metry has entirely adopted these recommendations and worked for their

implementation; the programme has been extensively reviewed at

the First ASTM-Euratom Symposium on Reactor Dosimetry (Petten,

September 1975). Coordinated programmes of measurements and
*/

evaluations on benchmark neutron spectra have involved the N.B.S.,
** *** /SCKMol, the Roman ++

the P.T.B., the Imperial College, CEN/SCKMol, the Romanian ITN

and the US laboratories involved in the ILRR programme. It is

important that this kind of international cooperation be continued

and extended in the future, and that it involves exchange of in-

formation, data, codes, detectors, instruments and personnel so as

to improve the quality and the reliability of the experiments and

of their evaluation.

5. Purpose of Benchmark Experiments - Dosimetry benchmark neutron fields

serve three general objectives,which had already been identified at

the time of the 1973 Consultants' Meeting:

a) validation and/or calibration of experimental techniques;

b) validation and/or improvement of cross sections and other nuclear
data needed for proper application of experimental techniques;

c) validation and/or improvement of analytical methods needed to

extrapolate dosimetry data from a monitoring or surveillance

position to the location of interest.

Although all of these objectives are important, the present programme

is particularly focused on the second.

The way in which the benchmark programme may be instrumental in

reaching these aims has been further investigated and will be discussed

later .

* National Bureau of Standards, Washington
** Physikalisch-Technische Bundesanstalt, Braunschweig
*** Imperial College of London University
+ Centre d'Etude de l'Energie Nucleaire, Mol
++ Institute for Nuclear Technology, Bucharest
+++ Interlaboratory LMFBR Reaction Rate Programme.
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6. Reference Set of Cross-Sections - The ENDF/B-IV Dosimetry File has been

made generally available, as recommended at the 1973 Consultants Meeting.

This has proved very valuable in providing one reference set of cross

sections that has made the intercomparison of results and predictions

possible on a unified data basis. This library has in fact been exten-

sively used throughout the world for the analysis of doslmetry experiments.

It is hoped that this will in turn produce a valuable feedback of in-

formation to the ENDF/B evaluators in terms of data testing and indications

for future improvements.

The aim of arriving at a generally accepted, internally consistent and

extended dosimetry datafile based on the ENDF/B specifications remains

one of the fundamental objectives of this programme.

7. Cross-Section and Spectrum Processing - Even when the data base is

common, some differences can be introduced by the method which is used

to collapse or interpolate the data to a given group structure in order

to use them in unfolding procedures or to calculate reaction rates.

Although these uncertainties are less important for reaction cross

sections than in other cases (particularly in the procedure of calculating

the flux density spectrum itself) it is recommended that the cross-

section processing method which is used be clearly specified when re-

porting results; in particular, if a weighting spectrum has been employed,

it should be explicitly indicated.

8. Accuracies required - The target accuracies for dosimetry methods

depend on the accuracies required for the integral quantities of final

interest (such as radiation damage, activations, fuel burn-up etc).

In most applications these last accuracies typically range from 5 to 20o (lo)*.

In some cases, required accuracies have recently been re-evaluated to

more stringent specifications, partly also as a consequence of improved

understanding of the damage functions. These requirements are reflected

in target accuracies to be set for flux-fluence-spectral determination

for the three categories of benchmark fields (see point II-1), depending

on their intended use (a, b or c of point 5.). At the 1975 Petten

Symposium, these accuracy requirements were stated to be in the + 2 to

5% (lo) range for LMFBR and somewhat less stringent for LWR and CTR

applications.

(*) o here stands for a standard deviation resulting from a combination
of random and systematic uncertainties (uncertainties of corrections)
assuming these have been assessed or estimated accordingly.
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Present state-of-the-art accuracies are estimated to be in the range

of + 2 to 30Yo (lo), depending on the particular spectral parameter

and benchmark category. Although the + 2 to 5% (lo) goal objective

may be considered ambitious for some applications, it is nevertheless

reasonable. It is likely that, at least on the long term, most reactor

fuels and materials development programmes will not accept an

uncertainty greater than + 5% (lo). In order to achieve such an

accuracy routinely, however, it is necessary to work towards a

better level of accuracy, namely 2 to 5%.

9. Sensitivity Studies - The importance of sensitivity studies to

correlate the target accuracies fr the benchmark experiments with

the accuracies required for the integral quantities of final interest

had been identified at the 1973 Consultants' Meeting; however, very

few investigations of this type have been reported since. All the

theoretical and calculational tools to perform such a sensitivity analysis

now appear to be available, and the importance of comprehensive and

possibly intercompared sensitivity calculations for dosimetry is re-

iterated. Notice has been taken of the extensive sensitivity calculations

which are being carried out in the frame of the shielding benchmark

programme.

10. Implementation - Important as it is to develop better dosimetry methods

and to improve the accuracy of those presently available, one should

bear in mind that this is of little value if it is not accompanied by

a timely application of what is already available for the solution of

everyday problems. It is a fact that nuclear programmes often do not

make full use of already well-established and reliable dosimetry methods,

but still employ or rely upon old methods and data that introduce

appreciable uncertainties and consequent economic penalties. An important

effort should be made towards the end of making all the interested

people aware of the possibilities and advantages offered by the best

dosimetry methods and data now available and by international coopera-

tion in this non-proprietary field. Progress in this regard is being

furthered by a series of ASTM-Euratom International Symposia on Reactor

Dosimetry, the first one of which was held in Petten, September 22-26,

1975, and a second one is being planned for 3-7 October 1977 in the USA.
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Interactions with other IAEA programmes - Both the development and the

implementation of the recommended dosimetry benchmark programme would

benefit from increased interactions with other IAEA programmes, in

addition to those directly sponsored by the Nuclear Data Section.

In particular:

a) Cooperation with the IAEA-NEA-EURATOM sponsored shielding bench-

mark programme. It would be desirable that the dosimetry used

in that programme were based on the present recommendations, and

conversely that the dosimetry programme could use the results of

the shielding benchmark experiments and of the sensitivity cal-

culations.

b) Increased cooperation with the IAEA's Research Programme on

Irradiation Embrittlement of Pressure Vessel Steels is desirable.

The excellent work in this programme would benefit from improved

dosimetry techniques.

c) There is naturally a close connection between the Dosimetry

Benchmark Programme and some of the activities sponsored by the

International Working Group on Reactor Radiation Measurements,

such as the recommendations on radiation damage units and the

intercomparison of unfolding codes.

d) The IAEA Programme on Intercomparison of Peak Analysis for Ge(Li)

Detectors is interesting for dosimetry methods.

e) Prospective users of dosimetry methods should be informed of the

views expressed by this Consultants' Meeting and asked for their

comments, which could help for a better orientation of future

dosimetry activities. These users are represented, among others,

by the International Working Group on Fast Reactors, by the Inter-

national Fusion Research Council, the International Working Group

on Reactor Radiation Measurements and other appropriate committees.



-6 -

II. DEFINITION OF BENCHMARK NEUTRON FIELDS

1 . Categories of benchmark neutron fields - The rather broad and open

definition of dosimetry benchmarks given at the 1973 Consultants'

Meeting has been more exactly qualified. Three types of benchmark

neutron fields for reactor doslmetry have now been identified and

defined as follows:

Standard: a permanent and reproducible neutron field with neutron

flux intensity, energy spectra and angular flux distributions

characterized to state-of-the-art accuracy. The main characteri-

zations must be verified by interlaboratory measurements and

calculations.

Reference: a permanent and reproducible neutron field, less well

characterized than a standard but accepted as a measurement re-

ference by a community of users.

Controlled Environment: a neutron field, physically well-defined

and with some spectrum definition, employed for a restricted set

of validation experiments.

2. Standard fields -At the momentin some of the most important standard fields,

discrepancies still appear to be present in the reaction rate measure-

ments for some of the best known dosimetry reactions. The list of

standard fields has therefore been limited to those contained in

Table 1. It is considered important that more fields be added to

the list; in particular it is recommended that an important effort

of better qualification and of reaching consistency with reaction

rate measurements be done on the short term at least for the 235-U

fission spectrum, the _-_-type facilities and the ISNF.

3. Reference fields - The reference fields identified on the basis of

presently available information are listed in Table 2. This list

should be periodically updated as new information becomes available.

In particular it is hoped that neutron fields covering the high

energy region of importance for Controlled Thermonuclear Reactors

(CTR) and other radiation damage work, based on harder-than-fission

spectra, should qualify for this category of benchmarks.
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4. Controlled environments - A preliminary and incomplete list of controlled

environments can be found in Table 3. These fields can play an important

role in dosimetry applications, and a better characterization and fuller

documentation should be encouraged.

5. Survey of benchmark fields - An international survey has been initiated

to compile information on existing and proposed neutron fields that may

qualify as doslmetry benchmarks. This survey has been based on the wide

distribution of an extensive questionnaire covering all the relevant

characteristics of the fields. It is recommended that full answers are

promptly provided to the questionnaire by all those who have not yet

done so. Physical description that allows interlaboratory calculation

of the benchmarks should be supplied , as well as spectra in tabular or

analytical form, and a suggested interpolation procedure.

6. Compendium - The answers so far received to the questionnaire have been

compiled in a first compendium that is part of Grundl's and Eisenhauer's

paper, this meeting.
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III. DETERMINATION OF NEUTRON FLUX-SPECTRA

A. Summary

Comments and Conclusions:

1. A major conclusion from recent and current data testing work is

that spectrum averaged cross section data for dosimetry reactions

as measured in standard and reference benchmark neutron fields

depart from computed-ones, not only because of absolute total flux

level normalization and evaluated energy-dependent cross section

inadequacies, but also because the spectra of most of these bench-

marks are often inaccurate in the energy ranges not covered or

poorly covered by differential neutron spectrometry techniques.

2. While the most precise determination of the spectral shape for

some standard and reference fields will be accomplished by

spectrometry and computations, in other cases, a combination of

calculations, neutron differential spectrometry, and integral

measurements will be required. For the standard and reference

benchmark fields identified in the papers of this conference,

Tables 1 and 2 , the total flux value and broad energy group

spectral shape uncertainties for the more important energy regions

are currently estimated to be in the + 2 to 5% (lo) and + 4 to

15% (lo) range, respectively. For a number of important con-

trolled environments, Table 3, the uncertainties are considerably

greater, in the + 5 to 15% (lo) and + 5 to 30% (lo) and higher

ranges, respectively.

3. In considering the resolution of the problems and the achievement

of higher accuracies, item 1 and 2 above, the following conclusions

and/or recommendations are offered.

a) Flux-level Normalization

In addition to the documentation and reporting of the experi-

menters' own absolute value of total flux, a value should be

established through a flux transfer from a Cf-252 neutron sourceestablished through a flux transfer from a Cf-252 neutron source .

*/ see paper by Grundl and Eisenhauer, presented at this meeting.
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This flux transfer or normalization, using the 2 39Pu (n,f)

reaction, is rather direct and its accuracy is of the order

of + 2%o (lo) or better for certain classes of benchmark fields.

If a reaction other than 23 9Pu (nf) is used, the uncertainty

will be somewhat higher.

b) Spectrum Shape Determination

No single differential spectrometry method allows the deter-

mination of the entire spectrum shape to the goal accuracy of

± 5 to 10% (1 a), or better. The (n,p), 6Li (n,o)T and 3He(n,p)T

spectrometers have attained a stage of development that allows

spectral measurements in the range of 10 keV to - 6 MeV, to

approach the above goal accuracy. This accuracy can be obtained,

however, only if the results of several experimenters and

measurement techniques are combined.

Except for a few standard and reference neutron fields (such as

thermal, 1/E, and the Intermediate-energy Standard Neutron Field (ISNF),

no calculational method allows the determination of the spectrum shape

to the goal accuracy of + 5 to 10fo (1 o), or better.

The required level of accuracy for spectral shape determination in

some benchmark fields will necessitate the combined use of data obtained

from differential spectrometry, analytical calculations, and integral

measurements. The development of new and/or improved unfolding codes

to handle and combine simultaneously the results of these three

techniques is desired. The success of such techniques, however, will

depend on the availability of data and analytical methods for handling

errors and their correlations, not only on the cross section data files,

but also on the spectrometry and reaction rate data.

In the range above approximately 2 MeV, new spectrometry measure -

ments by independent and/or new techniques are needed, such as nuclear

emulsionstrack recorders, 4He recoil spectrometry, and organic proton

recoil scintillators wherever applicable.

Recommendations: It is recommended that available codes that will handle

the combined results of calculations, spectrometry, and integral measure-

ments be applied to the simultaneous analysis of the data obtained in

the best known benchmark fields.
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B. Analytical Calculations

Comments and Conclusions:

1. Uncertainties in analytical computations are of two general types:

a) Nuclear Data

Errors related to uncertainties in the cross sections, fission

spectra and angular distributions of neutrons for the materials

in the system.

b) Modeling

Errors arising from the approximations necessary to perform

the computations, including geometrical representation, multi-

group energy structure and material changes due to burnup, etc.

Uncertainties in the nuclear data can be quantified, but this

has not been generally done and constitutes a major undertaking.

Modeling approximations can be estimated by parametric studies.

2. One-dimensional geometries studied with fine energy group structures

and high order expansions are the only ones, in practice, for which

precise calculations are available. In such instances, the

accuracy of the spectral determination is limited by the

accuracy of the nuclear data.

3. Very often, systems with complicated geometries are analyzed

with low-dimensional and/or synthesis techniques. In such cases,

geometrical approximations are responsible for additional un-

certainties.

4. Perturbation of nuclear data used in transport calculations to

provide consistency, in a maximum likelihood sense, with reaction

rate data can be identified as a potentially powerful method

which can be applied in a few important cases (see McCracken's

paper at this meeting).
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Recommendations

1. It is recommended that sensitivity analyses be performed for

dosimetry standard and reference neutron fields, and in some

cases controlled environments. An effort to extend the ENDF/B

cross section error file to dosimetry data and associated sensi-

tivity codes should be undertaken.

2. For systems where modeling errors are significant, the generation

of spatial importance functions should be considered in order to

provide insight into ways of reducing the number of compromises

made in the calculations.

3. The use of calculated flux spectra, either by themselves or

in combination with experimental results, in data testing can

only be recommended in cases where errors have been estimated

by means of careful sensitivity studies. Such methods as

ANISN-SWANLAKE are now widely available and should be generally

used for calculations for the standard and reference fields.

C. Spectrometry Measurements

Comments and Conclusions:

1. Substantial progress has been made during the last few years in the

characterization of the standard fission neutron spectra of 35U

and 252Cf usig differential methods.

The recent evaluation of J. Grundl et al. gave average fission neutron

energies of 1.970 + 0.014 MeV and 2.130 + 0.027 MeV for the 35U and

252Cf fission neutron spectra , respectively. The average departure

of the experimental spectrometry data from a reference Maxwellian is

less than 5% in the energy range from 0.25 to 8 MeV. Due to necessary

corrections for secondary interactions of fission neutrons in the 235

target samples, the 2 35 fission neutron spectrum appears to be some-

what harder (2.017 ± 0.015 MeV) compared to the recently evaluated value.
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Whether the slopes of the spectra are better described by a

Maxwellian or Watt function can finally be determined only on

the basis of an evaluation which considers not only the statistical

errors but also contributions due to uncertainties in backgrounds,

detector efficiency, energy resolution, secondary processes in

the samples, etc.

The largest uncertainties in the knowledge of the fission neutron

spectra still exist in their low and high energy ends, which

contain about 6% of the total neutrons. In certain cases, however,

these energy tails are of importance and therefore their knowledge

should be improved.

2. The neutron spectrum is one of the most important characteristics

of a benchmark neutron field. Its determination should be unique,

i.e. only subject to changes in the material and physical

characteristics of the field. The closest approach to this ideal

situation is actually given by differential neutron spectrometry

where the derived spectrum characteristics, generally, depend

only upon a single well-known cross section. The applicable

energy range, resolution, and estimated accuracy of a number of

spectrosoopy methods are given in Table 4.

3. For neutron spectrometry in some fast neutron spectrum fields,

a 3He proportional counter and a double scintillator time-of-flight

method are also applicable (see paper by SEKIGUCHI et al, at this

meeting).

a) 3He proportional counter ^10%O 0.1 - r2 MeV

b) double scintillator time-of-flight method: -10% 5x10- 2 - llOMeV
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Table 4: Comparison of Selected Differential Reactor Neutron Spectro-

scopy Methods.

hod ET-a E b) Resolution Accuracy % (lo)CE~~a) E b)~1MetI
AJ IA.

1. (n,p) Emulsions

- Collimated Source 5x10- 1 20 5 - 10% 0.5 (E < 10 MeV
10 - 20 10 < E < 20 MeV

Fair
- Non-Collimated Source 5x10 1 10 10 - 15%

15 - 25%
0.5 < E < 3 MeV
3 < E < 10 MeV

2. (n,p) Proportional
Counters

xlO- 3lxlO 2.5 Good 10 - 50 o.ool0
5 - 10% 0.02

10 - 25% 1.0

< E< 0.02 MeV
<E<1.0 MeV
< E <2.5 MeV

3. Li(n,t) 4He d 1xlO- 2 6.5 Fair 5 - lo% 0.01
10 - 20% 0.15

5 - lO10 0.3
5 - 15% 0.8

15 - 25% 4.0

< E <0.15
< E <0.3
< E<0.8
< E <4.0
< E <10.0

MeV
MeV
MeV
MeV
MeV

4. Time-of-flight (TOF)

- 3H(dn)4He Source

10 - 15% 0.00001<E <0.001 MeV

5xlo- 5 0.2 Good 15
l20

- 20% 0.001 < E<0.02 MeV
- 30% 0.02 < E 0.2 MeV

- LINAC Source 10-9 10 Good 5 %
10 -
20 %

10- 9 < E <10- 3 MeV
20% 10-3 <E l< MeV

1 <E 5 MeV

a) Approximate lower energy limit of applicabilityt MeV.

b) Approximate upper energy limit of applicability, MeV.

c) Typical accuracies for coarse group structures.

d) The current accuracy of 6Li (n,t) 4 He spectroscopy is mainly dominated by
the uncertainty in the angular and total reaction cross sections.
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4. For the establishment of clean Maxwellian standard thermal

neutron fields, it is desirable to measure the thermal neutron

spectrum by a chopper time-of-flight method. The superiority

of using heavy water as a moderator for a thermal neutron

facility compared with a crystalline material such as graphite

is shown by the chopper measurements of Kanda et al., reported

at this meeting

Recommendations

1. In-core neutron spectrometry is complex and expensive. Experi-

mental planning of neutron spectrum measurements should at least

consider two independent techniques.

2. The experimental spectral data, the cross sections and response

functions used and the nuclear characteristics of the benchmark

field in which the measurement was performed, should be avail-

able upon request.

3. Experimental differential spectral results in the benchmark

fields mustbe intercompared and the spectrum reevaluated by

taking into account the latest reliable results.

4. Differential neutron spectrometry data should be introduced into

unfolding codes as are the integral data.

5. (np) spectrometry: Nuclear emulsions should be used in

benchmark fields.

6. Techniques covering the higher MeV region (N 2 to 50 MeV) must be

further developed, especially keeping in mind the needs of CTR

reactor development programs.

7. 6Li (n,a)T spectrometry: cross section improvement is needed for

a) o (n,oc) for En > 5 MeV, and

b) d
b d t for En <100 keV.d C
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8. In order to intercalibrate methods of neutron spectrometry, it

would be helpful if IAEA would promote some international inter-

comparisons. (IAEA might supply some transfer instruments with

established unfolding techniques, as the Bureau International

des Poids et Measures (BIPM) does for the international inter-

calibration of fast neutron fluence).

D. Integral Measurements

Comments and conclusions:

1. Since 1973 the importance of intercomparing neutron spectrum

unfolding programs has been emphasized by experts at the first

ASTM-Euratom Symposium on Reactor Dosimetry and by members of

the International Working Group on Reactor Radiation Measurements.

2. It is recognized that some activities in this field are initiated

and supported by the IAEA. Valuable information on general un-

folding techniques is now available in the Proceedings of a

Seminar Workshop on Radiation Energy Spectra Unfolding, held at

Oak Ridge, April 1976 (see report ORNL/RSIC-40).

3. At the present meeting further results of intercomparison studies

have been reported (see contribution by Zijp). Also some new

approaches on simultaneous unfolding of data from different

spectrometry techniques have been communicated (see contribution

by MacCracken, Najzer, Williams and Hannan.)

Recommendations

1. The merits of some promising unfolding codes like SAND-II, RFSP-JUL

and CRYSTAL BALL should be studied further.

The IAEA is requested to make these programs available to interested

laboratories upon request.

2. For more specific recommendations on unfolding, reference is made

to the results of a workshop on unfolding at the First ASTM-Euratom

Symposium on Reactor Dosimetry at Petten, September 1975.
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3. When in practical dosimetry applications, in the absence of

spectrum information, the concept of equivalent fission neutron

fluence is used, one should apply those values of average fission

neutron cross sections which result from integral experiments in

a 23 fission neutron spectrum (see paper by Fabry et al..Session III).

E. Cross-Section and Spectrum Processing

Comments and Conclusions:

Even when the data base is common, some differences can be intro-

duced by the method which is used to collapse or interpolate the

data to a given group structure in order to use them in unfolding

procedures or to calculate reaction rates. For measured spectral

data even the adoption of a common group structure is question-

able: the most adequate group widths and boundaries being dependent

on such parameters as experimental resolution, bin width and on

the spectrum itself.

Recommendations:

1. When spectral data are given it would be highly advisable to

specify the interpolation scheme or to agree on a common one.

Attention should also be paid to error propagation.

2. It is recommended that the cross-section processing method which

is used be clearly specified when reporting results. In particular,

if a weighting spectrum has been employed, it should be explicitly

indicated.
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IV. INTEGRAL MEASUREMENTS IN BENCHMARK NEUTRON FIELDS

A. Comments and Conclusions:

1. The data development and testing approach first applied to the

development of the SAND-II cross section file, and subsequently

recommended by the 1973 Consultants' Meeting has been further

validated for establishing accepted reference sets of

evaluated energy-dependent cross sections for dosimetry

applications.

2. Using the above approach, some specific recommendations for

further study of reactions in the ENDF/B-IV file have been

delineated. (See paper by A. Fabry et al., Session III.)

3. A few sustained inconsistencies still exist and a vigorous

and well-planned, coordinated international interlaboratory

effort will be required to resolve them. More specific

information is provided in the paper by Fabry et al., this

meeting , Session III.

B. Recommendations

1. Reaction rate measurements form the backbone of reactor neutron

dosimetry. Such measurements must be done with accuracies in

the 2-5% (lo) range, depending on the reaction. Past evidence

suggests that systematic errors are best identified and minimized

through interlaboratory comparisons, preferably involving

independent techniques. It is thus recommended that such inter-

comparisons continue to be done on as large a basis as possible

and be considered mandatory in the case of fundamental reaction

rate measurements in standard and reference radiation fields;

this requirement may be somewhat relaxed in the study of con-

trolled environments. It is, however, essential that careful

documentation of the measurements be provided by the experimenters.
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2. Discrepancies up to 10% exist between absolute average cross

section measurements in the U-235 fission neutron spectrum.

In order to investigate these discrepancies, an interlaboratory

experiment is being organized under the sponsorship of the IAEA;

it involves the transfer of a fission spectrum assembly and of

irradiated detectors* / between Mol (Belgium), Osaka (Japan),

the Seibersdorf Laboratory (Austria) and laboratories partici-

pating in the US Interlaboratory LMFBR Reaction Rate (ILRR)

program. It is recommended that the scope of this experiment

be enlarged so as to encompass as many as possible contribu-

tions from other interested laboratories.

3. Inconsistencies between measured and computed average cross

sections in the fission neutron spectrum of U-235 have decreased

significantly in the past three years but continue to be an

issue of relevance in terms of international standardization

of dosimetry, in particular because the high energy (. 2.5 MeV)

tailsof the reactor core neutron spectra are often close to

fission neutron spectra.

On the other hand, consistency is observed for the Cf2 5 2 spontaneous

fission neutron spectrum, but very few measurements have been

performed so far in this benchmark.

A critical appraisal of this situation leads to the following

recommendations:

3.1. The neutron flux spectral shapes of the U-235 and Cf-252

fission neutron spectra should be compared directly

a) by spectrometry techniques 

b) by means of double reaction rate ratio measure-

ments, which are extremely sensitive to spectral

shape differences.

/ Reactions 235 (nf) F.P., 23 (nyf) F.P., and 5Ni(n,p) 58Co.

**/ Work along such line is in progress at PTB; experts from CEN-SCK,
Nol, Belgium, have volunteered to supplement this effort by per-
forming "Li (n,a) spectrometry at the PTB facilities, if the ex-
perimental conditions are adequate.

***/ It has been suggested that such measurements could be performed
at NBS.
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3.2. Laboratories operating 5 2Cf sources should be encouraged

to perform detector exposures to a certified fluence

and distribute the detectors to outside laboratories for

reaction rate measurements.

Particular emphasis should be placed upon the 58Ni(n,p)58 Co

reaction.

4. Measurements of cross sections for non-threshold reactions in

fast and intermediate-energy neutron fields involve self-shielding

corrections that may be substantial. There is a need for additional

measurements of these corrections and for confrontation with

their computed values. In this context, total cross sections

for non-threshold reactions should be included in dosimetry files.

5. New resonance integral measurements are necessary for the reactions

4Sc (ny)46Sc; 58Fe (n,y)5 9Fe; 63Cu (n,y) 64Cu; 6L (n,a) 3H; and

0B (n,a)7 Li.

6. When data are reported from reaction rate measurements in standard

or reference neutron fields it is essential that sufficient in-

formation be given to allow interpretation of the data according

to alternative normalization schemes. To achieve this we recommend

that errors be quoted separately for measured absolute reaction

rates on the one hand and normalizing parameters on the other.

These remarks apply especially to average cross section and spectral

index data. In general it is desirable that systematic errors be

identified and presented separately from each other and from random

errors.

7. Reaction rate traverse measurements performed in shielding benchmark

experiments, well characterized by means of spectrometry, could help

to establish energy-dependent cross section trends. Results of such

well documented experiments should be applied to dosimetry data

testing.
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8. The IAEA has already established an important programme on

irradiation embrittlement of pressure vessel steels (coordinated

Research Programme on Irradiation Embrittlement of Pressure

Vessel Steels, IAEA-176, 1974). It is desirable to promote the

study of pressure vessels in benchmark experiments (for example

work at JAERI, CEN/SCK and ORNL) and in operating power reactors.

The IAEA should promote international intercomparison of both

experimental and theoretical results in connection with the

above programme of already established work.

9. Fission rate measurements in standard and reference neutron

fields are usually performed by means of absolute fission

chambers. Consistently applied solid state track recorder

methods can valuably supplement the fission chamber results and

should be applied more systematically. Li (n,a) and 10B (n,a)

reaction rate measurements techniques using nuclear emulsions and

solid state track recorders need to be developed and applied in

standard and reference neutron fields to provide good data for

comparison with the total helium production method.

C.E.N./S.C.K. will start in MOL- 2 the 10B/6Li spectral index

measurement, for comparison with the total helium production

data, by using their 10B and 6LiF BCMN deposits, positionned

in front of fine grain nuclear emulsions.

10. The use of fission detectors requires a knowledge of yields for

selected fission products from several fissile nuclides as a func-

tion of the energy of the neutrons inducing fission. The nuclear

cross section data and decay schemes for such fission products are

also required.

- The fissile nuclldes of main interest in dosimetry are
23 5U, 23 9Pu, 238U, 2 37Np.

As had already been stated at former meetings, the yields of the

fission products 95Zr, 97Zr, 10 3Ru, 131I, 1 32Te, 137Cs 14 0Ba and

148Nd should be known to an accuracy of V 2% (lo) for the fast

breeder programmes, and between 2 and 10% for other reactor

programmes.
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The accuracies (lo) to which "fast reactor fission yields" are

known can be assumed to be

1.5% for 235U fission

1 to 2 % for 2 39Pu fission

1.5 to 3 % for 23% fission

5 to 10% for 237Np fission.

- There is still a need to evaluate the energy dependence of the

fission yields for the thermal to fast reactor-neutron range,

especially for those fission products for which the difference

between thermal and fast reactor neutron-yields is considerable

(103Ru, 131 132Te, 140Ba). Similarly, it seems that for

CTR applications fission yields for mean energies up to about

20 MeV may be required.

11. Calibrations of detector sets in standard neutron fields (when

available), reduce the relative errors in reaction rate determinations

between different foil materials. The influence of the two main

sources of error - the reaction rate determination and the cross

section - is minimized in this way. Relative errors in reaction

rate determination may be reduced to one or two percent. The

results (fluence or spectra) are then relative to the standard

spectrum measured so that the error then depends upon the precision

to which the standard (fluence or spectrum) is known.

It is recommended that this dosimetry approach be implemented

whenever possible and that standard neutron fields beconsequently

made available to any interested user.

12. Materials used as neutron doslmeters must be accurately defined

and contain a minimum of impurities. Enriched isotopes are

sometimes required. A pool of such materials including fissionable

materials should be established, possibly by the IAEA at its

Seibersdorf Laboratory. The Agency should promote the establishment

of a close working relationship between different centres which

fabricate and provide such detector materials.
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The pool of these materials should be open to Member States.

This cooperative effort should establish the necessary procedures

that are needed to maintain a uniform level of overall standardi-

zation of the necessary physical and chemical properties of the

materials and fabrication of the detectors.

13. For the radioisotopes resulting from important dosimetry reactions a

list of recommended values for decay parameters (y-intensities,

half-lives) should be prepared and distributed by the IAEA.

14. The dosimetry reactions have been classified in two categories.

Category I reactions are defined as reactions,

a. whose differential-energy cross section is well known over

their response range in standard neutron fields;

b. which are consistent with integral measurements in the

standard neutron fields.

The following reactions belong to Category I:

197Au(n,)]198Au 23 9Pu(n,f) F.P., 2 37Np(n,f) F.P., 2 U(n,f) F.P.,

56 e(np)5 6 n, 2 7 Al(n, )24Na, 6 3Cu(n,2n)62Cu(*) and 58i(n,2n)57i(*).

A number of other reactions are considered Category I candidates:
2 3 5U(nf) p.P., 59C(n,)60Co, 23%n(ny)239U, 115In(n,nt)11 5mIn

58Ni(n,p)58 Co, 3 2 S(n,p)32p, 5 4 Fe(n,p) 5 4 Mn, 5 9 Co(n,o)56Mn,
1 0 3Rh(n,n )103Rhm.

All other reactions used for dosimetry are Category II reactions.

It is recommended that caution be exercised when using the

Category II reactions for neutron spectrum adjustment or unfolding.

(*) For the very high energy range, accuracies of the order of

+ 10 % are presently acceptable.
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V. DIFFERENTIAL MEASUREMENTS AND EVALUATIONS

1. The development of consistent sets of cross section data for a selected
group of dosimetry reactions has not turned out to be an easy task. The
current accuracy goal of better than + 5% (lo) has not been achieved
with the possible exception of a few "Category I" reactions. It is clear
that an international effort is desirable in order to achieve the stated
goal and that it will have to involve investigation of decay schemes and
a variety of "benchmarks" integral experiments as well as of differential
(monoenergetic) measurements. A first step has been taken by adoption
of the ENDF-B-IV dosimetry evaluated data file as the reference library
of differential cross sections. This file represents the best
available set to date. It appears that the uncertainty in the experimental
data included in evaluated files cannot be expected to become less than
4 - 7% with the exception of a few special cases. The major source of un-
certainties come from the neutron fluence determination.

2. For threshold reaction cross sections used in reactor dosimetry, the
energy range of main interest is from threshold up to 4-6 MeV above it:
the range of 20% reaction response in fission spectrum. Differential
measurements are encouraged to be done especially in this energy range.

3. The problem of error files was not addressed in the ENDF/B-IV dosimetry
file. In many applications such as neutron spectrum unfolding by multiple
foil activation techniques, error files are important (e.g. error propa-
gation calculations). It is recommended therefore that evaluators of
energy-dependent cross section data provide confidence statements for
successive energy regions specifying where possible the random and
systematic contributions. It is further recommended that practical pro-
cedures are developed to account for propagation of errors in cross
section data.

The proposal to carry out a detailed analysis of the variance/co-
variance estimates of the 23 5U fission cross section by the task force
and the covariance subcommittee of CSEWG should be monitored closely to
determine the feasibility of use with dosimetry files.

4. In principle it is possible to intercalibrate absolute fission detectors
used in some integral measurements with those used in differential
measurements. It is recommended that this possibility be investigated
for use.

5. The large discrepancy between integral and differential data for the
63Cu (n,a) 60Co reaction may be resolved by two new experiments:
measurement near threshold (5 - 6 MeV, low resolution is acceptable)
and a new 14 MeV measurement (where an accuracy of 5% (lo) or better
is needed).

*) M. Bhat NEANDC/NEACRP Specialists Meeting on Fast Neutron Fission
Cross Section of 233U, 2 35u, 238U and 2 39 Pu. NEANDC(US)-199/L,
ERDA-NDC 5/L, ANL-76-90, Ed. Poenitz & Smith.
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6. Integral data testing of the ENDF/B-IV dosimetry file suggests that
for a number of threshold reactions, existing inconsistencies can be
explained by flux scale normalization errors in differential-energy
cross section measurements. The suggested normalization factors+ are
as follows:

232Th (n,f): 1.15
4 7Ti (n,p): 0.825*

54Fe (n,p): 0.967*

Ti (n,x) 46Sc:1.128

59Co (n,c) 56 Mn: 0.98

It is recommended that evaluators of differential-energy cross sections
examine whether such renormalizatlons are acceptable.

7. It is recommended that differential cross section measurements be undertaken for:
4 5 Sc (n,y) in the energy region .5 eV - 1 MeV,

93Nb (n,n') 9Nbm
19 9Hg (n,n)l19 9Hgm from threshold to 10 MeV.

8. With a view towards application of doslmetry for radiation damage studies,
it is recommended that differential cross section data for helium production
in reactor structural materials be performed. (See recommendations of
I.A.E.A. Specialists Meeting on Radiation Damage Units, Harwell, 2-4 Nov.1976).

**
9. The List of reactions of interest to reactor neutron metrology is

given below.

The table is arranged as follows:

Category:

The dosimetry reactions have been classified in two categories.
Category I reactions are defined as reactions:

a. for which the energy dependent cross sections are well known
over their response range in standard neutron fields;

b. for which calculated reaction rates in the standard neutron
fields are consistent with the measured reaction rates.

+ A. Fabry (Session III paper).

* A new evaluation by C. Philis, D. Smith and A. Smith,reported by
B.A. Magurno at this meeting (preliminary results), should solve
the discrepancy for Ti(n,c)4 6Sc; however, the discrepancy for
4 7Ti(n,p) remains.

** submitted by W.L. Zijp, Petten.
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All other reactions used for neutron metrology are category II
reactions. However, some of them, denoted with II , are considered
category I candidates. They will reach the status of category I
after removal of some inconsistencies between integral measurements
and differential evaluations at least as concerned the 235U fission
neutron spectrum, the ESspectrum and the ISNF spectrum.

Reaction:

This column lists the reactions of interest in order of increasing
proton number. The first part of the table contains the non-threshold
reactions. The second part lists the threshold reactions.

Response remarks:

The information refers for the (ny) reactions to the energy Er
of the main resonance, and for the other reactions to the energy range
comprising 90% response in a Watt fission neutron spectrum. For some
reactions the information was not readily available.

Evaluations and compilations:

This column contains some relevant recent general literature re-
ferences, described below the end of the table.

Applications:

Here indications are given of the field of applications. The code
used is as follows:

a. Often used for flux density determinations (here a knowledge of inte-
gral cross sections and decay scheme data is required).

b. Often used in triple foil ("Sandwich") techniques (here a knowledge
of resonance activation integral and decay scheme data is required,
and also supplementary data to calculate self-shielding factors).

c. Often used for fluence determinations (here a knowledge of integral
cross sections and decay scheme data is required).

d. Often used in spectrum unfolding techniques using computer codes
like SAND-II and SPECTRA (here a knowledge of energy dependent cross
section data is required).

e. Useful in measurements for CTR applications.

Special remarks:

Where it seemed appropriate, some special comment is given.
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lon-threshold reactions:

1

['
r '~~~~~~~ ~evaluations

1category reaction 1 response alua
category r remarks and applications special remarks

*___ __ _ ______-____ _____________ compilation 

1

II

II

II

II

II

II

II

II

II*

II

11

II

II

II

II

II

II

II

II

II

II

II

II

II

II

II

II

II

II

II

II

II
II

II

II

II

6
Li(n,a) 3

H

1
0
B(na)

7
Li

2 3
Na(n,y) 24

Na
3 0
Si(n,y)

3
si

45Sc(n,y)4
6
Sc

S1V(n,y)
5 2
V

5 5
Mn(n,y) 5 6

Mn
5 8

Fe(n,) 5 9
Fe

5 8
Com(n,y)

5 9
Co

5 8
Co(n,y)59Co

59Co(nY)60Co
6 3

Cu(ny)
6

4Cu

64Ni(n,y) 6 5
Ni

7 1
Ga(n,y)

7 2
Ga

7 5
As(n,y)7

6
As

8
0Se(n,y)8'Se

81Br(n,y)
8

2Br

93Nb(n,y)94Nb

9 8
Mo(n,y)99Mo

10
0
Mo(n,y)101Mo

1
0 3

Rh(n,y)10 Rh

1
08
pd(n,y)10

9
Pd

109Ag(n,y)10Agm

"11Cd(n,y)ll1Cd

11
5
In(ny)ll6Inm

1 2 1
Sb(n,y)1

2 2
Sb

1 3 3
Cs(n,y)134Cs

1
3 9

La(ny)14
0
La

1
5 2

Sm(n,y)152SSm

1
5 1

Eu(n,y)152Eum
1 6 4

Dy(n,y)1
65

Dy

1
7 5
Lu(ny)1

76
Lu

1
7 6

Lu(ny)l
7 7

Lu

1 8
1Ta(n,y)

1 8 2
Ta

186W(n,y)187W

1
97
Au(ny)1

98
Au

232Th(nY)233Th

235U(n,f)
2 3

8U(ny)
2 3 9

U

239Pu(n,f)**

Er - 2850 eV

Er - 4162 eV

Er = 337 eV

Er - 132 eV

Er - 580 eV

Er - 95 eV

Er " 47 eV

Er - 1965 eV

Er - 101 eV

Er ' 12 and 480 eV

Er - 97.3 and 364 eV

Er - 1.257 eV

Er - 2.96 eV

Er - 120 eV

Er - 1.46 eV

Er - 5.9 eV

Er - 72.4 eV

Er - 8.01 eV

Er - 4.90 eV

0.19...5.1 MeV

0.27...5.1 MeV

1 6 7

7

267

2 6

6 7

26

26

267

1267

2678

26

6

6

6

6

4

26

6

6

6

26

6

2678

6

6

26

6

26

26

26

26

6

26

12678

67

123 567 8

1267

12678

bd

d

b

bd

c d

abcd

abd

b

b

b

b

b

b

b

b

c d

b

ab d

b

b

b

b

a

d

b

ab d

acd

acd

total He production of particular
Jimportance

Important to derive burn-up correc-
tion for nickel as fast neutron
detector.

Oo, I and o(E) of particular importance

Suggested as possible long term fluence
detector

Together with 59
Co(n,y) important in

double foil technique to determine
fluence of thermal and intermediate
neutrons. Long Tl replacement for
1 9 7

Au(g,y) 
1 9 8

AU

Long T I replacement for 1
97
Au(ny)

198
Au

Of particular importance

1 .-~~- - - - ~ ~~~- - ----
S category I candidate.

*s the yields for the fission products 95Zr, 1
3 7

Cs, 140Ba and 14
8

Nd belong to the second category.
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Threshold reactions:

evaluations
category reaction reas and applications special remarks

categor reactionm acompilation _
1

II

II

II

II

I

II

II

II

II

II

II

II

II

II

IIa

I

II

II*

II

II

II

I

II

II

I

II

II

II

II

II

II

II

II

II

II0

II*

II

II

II

I

II

19F(n,2n)
23
Na(n,2n)

22
Na

24
Mg(n,p)

24
Na

27Al(n.p)27Mg
2 7Al(n,a)24Na

28Si(n,p)28A1
3 1

p(n,p) 3 1
Si

3 2
S(n,p)32p

34S(n,a)
31
Si

3 5
Cl(n,a) 3 2

P
46
Ti(n,p)4 6

Sc

47Ti(n,p)47Sc
4 8

Ti(n,p)48Sc
5 5

Mn(n,2n)54Mn
5 4

Fe(n,p) 5 4
Mn

56
Fe(n,p)

56
Mn

59
Co(n,p)

59
Fe

59
Co(n,a)5

6
Mn

59Co(n,2n)58Co

58Ni(n,p)58Co

58Ni(n,a) 55
Fe

5 8
Ni(n,2n)57Ni

60Ni(n,p) 6
0Co

6 3
Cu(n,a)60Co

6 3
Cu(n,2n)

6 2
Cu

65
Cu(n,p)

65
Ni

65Cu(n,2n)64Cu
6 4

Zn(n,p)64Cu

64Zn(n,2n)63Zn
90

Zr(n,2n)8
9
Zr

93Nb(n,n')9 3
Nbm

9 3
Nb(n,2n) 9 2

Nb
9 2

Mo(n,p)92Nb

9 4
Ho(n,p)94Nb

103Rh(n,n')103Rhm

115In(n,n')ll5Inm
1 2 7 I(n,2n) 126

1
99
Hg(n,n')199Hgm

2 3 2
Th(n,f)

2 3 8
U(nf) 

237Np(nf) 

1

i
1

1
i
1
1
1

i

6

6.5...11.5 MeV

3.5... 9.3 MeV

6.4...11.9 MeV

5.4...10.1 MeV

2.2... 7.0 MeV

2.5... 7.5 MeV

5.1...10.4 MeV

3.2... 8.0 MeV

3.4... 9.1 MeV

2.1... 7.0 MeV

6.6...12.8 MeV

2.3... 7.8 MeV

5.5...11.0 MeV

2.1... 7.0 MeV

13.2...17.0 MeV

2.7... 9.6 MeV

6.1...11.3 MeV

11.9...16.4 MeV

2.3... 7.8 MeV

12.5...16.7 MeV

1.2... 5.8 MeV

10.0...14.6 MeV

1.5... 7.2 MeV

1.5... 6.7 MeV

0.69...5.6 MeV

2568

'123567 8

23456789

6

2345689

23456789

6

6

23456789

23456789

23456789

2345,789

123567 8

2345678

6

23456789

67

1235678

1256

6789

6 7

12356789

12356789

6

2356

23568

6

689

1256

2345689

256

1235 68

1235 678

235678

e

d

d

ad e

d

a d

a c d

d

d

d

a c d

d

e

ad

e

Threshold -11.8 MeV

Very high threshold - 12.5 MeV

Of particular importance

Particular interest in Ti(n,x)
46
Sc

Possible long term fluence monitor

Of particular importance

Might be of interest

Includes 
58

Ni(n,p)58Com

Of particular importance

Very high threshold

Of particular importance

Low threshold of particular importance

Possible long term fluence monitor

Low threshold; of particular importance

Low threshold; of particular importance

High threshold

Recently suggested

Of particular interest; fission product
activities contain information on irra-
diation history

a

e

d

c d

d e

d

ad

ad e

1 2 3 5 7 8 d

123578 acd

1 2 3 5 7 8 acd

Ii - _ ___ __ 1 __ _ _ _ 
-

m category I candidate

as the yields for the fission products 95Zr, 1 37
Cs, 1 4

0Ba and 14
8Nd belong to the second category.
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VI. USE OF INTEGRAL EXPERIMENTS

1. High priority should be given to the establishment of important fields
and reactions as Standard Fields and Category I reactions respectively;
in particular discrepancies between measured and calculated reaction
rates of several important reactions in the U-235 fission spectrum should
be investigated.

2. The choice of reactions to be used in a given environment will be limited
by practical considerations, but there may still remain a large choice.
It is desirable to focus attention on a more limited number of reactions
which might be of particular importance in Multiple Foil Analysis. It is
recommended that the feasibility of identifying such reactions by means
of a sensitivity study be investigated.

In order to predict accurately the reaction rates and their variances in
Standard Neutron Fields and Reference Neutron Fields evaluators of both
should be encouraged to provide an approximate correlation function for
the evaluated spectra. Where this is not possible details of the calcu-
lations and measurements (with a full list of estimated uncertainties)
used to evaluate the field should be supplied.

3. For the same reason evaluators of cross-sections used in dosimetry should
be encouraged to provide an estimate, however approximate,of the cross-
section correlation function.

4. The establishment of more extreme Reference Neutron Fields is desirable
to give knowledge of the performance of reactions important to dosimetry
in the energy ranges not being considered at present.
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VII. SUMMARY OF CONCLUSIONS

1. The most significant advances in the dosimetry benchmark programme

since September 1973 are the following:

- The availability of the ENDF/B-IV Dosimetry File and its wide use as

a reference set,

- an improved characterization by measurements and calculations of the

benchmark neutron fields,

- the collection and compilation of information on benchmarks,

- a number of consistent applications of benchmark measurements to

spectrum and/or cross-section validation or correction.

2. The most significant conclusions reached at this meeting are:

- The identification of a limited number of standard neutron fields

(thermal, 1/E, 2 52 Cf spontaneous fission) and of Category I dosimetry

reactions (197Au(ny)198Au; 2 37Np (n,f) F.P.; 238U(n,f) F.P.;

56 Fe(n,p)56M; 2 7 Al(na)24Na; 6 3Cu(n,2n) 6 2Cu; 58 Ni(n,2n)57Ni).

Reaction rate measurements of Category I reactions in the standard

field yield results consistent with calculations using ENDF/B-IV

cross-sections and the recommended representations of the standard

spectra.

- The agreement on the principles of a procedure to use measurements

in benchmark fields to improve the knowledge of the reference fields

and controlled environments and/or of CategoryII reaction cross-sections.

3. Some of the most important recommendations coming from the meeting are:

- ENDF/B-IV dosimetry cross-sections and agreed representations for the

standard spectra should be used, at least in parallel with other cross-

sections and representations.
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-Efforts should be made to remove inconsistencies between integral

measurements and differential evaluations at least as concerns the

235 fission spectrum, the B-type facilities and the ISNF, and

the cross-sections for 58Ni (np)58 Co; 2 35U(n,f) F.P., 59Co(n,y)6 Co;
115I(n,n)l115Inm, 54Fe(np)54Mn; 103Rh(n,nt)10 3Rhm and some others,

see page 29, so as to qualify them as standard spectra and Category I

reactions, respectively.

- Some assessment of errors and of correlations should be made for the

dosimetry cross-sections.

- Further efforts should be made to arrive at a better characterization

of benchmark neutron fields, including interlaboratory measurements and

calculations; it is important that some indications on the confidence

to assign to fluxes and spectra are reached.

- Efforts to improve the knowledge of Category II reactions should be

focused with first priority on a restricted number of reactions of

primary interest for dosimetry applications.

- Simultaneous analysis of measurements of several reactions in different

benchmark fields appears the most promising way to arrive at physically

meaningful results; such analyses should be carried out in several

laboratories and the results compared.

- The necessity of a limited number of new differential measurements

and evaluations of dosimetry cross-sections has been identified;

for all the other reactions of interest for dosimetry, the improve-

ment of cross-sections is expected to be derived from a combination

of integral and differential measurements, when available, which

should yield internally consistent data.

- International cooperation is essential in reaching these goals;

closer links should be established between the present programme

and other programmes sponsored by the IAEA and by other inter-

national organizations, so that the full variety of available and

identified benchmark fields is employed.

- Substantial efforts should be undertaken, preferably by the IAEA

Seibersdorf Laboratory, to create a pool of dosimetry materials

(in particular fissionable isotopes) accessible to the whole dosimetry

community.
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I.1. BENCHMARK NEUTRON FIELDS FOR REACTOR DOSIMETRY

J. Grundl and C. Eisenhauer
National Bureau of Standards

Washington, D. C. 20234, U.S.Ao

ABSTRACT

The necessity for benchmark neutron fields measurements

to achieve reliable reactor dosimetry is widely recognized.

An organized response to this recognition is the IAEA Program,

"Benchmark Neutron Fields Applications for Reactor Dosimetry."

This report presents one step in the IAEA Program: A first

compendium of information on benchmark neutron fields employed

for dosimetry data generation, detector calibration, and

dosimetry methodology referencing. The information presented

is based on results of an IAEA worldwide survey of neutron

fields suitable as reactor dosimetry benchmarks. Neutron fields

included cover the energy range from fission spectrum neutrons

to Maxwellian thermal, and a neutron flux range from 107 to

101 n/cm 2 s . The summary includes a physical description of

each system, features of the irradiation facility, and assigned

spectra based on spectrometry and calculation. Also included

are measured and predicted cross section ratios for a set of

representative integral detectors: threshold reactions (Np(n,f),

238U(n,f), 5Ni(n,p), Al(n,a)), and full-energy-range reactions

(239Pu(n,f), 23 5U(n,f), Au(n,y)). Simple general formulations

for interpreting integral detector responses are introduced and

along with them a few principles of neutron field characterization

based on benchmark calibrations.

Key words: Reactor fuels; reactor materials; neutron reactions;

fission.
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1. INTRODUCTION

Recognition that benchmark neutron field measurements are a

necessary component of neutron field characterization for reactor

dosimetry has become widespread. (1,2,3,4,5) Higher confidence

levels required for estimating neutron-induced fuels and materials

changes in power reactors, long-term measurement maintenance, and

the need to validate neutron detection methods, all establish the

motivation for this recognition. The variety and complexity of

power reactor radiation environments which must be investigated

and monitored provide additional emphasis for the recognition.

The identification of neutron fields with proper character-

istics for referencing neutron dosimetry measurement methods is

underway. The varied requirements and expectations for these fields,

however, do not encourage rapid progress. In 1973, the IAEA

Consultants Meeting on Nuclear Data for Reactor Neutron Dosimetry

laid the groundwork and stated the need for well-characterized neu-

tron fields to provide measurement assurance for dosimetry measure-

ment methods. (2) Substantial experience in the use of benchmark

neutron fields to achieve interlaboratory measurement consistency

and to provide activation detector calibrations has been gained in

the Interlaboratory LMFBR Reaction Rate Program (ILRR) serving the

U.S. fast breeder development effort. (1) Modest attention with

international participation was focused again on the problem during

the ASTM-EURATOM Symposium on Reactor Dosimetry at Petten in

September 1975. A workshop session at this symposium attempted to

delineate systematically the concept, and use of benchmarks for

reactor dosimetry. (3)

Subsequent to the Petten symposium the IAEA initiated a program

under the heading "Benchmark Neutron Fields Applications for Reactor

Dosimetry." This activity begins as a two step related effort:
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1. Initiate an international survey to compile information
on existing and proposed neutron fields suitable for referencing
reactor dosimetry measurements. (6)

2. Convene a "Consultants Meeting on Integral Cross Section
Measurements in Standard Neutron Fields for Reactor Dosimetry"
in order to appraise the status of, and make recommendation for,
reactor dosimetry neutron data in identified and documented
benchmark neutron fields.

This paper is a first-round report of the results of the inter-

national survey. It will summarize in the form of a compendium a

physical description of each facility, characteristics of the neutron

field, selected reaction rate ratios both measured and predicted, and

availability of the facility for dosimetry referencing irradiations.

Reactor neutron dosimetry for the purpose of this compilation

encompasses (1) fluence and spectrum characterizations for exposures

of fuels and materials in the core of nuclear reactors, and for

materials integrity problems out-of-core as far as the periphery of

the primary containment vessel; and (2) determination of isotopic

fission rates in reactor fuels. Special requirements for various

types of power reactors, e.g. existing light water systems vs. the

LMFBR, will not be much distinguished. Further, this first compila-

tion will be restricted to standard and reference neutron fields

understood within the context of the following characteristics:

1. Simple and well-defined geometry;

2. Adequate neutron fluence and stable flux density;

3. Reproducible and accurately characterized neutron
spectra based on spectrum measurements and/or
reliable calculations;

4. Sustained availability for measurements.

Other neutron fields which do not meet these requirements, sometimes

referred to as controlled radiation environments, are important

because of their relevance to specific nuclear development efforts,

and also because of essential limitations in standard and reference

neutron fields now available. It is planned that the IAEA survey

ultimately will summarize the features of these supplementary neutron

fields.
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Section 2 presents some elementary considerations associated

with the application of benchmark neutron fields to the standardiza-

tion of reactor neutron dosimetry methods. The benchmark neutron

field compendium itself is given in section 3 of this paper, followed

in section 4 by a summary of selected integral detector responses for

each benchmark, both observed and predicted.
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2. SOME PRINCIPLES OF NEUTRON FIELD CHARACTERIZATION BASED ON
BENCHMARK CALIBRATION

Characterization of neutron fields in and around fuels and

materials testing and power reactors employs passive integral

detectors almost exclusively. Dominant among these are activation

detectors although alternative techniques, notably helium accumula-

tion fluence monitors and track recorders, are under development.

The neutron response of all such detectors is wholly described by

a single microscopic reaction cross section, the energy dependence

of which distinguishes two classes of detectors. Threshold

detectors which respond only to neutrons above a certain energy

not always well defined form the first class; full-energy-range

detectors which respond to neutrons of all energies form the second

class.

A reactor dosimetry benchmark is a well-characterized neutron

field which will provide a fluence of neutrons adequate to obtain

an accurate integral detector response and which exhibits a known

spectrum that is relevant for the dosimetry environment to be

monitored. Response ratios among a set of integral detectors ex-

posed to such a benchmark field provide a test of the detector

reaction cross sections over the energy range of the benchmark

spectrum. If observed and predicted detector response ratios

disagree, some adjustment of the cross sections may be justified,

or for detectors with reliable cross sections, allowed adjustments

of certain of the benchmark spectra may be required.

Similarly, if the detector technique employed in the benchmark

exposure is the same as, or calibrated relative to, the technique

used in the dosimeter monitoring exposure, observed and predicted

ratios for the benchmark may be brought into agreement by adjusting

the overall detection efficiencies. Establishing detection effi-

ciencies in this way removes a number of systematic errors associ-

ated with the detection scheme, Examples are absolute cross section

scales, activation counter calibrations, and nuclear parameters

including branching ratios and fission yields. This error reduction

in turn allows a wider choice of detectors and gamma detection

arrangements.
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2.1 Brief Formulations

Some analytic expressions for observed and derived integral

detector responses are needed to move from the general assertions

just given to specific applications. As noted above, dosimetry

applications are the proper orientation for benchmark descriptions,

and therefore, the formulations below are in terminology applicable

to activation detectors. Modifications required for other types of

integral detectors involve for the most part time-integrated

quantities, e.g., flux-fluence, decay constants, etc., and do not

affect the principles of benchmark calibration.

Spectrum and cross section definitions

(nv) , (nvt)o

p(E)

~(>Et)

total energy integrated flux and fluence,

respectively.

neutron spectrum normalized to unity.

fraction of spectrum above neutron

energy Et:

detector reaction rate cross section vs.

energy.

o * s(E), where a, is the absolute cross

section scaling factor, and s(E) the cross

section shape normalized to unity over a

relevant benchmark spectrum, 1b(E).

o(E)

S s(E)b(E)dE =
0

1

a = spectrum-averaged cross section:

a = o Jfo s(E)(E)dE
0

(>Et) = spectrum-averaged cross section truncated

at Et:

a(>Et) = o So' s(E)t (E)dE/t w p(E)dE
Et Et

(1)
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[a(E)P(E)] = detector response function
a

E = truncation energy for defining a detector

energy response range. For percentile P,

the truncation energy is defined by

P I= S a(E)*(E)dE, (2)
Ep

where Ep(P=0.5) = median energy, and for

this paper Ep(P=0) = 20 MeV, Ep(P=) =

0.4 eV.

Observed reaction rate

R = E * v(x,N',Br,Y,I,. ..) D (3)

R = observed activation detector disintegration rate in

distintegrations per second (dps) at end of irradiation.
D = observed gamma counting rate after neutron field

exposure in counts per second (c/s).

e = gamma counting efficiency.

= composite factor for converting gamma counting rate of

a detector to disintegration rate: decay constant (x),

effective number of detector atoms (N), branching ratio

(Br), fission yield (Y), y-ctg losses and activation

interference (I).

Derived reaction rate

Re =G(X,t) . N * a . (nvt)o (4)

Re = derived reaction rate (dps) from fluence (nvt) o at

the end of an irradiation in a neutron field with

spectrum p(E).

G(x,t) = activation decay rate factor. At the end of an

irradiation at constant flux and duration t,

G(x,t) = [1 - exp (-xt)]/t.
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Uncertainty in spectrum average cross section

Spectrum and cross section errors are estimated in multigroup

formats. The spectrum-average cross section as a discrete summation,

a = ao Z si ai AE. (5)

is subject to an error Dropagation which must account for the normali-

zation of the neutron spectrum as well as errors in cross sections

and spectrum:

2 22 2
j )~ [ o ] E2 + s .) ( S ) pi (AE) i+ v ( -_ i )\2 ( )2 ( 2 2

i(+ i ) (AE

2.2~i Neutron±FluxiTransfer(6)

2.2. Neutron Flux Transfer

When the total neutron flux and fluence, (nv) o and (nvt) o, can

be specified for the benchmark irradiation of a dosimetry detector,

it is sometimes possible to perform a direct neutron flux transfer

to the dosimetry field under study. This is most successful when

the dosimetry detector cross section is largely energy independent

over the dosimetry spectrum energy response range, or when the

detector response function [s(E)p(E)], for the benchmark and dosi-

metry study fields are well matched. An example of the first

circumstance is the Pu(n,f) detector applied to fast reactor

spectra, an example of the second is 238U(n,f) applied to dosimetry

fields where the fission spectrum dominates the energy distribution

above 1.5 MeV.

Observed reaction rates, eq. 3, obtained with experimental

techniques matched in the benchmark and dosimetry field

are set equal to the derived reaction rate, eq. 4 involving the
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computed average cross section and the neutron fluence in the two
fields. Using the notation of eqs. 3 and 4,

dosimetry field: e * Ds = G N * a (nvt)
¥ s S ' -OS

benchmark field: E p * Db = G N ab (nvt)ob
' u b nv)ob

Dividing, the dosimetry field fluence (nvt)o is obtained in terms
of the benchmark field fluence,

(n)os v * - * (nvt) , (7)

and the only experimental quantities involved are the activation

count rates.

The cross section ratio in eq. 7 for appropriate detectors

will be near unity. The absolute cross section scale cancels and

the remaining uncertainty due to cross section shape errors, as(E),

propagates more nearly on the ratio itself. Hence, a ± 10% cross

section shape error would affect a flux transfer involving a cross

section ratio of 1.1 by about ± 1%. An exception to this occurs

when the detector response ranges for the benchmark and dosimetry

fields are very different. In this case spectrum uncertainties,

presumably dominated by the dosimetry field, will propagate into

the flux transfer according to the last term of eq. 6.

A brief list of truncated cross sections for the common flux

transfer detectors, 239u(n,f) and 238U(n,f), are given in Table I.

The benchmarks listed are described in the following section with a

summary description given in Table IIA and IIB. Values in Table I show

that cross section ratios for neutron fluence transfer do not exceed

1.1 in important cases. At the present time only 252Cf fission neutron

irradiation facilities are capable of giving absolute neutron fluences.

(9) Therefore, neutron fluence transfer should be considered as a

measurement procedure to be used among benchmarks as well as from

benchmarks to reactor dosimetry environments.
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3. COMPENDIUM OF BENCHMARK NEUTRON FIELDS

The classification of neutron fields suitable for calibra-

ting, referencing and validating reactor dosimetry measurements

was discussed at lenqth in conjunction with the Petten Workshop

on Benchmarks for Dosimetry in 1975. (3) The criteria for three

categories of facilities under the basic heading "benchmarks"

focused on the avilability and quality of the neutron fields.

The designations and classification statements are as follows:

Benchmark neutron fields for reactor dosimetry:

Standard: A permanent and reproducible neutron field with neu-
tron flux intensity, energy spectra, and spatial and angular flux
aistributions characterized to state-of-the-art accuracy. Impor-
tant field quantities must be verified by interlaboratory
measurements and calculations.

Reference: A permanent and reproducible neutron field less well
characterized than a standard and accepted as a measurement
reference by a community of users.

Controlled Environment: A neutron field physically well-defined,
and with some spectrum definition, employed for a restricted set
of validation experiments.

No attempt was made to classify existing benchmark fields

within this framework. The categories themselves do not fully

satisfy everyone, constrained as they are by a flexible use of

the term benchmark. This in turn is a reflection of the common

necessity to employ for dosimetry referencing what is conveniently

at hand to meet a wide range of development-oriented requirements.

A review of the categories and a provisional classification of

dosimetry benchmarks is a task for the Consultant's Meeting for

which this compendium is prepared.

The benchmarks will be grouped according to neutron field

characteristics. Natural sources and distributions are taken up

first: they represent primary neutron energy distributions of

interest for nuclear energy, those for which flux and spectrum are

best known from theoretical considerations and/or from a multiplicity

of spectrometry measurements. Driven neutron fields are next: these

facilities make use of reactor neutrons, fully thermalized in some
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cases, to produce fast reactor-like spectra which are known from

accurate computations and/or experiment. Critical assemblies from

reactor physics which make up the last group are low-power reactor

facilities with simple geometry and few materials so that spectra

obtained from neutron transport calculations may be presumed re-

liable. As noted earlier controlled neutron environments will not

be included in this report.

A summary list of the benchmark fields is given in the two

parts of Table IIo Average energy, median energy and the 90%

spectrum energy range are given for each field. A cursory facility

description for orientation and some indication of neutron fluxes

and fluences available for irradiations also are included.

The focus of interest for all dosimetry benchmarks is the

neutron spectrum. For this compendium the benchmark spectra other

than fission neutrons will be assigned on the basis of the recommen-

dation of the laboratories responsible for each facility. Where

possible, the relative contribution of calculation and differential

spectrometry to the recommendation will be included. Table IIIA

and IIIB present the assigned benchmark spectra together in a

30-group format. Interpolation of the various group structures and

analytic descriptions which were available to us, and by which the

benchmark spectra are described, was carried out with the NBS DETAN

code. This code interpolates an input multigroup spectrum on a

logarithmic energy scale to a 620-group structure and then recombines

it to an arbitrary coarse group structure as required. Group flux

normalization of the input spectrum is maintained.
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3.1 NATURAL SOURCES AND DISTRIBUTIONS

252Cf FISSION NEUTRON FIELDS

Fluxes of pure fission neutrons in an isolated environment are

most easily created with intense sources of 2 52 Cf spontaneous
252

fission neutrons. Irradiation facilities using 2 Cf sources are

in existence at NBS in the U.S. and at PTB in the Federal Republic

of Germany, and are available for dosimetry-related measurements.

(9,10) In this report the NBS Facility will be described in detail

followed by summary characteristics for the PTB facility. A coopera-

tive program is presently underway which will intercompare 5Cf

source strengths at NBS and PTB.

Physical description. Each californium source is a desk-shaped

deposit in an aluminum pellet encapsulated in a single stainless

steel cylinder. Sintered particles of Cf20 2S04 are dropped into the

aluminum pellet cylinder and aluminum powder pressed in to fill a

central tapered bore. The pellet is placed in the steel capsule and

the cap welded in place for closure. Physical specifications for the

source components are as follows:

Thickness of
Mass cyl. wall (mm)

sintered beads [Cf202 S04]: 3 mg 2Cf

(localized displacement

.1.4 mm3 )

aluminum pellet: 0.48 g 2.16 ± 0.1
(6.4 mm dia. x 5.7 mm long)

stainless steel capsule: 1.39 g 0.53 ± .03
(7.6 mm dia. x 7.6 mm long;
ss type 304)

capsule total: 1.87 g 2.7 mm

The position of the Cf deposit relative to capsule surfaces is known

to ± 0.5 mm. This estimate is based on constraints of fabrication

and is verified by means of x-ray photographs. Neutron emission due

to (a,n) reactions in either oxygen or aluminum is negligible. An

upper limit of %2 x 10-5 for the ratio of (a,n) to fission neutrons

is estimated for thorough mixing of californium with aluminum or

oxygen.
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Two Cf-252 irradiation facilities are available at NBS. An

isolated, lightweight source-detector assembly in a room with an

open ceiling is employed for measurements which are not selectively

sensitive to low-energy neutrons (nearest room boundary is 2.2 m).

For minimal boundary return of neutrons, an alternative arrangement

employing an outdoor mast places the same source-detector assembly

5 meters above the earth.

Neutron flux and fluenceo The near-point source of 252Cf
produces a flux which falls off as 1/R2 with a gradient of 2 AR/R.
The free-field flux is established on the basis of neutron source
strength and distance alone. Gradients for typical conditions of
irradiation at R=5 cm, a disk detector of thickness 0.5 mm and
diameter 12 mm, are 2% across the detector thickness and a center-
to-edge ratio of 1.015.

Neutron field parameters for a nominal 5 cm source-to-detector

distance excluding neutron return from the environment are as follows:

Free-field fission neutron flux 1 x 107 n/cm2 sec

Source decay rate 2.3% per month

Free-field fluence for 100 hr 4 x 101 2n/cm 2

exposure

Source capsule scattering

(inelastic plus net elastic inscatter) 1.1%

Gamma ray exposure
(3.4 years after separation) 150 R/hr

The components of the error in the free-field flux are:

Error components for free-field fission

Neutron flux (1a)

source strength + 1.1%

source capsule and support
structure scattering + 0.7% (max.)

distance measurements
(typical for compensated flux
geometry) + 0.6%

Total free field flux error (rms sum): + 1.4%(1a)
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Neutron flux monitoring and normalization. The flux at a

given point depends only on the strength of the Cf source and its

decay rate of 2.3% per month. Hence, flux monitoring generally is

not required and can, in fact, introduce unwarranted flux

perturbations. The facility is generally available for active or

passive irradiations and certified fission neutron fluences have

been provided.

Neutron spectrum. The assigned neutron spectrum, X(E), is

based on an evaluation of eight documented spectrometry measurements.

(29,30) Up to 12 MeV the fission spectrum is described by a
reference Maxwellian M(E) corrected by four linear and one exponen-

tial piecewise-continuous segments, p(E). The reference Maxwellian

i s
M(E) = 0.663 /F exp (-1.5 E/2.13 ), E in MeV,

and the evaluated spectrum, X(E) = '(E)M(E). The analytic correc-

tion factors and the energy ranges over which they apply are given

below:

Energy
Interval Pcf(E)
(MeV)

0.0 -0.25 1 + 1.20E - 0.237

0.25 - 0.8 1 - 0.14E + 0.098

0.8 - 1.5 1 + 0.024E - 0.0332

1.5 - 6.0 1 - 0.0006E+ 0.0037

6.0 -20 1.0 exp[-0.03(E-6.0)/1.0]

Error analysis for the evaluated spectrum was carried out in an

eight-group format. The result is as follows:
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Energy Boundaries Evaluated Spectrum
(MeV)

la 2oa

0.0 0.047 + 13% + 26%

0.25 0.184 + 1.1% +3.3%

0.8 0.220 + 1..8% +3.6%

1.5 0.194 + 1.0% +3.1%

2.3 0.200 + 2.0% +3.0%

3-7 0.146 + 2.1% +4.8%

8 0.0087 + 8.5% +17%

12 (0.00058)

20

Spectrum uncertainties given at both the 67% and 95% confidence

levels are based on the departure of experimental data subsets

from the evaluated spectrum, p(E)M(E).
252

Unique features. The unique feature of a 252Cf irradiation

facility is the simple dependence of the neutron flux on a measured

source strength and a distance measurement. Based on international

intercomparisons, source strengths are believed to be accurate to

±1.1%(1l). Uncertainty in flux due to distance measurements is

typically ±0.6% when a compensated flux measurement is performed at

a source-to-detector distance of 5 cm. In this arrangement, where

the source is located midway between two nearly identical detectors,

the linear terms in the flux uncertainties due to the uncertainty in

source position compensate, and the dominant error is the distance

uncertainty between the two detectors. The latter distance is a

bench measurement which can be carried out and shown to be stable to

<±0.1 mm.

SPECIAL FEATURES OF THE PTB 252Cf IRRADIATION FACILITY (10)

The neutron source consists of two ceramic tablets containing
252 Cf doubly encapsulated in zircaloy. The emission rate of the

cylindrical double-source capsule (11 mm dia. x 22 mm height) was

about 1 x 109 n/sec at the beginning of 1977. The absolute source

strenqth has been established to an accuracy of ± 1.7% (la) by

gold foil activation in a waterbath facility. Irradiation of

source-detector arrangements are carried out above ground and open

air on a 17 meter mast. The irradiation facility will be available

generally for interlaboratory experiments after the middle of 1977.
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235U CAVITY FISSION SOURCES

Cavity fission sources are in operation at several facilities

including the BR-1 reactor at CEN/SCK, Belgium, the KUR reactor at

Kyoto University in Japan, and the NBS reactor in the USA. The

facility at CEN/SCK will be described in this report.

Physical description. Various arrangements are employed at

CEN/SCK to produce thermal-neutron-induced fission neutron spectra

in a one-meter spherical cavity in the vertical graphite thermal

column of the BR-1 reactor. In the principal experimental set-up,

the exposure zone is within a 1 mm thick co-extruded, homogeneous

cadmium tube of inner diameter 3.1 cm and about 2 meter long. The

tube is placed vertically along the polar axis of the spherical

cavity in the BR-1 thermal column. The bottom of this tube is

tightly closed by a cadmium plate while the top is open just above

the reactor shielding in order to allow easy access for fission

chamber traverses with the reactor operating at full power. The

fission source is a 93% enriched, 0.1 mm thick and 7.7 cm long

metallic uranium sheet, wrapped around the cadmium tube at the

cavity center. This uranium converter is protected by a very thin

(<0.02 mm) aluminum wrapping.

The experimental configuration in the spherical cavity of the

BR-1 thermal columns is shown below:

EXPERINSKtAL CONFIGURATION IN RTE SPEERICA
CAVITY OF THE BR-1 THERMAL COLUMN.
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Neutron flux and fluence. Exact geometrical calculations of

the spatial distribution of the uncollided flux per unit source

strength are carried out by means of the computer code INTRAN. The

background of neutrons returned from the cavity walls can be estimated

very accurately from a spatial traverse along the polar axis. Such

a traverse shows a background which is invariant with distance be-

yond about 20 cm from the center of the cavity.

Neutron flux monitoring. The cavity fission source at CEN/SCK

at present is used primarily for cross section ratio measurements,

Flux monitoring procedures have been developed but have not been set

up on a permanent basis.

Neutron spectrum. The assigned neutron spectrum X(E), is

based on an evaluation of major documented spectrometry measurements.

(29,30) Up to 12 MeV the fission spectrum is described by a refer-

ence Maxwellian M(E) corrected by piecewise-continuous functions,

p(E), four linear and one exponential. The reference Maxwellian

is

M(E) = 0.750 IF exp (-1.5 E/1.97), E in MeV.

and the evaluated spectrum X(E) = p(E)M(E). The analytic correc-

tion functions and the energy ranges over which they apply are given

below:

Energy
Interval

(MeV) 225(E)

0.0 - 0.25 1 + 0.8E - 0.153

0.25 - 0.8 1 - 0.14E + 0.082

0.8 - 1.5 1 + 0.040E - 0.062

1.5 - 6.0 1 + 0.01E - 0.017

6.0 - 20 1.043 exp[-0.06(E-6.0)/1.043]

Error analysis for the evaluated spectrum was carried out in

an eight group format. The result is as follows:
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Energy Evaluated Uncertainty
Boundaries Spectrum la 2G

(MEV)

0.0
.054 + 16% + 32%

0.25

.197 + 4.1% + 6.2%
0. -

.229 + 3.0% + 4.8%
1.5

.195 + 3.1% + 5.2%
2.3

.192 + 2.0% + 3.0%
3.7

.127 + 4.8% + 8.0%
8

.0056 + 5.3% + 11%
12

(.0003)
20

3.2 DRIVEN NEUTRON FIELDS

NEAR-1/E SPECTRUM (ISNF/CV)

Physical description. The ISNF/CV facility is set up in the

ISNF cavity in the graphite thermal column of the NBS reactor - see

ISNF description in this section. A square opening, 30 cm x 30 cm

provides access to the center of the graphite column and split

graphite blocks containing the ISNF cavity are inserted through the

biological shield of the reactor and into the thermal column opening

with the reactor at full power. The ISNF/CV arrangement is identical

to that of the ISNF described later in this section except that the
10 B shell is replaced by a 14 cm dia. x 0.8 mm thick cadmium shell

which excludes thermal neutrons from the central region of the cavity.

Fission neutrons from the fission converter disks, partially

moderated in the surrounding graphite, return to the center of the

cavity creating a near-1/E spectrum from 0.4 eV to - 0.1 MeV. Other

fission neutrons which return after a few collisions in the graphite

(and also the uncollided component from the source disks) make up the

spectrum in the MeV energy range.
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Neutron flux and fluence. The thermal neutron flux in the

cavity is ~1 x 1011 cm 2 sec - 1 and each fission source disk operates

at a fission power of about one watt. Eight disks are used in

normal operations, giving a total neutron source strength in the
1 -1thermal column cavity of about 8 x 10l sec . The resultant flux

and fluence at the center of the cavity can be described as follows:

Total neutron flux intensity: - 1.6 x 10 n-cm 2 s
14 -2Typical maximum fluence: - 2.5 x 101 n-cm 2

Neutron field gradient: ~ 2% over 4 cm

Average and median neutron energies: 0.75 eV and 0.17 MeV

respectively.

Spectrum energy range: 90% between 6 eV and 3.0 MeV

Response range of 1/v-detector: 90% between 0.9 eV and

0.67 keV

Neutron flux monitoring. Flux monitoring for routine irradia-

tions will be accomplished by means of fission chambers and/or

activation foils located inside of the cadmium shell. The ISNF/CV

facility is not yet available for calibration irradiations.

Neutron spectrum. As with the ISNF, the assigned spectrum is
established by means of computation. Carbon cross sections used in
the calculations performed at NBS are based on ENDF/B-III data
averaged in a 40-group energy structure. Calculations are made by
the method of discrete ordinates in the S8, P3 approximation. The
calculated flux at the center of the facility deviates from 1/E with
a monotonic slope: 18% deviation from 1/E per decade over the energy
range 0.4 eV and 10 keV.
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INTERMEDIATE-ENERGY STANDARD NEUTRON FIELD (ISNF)

Physical description. The initial ISNF facility has been set

up in the graphite thermal column of the NBS reactor. A square

opening, 30 cm x 30 cm provides access to the center of the graphite

column (parallelepiped 1.4 x 1.3 x 0.94 meter, density 1.71 g/cm3).

Split graphite blocks containing the ISNF cavity and cylindrical

access penetrations may be inserted through the biological shield of

the reactor and into the thermal column opening with the reactor at

full power. A detailed schematic cross section of the ISNF arrange-

ment within the cavity is shown below.
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Fission neutrons from the fission converter disks are partially

moderated in the surrounding graphite. Those which return to the

cavity are transmitted by the boron-10 shell (along with an uncollided

component from the source disks) to produce the ISNF neutron field

at the center of the cavity.

Three levels of access are available: (1) instruments and/or

irradiation samples may be inserted or removed through a 5 cm dia.

cylindrical channel; (2) the boron-10 shell and graphite pieces to

which it is attached slide in a 20 cm dia. cylindrical access; and

(3) the entire 30 cm x 30 cm cavity block may be withdrawn or inserted
235

with the reactor at full power. Four of the eight 235U fission source

disks are indicated in symmetric array near the surface of the cavity.

The flanged cadmium shield which fits over the stems of instruments

placed inside the shell, prevents thermal neutrons from streaming

through the hole in the shell access plug. Shell access plugs without

a hole are available for passive detector irradiations which do not

involve instrument stems. Streaming through access holes, by wall-

return neutrons in particular, is a characteristic problem for any

driven, one-dimensional neutron fields. Careful experimental

investigation is required to demonstrate that the problem is under

control.

The crucial component of the ISNF is the boron-10 shell. Two

shells formed as stepped hemispheres by techniques of powder metallurgy

are now available: thick and thin shells have thicknesses of 1.29 cm

and 0.638 cm and an O.D. of 14.36 cm. The powder required for the

shell fabrication was a mixture of 95% enriched boron-10 metal and

aluminum in an atom density fraction of 0.27 aluminum. The absolute

absorption thickness of the shells is determined by means of neutron

transmission measurements in the 25 keV filtered beam at the NBS

reactor. This measurement provides a basis for spectrum calculations

which includes only the shape of the 1B absorption cross section.

The fission source disks are 93% enriched uranium metal 16 mm

dia. x 0.15 mm thick placed 1 cm from the surface of the 30 cm dia.

cavity.
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An inventory of ISNF components and their physical properties

is given below. Included are some characteristic nuclear parameters

appropriate for the neutron transport problem.

INVENTORY AND PHYSICAL PROPERTIES OF ISNF COMPONENTS

(thick shell only)

1. Graphite Thermal Column

-dimensions: 1.4 x 1.3 x 0.94 m
-graphite density: 1.71 gtcm
-cavity diameter: 29.8 cm

2. Boron-10 Shells

-dimensions:

-mass:

-dens i ty:

-thickness

-fraction of a

absorption

scattering

outside diameter: 14.

surface area at
mean diameter: 523

thickness 1.

total 1.
boron-10 O.
boron-ll 0.
aluminum 0.
other 0.

(C,Si,Fe,Pb,U238)
boron-lO 0.
boron 1.
aluminum 0.
boron-10 O.
aluminum O.

mean free path for neutrons

1 MeV 0.1 MeV 25 keV

.025 .145 .29

.30 .33 .20

26 cm

cm

26 g/cm 2

389 kg
663 kg
032 kg
674 kg
7%

975
025
992
0764
0287

g/cm3
11
11

. atom/barn
11i

2.7 KeV

.88

.23

3. Fission Source Disks

-dimensions: 16 mm dia. x 0.15 mm thick

-thickness: 0.22 gm/cm 2 235U metal (93.5% enriched) each;

-fission source strength: 4 x 1010 fiss/sec per disk

-total fission neutron source strength (8 disks, reactor 10 MW)

%8 x 1011 neut/sec

4. Aluminum structures inside of cavity

-protective shell enclosure for boron-10 shell:
0.70 mm thick, 121 g
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Neutron flux and fluence. The thermal neutron flux in the

cavity is %1 x 1015 cm-2sec 1 and each disk operates at a fission

power of about one watt. Eight disks are used in normal operations

so that the total neutron source strength in the thermal column

cavity is about 6 x 1011 sec '. The resultant flux and fluence at

the center of the cavity are as follows:
9 -2 -1

Total neutron flux intensity: 0.8 x 10 n'cm 2s
14 -2

Typical maximum fluence: %1.5 x 101 n-cm

Neutron field gradient: 42% over 4 cm

Average and median neutron energies: 1.0 MeV and 0.56 MeV
respectively

Spectrum energy range: 90% between 8 keV and 3.5 MeV

Response range of a 1/v-detector: 90% between 0.5 keV and
1.5 MeV

Specific neutron flux intensities are established by flux transfer

(see section 2.2) from the NBS 2 52 Cf source using 23 9 Pu(n,f) as the

transfer reaction.

Neutron flux monitoring. Flux monitoring for routine irradiations

will be accomplished by means of fission chambers and/or activation

foils located inside of the boron-10 shell. The ISNF facility is not

yet available for routine service irradiations.

Neutron spectrum. Assignment of the ISNF spectrum is based

solely on neutron transport calculations which are subject to sensi-

tivity studies. The cross sections used in calculations carried out

at NBS through 1976 are based on ENDF/B-III spectrum averaged in a

40-group energy structure. The spectrum at the center of the ISNF

was calculated with the discrete ordinates code ANISN (S8, P3

approx.). A linear diagram showing the radial coordinates of ISNF-1

is given below.

region ISNF 1-B-Al fission
-1 - -suregraphite

Field /I source-

r(cm)0 v o i d 5.8 7.1 v o id 14 14.9 65 cm
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The sensitivity of the calculated spectrum to variations in

several parameters has been investigated. For example, a 1% in-

crease in graphite density increases the flux around 10 keV by about

1%. An uncertainty of about 7% in source position produces only 1%

uncertainty in the flux below 200 keV. Effects of uncertainties in

the angular distribution of scatter in graphite and perturbations

due to aluminum in the system have also been investigated. Uncer-

tainties due to cross section data and energy-group structure are

currently under investigation by means of new 240-group calculations.

These latest calculations make use of ENDF/B-IV cross sections.

Unique features. The ISNF was designed so that the spectrum

at the center is determined largely by the kinematics of elastic

scattering and 1/v neutron absorption, and could be calculated to an

accuracy limited only by the uncertainty of the input nuclear data.

This was accomplished by designing the system as a one-dimensional

spherically symmetric configuration and choosing boron-10 and

carbon as the main material constituents. Cross sections for these

materials are among the best known of all elements. A compromise

of fabrication in the current realization of the ISNF introduces

aluminum into the 10B shell. The effect of the aluminum is to

modulate the spectrum slightly near scattering resonances.
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SECONDARY INTERMEDIATE-ENERGY STANDARD NEUTRON FIELD

Physical descriptions. The generic name Sigma Sigma (ZE) will

be used for these fission-neutron-driven, spherical shell arrange-

ments which are in operation at three laboratories in Europe. The

facility description here will be specifically for the Sigma Sigma

at CEN/SCK, Mol, Belgium which has been in operation since 1970.

Departures of other Sigma Sigma systems from this, the original

facility will be described separately. The CEN/SCK facility is

well described both physically and neutronically in reference 15.

Sigma Sigma is a thermal-fast coupled spherical source

assembly located within a conventional graphite thermal column.

A spherical source shell of natural uranium metal 24.5 cm o.d. x

5.0 cm thick, is mounted at the center of a 50 cm diameter spheri-

cal cavity in the graphite. An inner shell of aluminum-clad

vibrocompacted natural boron carbide 17.5 mm thick defines a central

fast flux exposure void, 11 cm in diameter. The one-dimensional

configuration of materials is as follows:

-center

-reg:
SigI

ion of Sigma
ma Field

^ ~ F-~r region of fission sourc

5.5cm 1r2.2 cm

v o i d -^-- ----- v o i d
l'I 1

(e -cavity
e V boundary

25 cm

Graphite 3
(1.60 + 0.02 g/cm )

g/cm2 238U,
L natural uranium
metal shell, 94.6 +

0. 6 7 g/cm 2 235U

0.2%

Natural boron carbiae

0.323 ± 0.7% g/cm 2 1B, 1.437 g/cm 2 1B,

.488 g/cm 2 C, 0.54 g/cm 2 Al
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A schematic view of the cavity arrangement in the thermal

column of the BR-1 reactor is as shown below:

10cm

MII

The natural uranium shell converts the thermal column neutrons

into fission neutrons with most coming from the first one centimeter

of the outer portion of the uranium shell. The fission neutrons

arrive at the center of the system degraded in energy primarily due

to elastic scattering in the graphite and inelastic scattering in

the uranium. The inner boron carbide shell preferentially absorbs

low-energy neutrons shaping this portion of the spectrum to make the

Sigma Sigma energy distribution relevant for fast reactor applica-

tions. An extensive effort was undertaken to obtain shell components

with well-understood and verified physical characteristics.

The shell system is mounted at the cavity center by means of an

aluminum ring and bracket. The entire shell assembly can be removed

from the thermal column and transferred to a hot cell for assembly-

disassembly operations. Both passive and active detectors are

operated in the system; for the latter, the issue of perturbations

of the field due to access holes must be understood. These effects

have been studied intensively, both by experiment and by computation.
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Neutron flux and fluence. The total neutron flux available for

normal scheduled irradiations is 7 x 108 n/cm 2 sec, and fluences of

up to 5 x 1014 can be provided. The gradient of the total neutron

flux over the central region is symmetric about the center; the flux

increase is not more than 4% at + 3 cm from the center in the worst

case of a direction along the thermal column axis. Both computation

and measurement indicate that there is no energy dependence of the

anisotropy in the central region. The uranium shell also is a good

gamma-ray absorber and the resulting gamma-to-neutron ratio for

Sigma Sigma is of the order 6 x 10-7 (rad/h)/(cm-2sec-1).

Neutron flux monitoring. Central reaction rate measurements

in Sigma Sigma are monitored by means of fission chambers and by

foil activation at a maximum of three positions, two near the pole

of the uranium shell and one within the central exposure zone. The

reactions 115In(n,n') and 197Au(n,y) are the commonly used monitors.

The principle fission chamber monitor is placed in a horizontal

channel of the thermal column; an auxiliary monitor is fixed in the

Sigma Sigma. Routine irradiation monitoring is accurate to better

than ± 0.5% over a flux level range that reaches down to %3% of

maximum. The Sigma Sigma irradiation facility at CEN/SCK has been

used for a wide variety of interlaboratory measurements in the past

and continues as a facility for scheduled interlaboratory experiments.

Neutron spectrum. The base neutron spectrum calculation for

Sigma Sigma is a 100-group, S16P3 ANISN transport calculation using

ENDF/B-III cross sections. (12) More detailed 208 group computa-

tions in the S8 diagonal transport approximation and based on two

versions of the German KEDAK file were carried out in order to in-

vestigate the sensitivity to the input nuclear data. The conver-

gence of the discrete-ordinates solution with respect to the

spatial and angular meshes and to the order of the down-scattering

matrix was also studied. Between 6 keV and 5.6 MeV the computational

base is considered reliable. The low-energy tail below 6 keV is

not so reliable because of the difficulties of preparing proper self-

shielded cross sections for 238 U. The neutron spectrum in Sigma
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Sigma has been measured by three laboratories, GfK (Karlsruhe),

RCN (Petten), and CEN/SCK itself. Proton-recoil spectra were

measured by all three laboratories with spherical proportional

counters; in addition, 3He(n,p)t and 6Li(n,a)t spectrometer

measurements have been performed by GfK and CEN/SCK respectively.

General agreement among the observed spectra is ±5% between 20 keV

and 4 MeV. The departures between spectrometry and the base

ENDF/B-III calculation are below ± 15%.

The assigned spectrum for Sigma Sigma at the present is that

given in Table A.1. of Reference 15. It was obtained from a

combination of spectrometry measurements and discrete-ordinates

calculations.

Unique features. The ES facility has been used extensively

for interlaboratory comparisons of fission rate measurements.

Central fission rate scales are established to an accuracy of

± 1.5-2% for the fissionable isotope 233 23U, 238U, 239Pu and

Pu. The facility is currently applied for the calibration of

activation fission foils and miniature fission chambers for reactor

physics and neutron dosimetry applications.
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CFRMF NEUTRON FIELD

Physical description, The coupled Fast Reactivity Measure-

ments Facility (CFRMF) is a zoned core critical assembly with a

fast-neutron spectrum zone in the center of an enriched 235 U water-

moderated thermal "driver" zone. (18) The thermal driver zone fuel

elements are convential plate-type elements of fully enriched

uranium clad in aluminum. The fast zone along the central axis of

the fuel element array is constructed of materials for keeping the

zone water-free and to tailor a neutron energy spectrum character-

istic of an LMFBR. The diagram below shows a midplane cross section

of the filter unit which is 61 cm long and extends through most of the

CFRMF core in a vertical direction.

STAINLESS-STEEL HOUSING

2 38 U BLOCK STAINLESS-STEEL
ACCESS TUBE

- BORAL __
PLATES

EXPERIMENT
AREA

lOB ANNULUS 23 U ANNULUS

The thermal driver zone spectrum incident on the filter unit is

tailored in the following general manner. The outer boral plates

attenuate neutrons below 1 keV by absorption. The 238 U block

(14.5 cm square) degrades the spectrum by inelastic scattering.

The 10B annulus (0.635 cm thick) attenuates the neutrons below 1 keV

further and insures that no thermal neutrons reach the experimental

region. The 235 U annulus (0.89 mm thick) has no significant effect

on the spectrum other than a small enhancement of the fission

spectrum component.
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Neutron flux and fluence. All experimental tests for dosimetry

are performed at the core center line with vertical access. Irra-

diation packages and support arrangements up to 3.8 cm in diameter

may be introduced into the central fast zone where neutron fluxes of

up to 1011 are established with the reactor operating at 10 KW.

Maximum neutron fluences are largely a matter of scheduling for long

irradiations. For ILRR irradiations fluences of 0.2 to 1 x 101 were

provided during pre-planned experiments at intervals of a few months.

Spatial gradients in CFRMF have been examined extensively with

activation detectors (2 U, Au(n,y), 6Cu(n,y)) and fission chambers

(235U, 238, 23 u, and 237Np). The axial distribution is observed

to have a proper cosine dependence out to 20 cm above and below core

center. The central 2.5 cm along the vertical axis, the primary

location for dosimetry tests, and the horizontal plane 3.8 cm above

the centerline, the location of flux normalization monitors, were

examined in much greater detail. The Au capture reaction estab-

lishes the flux as 0.3% lower at 2.5 cm above core center. Because

the CFRMF filter unit does not preserve cylindrical symmetry the

possibility of azimuthal gradients in the central irradiation

position is not ruled out. Azimuthal profiles obtained for the

threshold reaction 115In(n,n') show no significant gradient; for

Au capture a gradient of up to %4% has been identified.

The gamma-to-neutron ratio for CFRMF is estimated to be n3 x

10-6 (R/hr)/cm2sec).

Neutron flux monitoring. At constant power level the reactor

instrumentation provides the basic flux monitoring capability for

irradiation experiments. The reliability of this routine monitoring

scheme has been checked against high resolution fission chambers

placed in the central test region. Short term reproducibility of

the fission chamber, run-to-run at the same power level, relative to

the reactor instrumentation is better than +0.2%. Long term repro-

ducibility tests over a period of two years indicate drifts of up
to (1.6 + 0.3)%. Linearity of the reactor instrumentation against

the fission chamber for power level changes of up to a factor of 17
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show discrepancies of up to (3.5 ± 0.3)%. Activation monitors

(Au(n,y) and In(n,n')) also have been employed for flux monitoring

during ILRR dosimetry test irradiations.

The conclusion of these extensive tests of flux monitoring

methods is that for chain reacting systems, redundant monitoring in-

cluding the placement of monitor detectors at the dosimetry test

position are mandatory if run-to-run normalization is involved in
the measurement, and precision requirements are <1%.

Neutron Spectrum. There is a continuing effort to improve

knowledge of the CFRMF spectrum both by calculation and by spectro-

metry measurement. Three different computer codes have been

employed for calculations: (a) SCAMP, a one-dimensional Sn trans-

port code covering the energy range 10 MeV to thermal (S8, P1

approx.); (b) RABBLE, a multiregion resonance absorption cross

section code to calculate the spectrum from 53-keV down to 0.88 eV;

and (c) RAFFLE , a monte carlo routine. A basic 69-group energy

structure was employed with group average cross sections prepared

with ENDF/B III and IV as input. Various parameters of the system

and the calculation were investigated including the interaction of

the filter unit with the equilibrium thermal driver spectrum.

Measurements of the CFRMF spectrum have been carried out with

proton-recoil and 6Li(n,a) spectrometers. Gas proportional counters

of the cylindrical Bennett type and spherical Benjamin type pro-

vided proton-recoil results from %2.5 MeV down to n3 keV; a 6Li(n,a)

sandwich-type spectrometer has been employed for measurements be-

tween %3 keV and %6 MeV. (18, 31)

The assigned spectrum for CFRMF is based on calculations with

ENDF/B-IV cross sections and is reported in the paper by J.W. Rogers.

(31)
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LEAD PILE AT YAYOI

YAYOI is a fast neutron source reactor of flexible design

operated by the Faculty of Engineering of the University of Tokyo.

(24) The aim of the reactor facility is fundamental research and

training in fast and intermediate energy neutron research. The

enriched uranium metal core, movable in a long horizontal channel,

furnishes several kinds of neutron fields depending upon the environ-

ment into which the core is placed. Two such benchmark fields will

be described in this compendium.

The neutron field at the center of a large block driven by the

YAYOI core placed near the edge will be described briefly here. (19)

The fast neutron field at the center of the YAYOI core when placed

inside of a depleted uranium blanket and an outer lead reflector is

described under Reactor Physics Criticals, section 3.3.

Physical description. The lead pile driven by YAYOI is a

[parallelpiped] of octagonal shape (2.5 m face-to-face separation

and 2.5 m high). The YAYOI core and uranium blanket configuration

(see section 3.3) is placed inside of the lead pile close to one of

the eight faces. The benchmark neutron field is at the center of

the lead block about 1.0 m from the center of the YAYOI core. A

horizontal penetration of square cross section (20 cm x 20 cm)

reaches to the central region of the lead block and is left open;

thus it becomes part of the benchmark configuration. The lead pile

is fabricated as a 160 ton casting of 99.99% pure lead. A signifi-

cant amount of iron is included in the system as structural supports

and more importantly within the central channel of the lead pile.

The latter channel provides the option of placing the YAYOI core

anywhere along the center-line of the pile.

Neutron flux and fluence. The spatial distribution of the

neutron flux along the open channel in the lead pile has been mea-

sured by means of gold foil activation and compared with the results

of two-dimensional discrete ordinates calculations (TWOTRAN II).

The gold foil mapping, sensitive primarily to the flux between 2 eV

and 8 eV, does not agree well with calculations indicating that

extraneous neutrons from steel structures and from outside of the
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pile contribute significantly to the flux. Extensive TWOTRAN II

calculations have been performed in order to map various components

of the spectrum throughout the lead block.

The total flux was obtained by means of TWOTRAN calculations

normalized to a fission rate density in the YAYOI core measured with
235small 235U fission chambers.

Neutron spectrum. Spectrum calculations for the lead pile

driven by YAYOI have been carried out by discrete ordinate methods

using ANISN and TWOTRAN II. The ANISN code with an angular guad-

rature of S-8, provided neutron flux distributions in a one-

dimensional spherical model of the driven pile. Fundamental aspects

of neutron spectra also were obtained with the one-dimensional

calculations in spite of the imperfect representation of the geo-

metrical buckling. In addition, two-dimensional flux distributions

were obtained from TWOTRAN II calculations using the r-z geometry

option and S-6 angular quadrature. All of these calculations em-

ployed the ABBN cross section library (26 neutron groups) and

included resonance self-shielding factors for 238U, 235U, Pb and Fe.

These spectrum calculations were checked in the low energy

range by means of resonance activation detectors employing the

sandwich foil technique. The energy range from a few eV to a few

keV was covered with Au, In, W, Co, and Mn capture detectors.

Spectrometry measurements have been performed with a spherical pro-

ton recoil counter (energy range: 40 keV to 300 keV), and also with

a 3He spectrometer (energy range: 0.15 MeV to 5 MeV) which was

checked with monoenergetic neutrons in the energy range 0.25 keV

to 0.57 keV.

The spectrum is dominated by an approximate 1/E dependence

from epithermal up to a few tenths of an MeV. At higher energies

inelastic scattering is important. An analytic representation of

the spectrum in terms of elastic and inelastic scattering modes

has been derived. The result is:

)(u) = 6.10 x 104 [E0' 1 09 exp(-0.00376E - 0.0316/ V ]

+ 7.00 x 103 [EO.450 exp(-1.00 x 10-6 E2)].

Good agreement is stated to exist between calculation and experiment

at the pile center, and the accuracy of the spectrum is estimated to

be ± 10% above 0.2 MeV and ± 20% below 0.2 MeV.
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3.3 REACTOR PHYSICS CRITICALS

BIG-TEN CRITICAL ASSEMBLY

Physical description. This critical assembly operated at

Los Alamos Scientific Laboratory is an all uranium metal system

constructed in exact cylindrical geometry. (23) As the name im-

plies, BIG-TEN is a 10% enriched uranium critical assembly which

in the central region (25 cm dia. x 25 cm long) is made up of

homogeneous metal. Around the central region the 10% enrichment

is made up of alternating annular metal plates (53 cm O.D. x

56 cm long total) consisting of 93% enriched uranium and natural

uranium of proper relative thickness. These two regions make up

the BIG-TEN enriched core (10.1% 235 U); surrounding the core is a

15 cm thick reflector of depleted uranium metal which provides

channels for control and safety rods. The complete assembly, 84 cm

in diameter and 97 cm in length is supported in two main sections

on a split table assembly machine. Access to the central region is

through a conventional axial glory hole of 7.6 cm maximum diameter.

Neutron flux and fluence. The BIG-TEN, critical assembly,

designed as a zero-power reactor physics facility, operates routinely

with central fluxes of %109 to 1010 n/cm 2 sec. By special arrangement

flux levels up to lO10may be provided and fluences of %1016 have

been given for a limited number of dosimetry calibrations.

Neutron flux monitoring. BIG-TEN is designed for reactor physics

applications and as such it is not normally instrumented for repro-

ducing power levels precisely or guaranteeing linearity between power

level readings. Hence, for calibration irradiations flux monitoring

detectors must be set up for the purpose. For ILRR integral

detector irradiations carried out over a period of some months,

special external fission chambers were installed along with a

double fission chamber operated in the central glory hole position

along with the activation detectors. Gold capture and In(n,n')

monitor foils were also in the central location. Quite unanticipated

and unique experimental problems with the central double fission

chamber for these ILRR irradiations proved the essential validity

of requiring redundant flux level monitoring for high-investment

experiments.
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The BIG-TEN critical assembly is not available as a routine

calibration facility. Recognized interlaboratory agreements may
be arranged in order to schedule irradiations.

Neutron spectrum. Calculation of the BIG-TEN spectrum was

performed using the TWO-TRAN two-dimensional transport code with

S4 angular segmentation. Transport corrected Po cross sections

were prepared in 88 groups from ENDF/B-IV using the IDX processing

code. Spectrum measurements over the energy range from 23 keV to

2.6 MeV with cylindrical proton-recoil proportional counters have
been reported. (23) A special feature of these measurements was

the determination of response functions for the detectors with

monoenergetic neutrons and the incorporation of these results into
the detector response matrix used to unfold the BIG-TEN spectrum.

Differential spectrometry with a 6Li(n,a) sandwich spectrometer

have also been performed at core center and cover the energy range

from %3 keV to %6 MeV.

The assigned spectrum for BIG-TEN, as presented in Table III

is based on computation alone using ENDF/B-IV cross sections.
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YAYOI CENTRAL NEUTRON FIELD

YAYOI is a fast neutron source reactor of flexible design

operated by the Faculty of Engineering of the University of Tokyo.

(24) The aim of this reactor facility is fundamental research and

training in fast and intermediate-energy neutron research. The

enriched uranium metal core, movable in a long horizontal channel,

furnishes several kinds of neutron fields depending upon the en-

vironment into which the core is placed. Two such fields are

labeled benchmarks and will be described in this compendium.

The field at the YAYOI core center when the core is surrounded

by a blanket of depleted uranium and an outer reflector of lead is

described in this section under Reactor Physics Criticals. The

neutron field at the center of a large block of lead driven by the

YAYOI core is described under Driven Neutron Fields, section 3.2.

Physical description. The YAYOI core is a right circular

cylinder (12.5 cm dia. x 15.5 cm long) of 93% enriched uranium metal.

The core is surrounded by an annular blanket of depleted uranium.

The core and the blanket are inside of a large lead reflector. A

vertical glory hole (2.3 cm dia.) provides a penetration through the

reflector and core near the core center line. Another cylindrical

penetration (5.7 cm dia.) runs vertically along one planar surface

of the cylinder core. Four safety and shim rods (4 to 6 cm dia.)

operate in channels near the core. A cross section of the core and

the uranium blanket is shown below:

Xgj Cl (1) Glory hole
(3) Grazing channel

I( (4) Lead reflector
_4] f (5) Depleted uranium blanket

8) 235U cylindrical core
(9) Region of benchmark field

e1

1h

YAY I C I Ir
YAYOI Core Configuration
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Neutron flux and fluence. The reactor operates normally with

air cooling at 2 KW and provides a flux at the core center of 7.5 x

1011 n/cm 2 sec. In order to maintain access to the core, the re-

actor is limited to 3 kwh of operation per week. This corresponds

to a fluence of 4 x 1015 n/cm2 for core center irradiations.

Spatial distributions of flux in the glory hole have been measured

with activation foils: 235U(n,f), 238U(n,f), In(n,n), 1 Au(ny),

and 58Ni(n,p). The fission spectrum component based on these

measurements relative to 1.00 at the center, is about 0.92 and 0.7

at radii of 2 cm and 4 cm respectively. Similarly, the spectrum

component comprising the energy range of inelastically scattered

neutrons falls to about 0.98 and 0.95 at 2 cm and 4 cm respectively.

Glory hole traverses with 197Au(n,y) detectors indicates that there

is some leakage of thermal and epithermal neutrons into the core

region from the outer shield region.

The gamma-to-neutron ratio for YAYOI core center is 1.6 x 10-6

(R/hr)/(n/cm 2 sec). The gamma field measurement was made with low

neutron sensitivity TLD detectors (Mg2 Si04:Tb).

Neutron flux monitoring. For routine irradiations the con-

ventional reactor power level monitoring systems are employed. The

detectors for these systems are two fission chambers for start-up

and compensated ion chambers for full power operation. The pre-

cision for run-to-run normalizations is estimated to be less than

a few percent.

The YAYOI core irradiation facility has been employed for

Japanese interlaboratory measurements.

Neutron spectrum. Calculation of the YAYOI core has been

carried out with the ANISN transport code in the P-5,S-8 approxi-

mation. Cross sections for the calculation are from the ENDF/B-III

file reduced to 39-groups with 1/E, and fission spectrum weighting.

Spectrometry at the core center has been carried out with a specially

prepared 6Li sandwich counter. The assigned spectra appearing in

Table III is from the ANISN calculations.

Unique features. Pulsed operation of YAYOI is expected in the

near future making it possible to do time-of-flight spectrometry.

As part of the analysis of space and energy dependence of the neutron

flux in YAYOI a simple expression consisting of two spectrum modes

has been proposed: A fission-spectrum component and an inelastic-

scattering component. A final spectrum representation has been

obtained based on integral detector responses including 232Th(n,f)

and 237Np(n,f) in addition to the reactions listed above.
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TAPIRO FAST SOURCE REACTOR

Physical description. This small compact reactor with a 235U

metal core and copper reflector is operated by the CNEN Laboratory

at Cassaccia, Italy. (25,28) The cylindrical core (12.6 cm dia. x

10.9 cm high) is enriched uranium metal alloy (98.5% uranium en-

riched to 93.5% 235 U, 1.5% molybdenum) with 0.5 mm thick stainless

steel cladding. The cylindrical copper reflector surrounding the

core is 80 cm in diameter and 72 cm in height. Access to core

center is by means of a horizontal glory hole 0.8 cm in diameter.

Neutron flux and fluence. The reactor, is operated normally at

5 kW with helium cooling and provides a central flux of the order of

1 x 1013 n/cm2 sec. Measured axial distributions of the neutron flux

have been reported for one full energy range detector, 235U(n,f), and

three high-energy detectors, 5In(n,n'), Ni(n,p), and 27Al(n,d).

Agreement with calculation is good.

Neutron flux monitoring. Accuracy and reproducibility of power

level measurements by standard reactor control instrumentation

generally are not satisfactory for neutron dosimetry measurements.

Run-to-run monitoring including different power levels is normally

done by means of gold foil activation in the same positions. The

estimated accuracies attained by this technique are X 5% for in-

dividual power levels and X 1% for run-to-run normalization.

Cooperation with other laboratories for neutron dosimetry

measurements in the TAPIRO facility or for detector intercomparisons

is encouraged.

Neutron spectrum. For purpose of calculation, the reactor was

represented in both one-dimensional and two-dimensional geometry.

The equivalent radius of the core for the one-dimensional calcula-

tions was chosen so as to preserve the value of k-eff given by the

two-dimensional calculations (which in turn will reproduce the ex-

perimental value). The one-dimensional calculations were performed

by means of the ANISN code in the S-8 approximation with isotropic

scattering. The cross sections were derived from the ENDF/B-111

files and collapsed to 27 or 35 groups by means of the MC2 code.
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4. DETECTOR RESPONSE SUMMARY

A rather extensive array of measured integral detector reaction

rates already exists for the benchmark fields listed in Table IIA

and IIB. Much of this experimental information has been evaluated

by Fabry in reference 32. Laboratories included in the IAEA

survey will be requested to furnish results of all documented re-

action rate measurements for their benchmark fields. A representa-

tive set of benchmark measurement results are included in this report.

They will summarize the existing situation regarding consistency of

dosimetry-related, reaction rates in benchmarks. The detector re-

actions chosen for the summary,

full-energy range: Pu(n,f), U(n,f), Au(n,y),

threshold: Np(n,f), 238U(n,f), 58Ni(n,p),

exemplfy the entire range of detector responses available for fission

reactor dosimetry with the exception of single resonance type

detectors.

Energy response features of an integral detector may be

described by a 90% energy response range (5% excluded above an

upper energy limit and 5% below a lower energy limit), and a median

response energy which divides the energy range into regions of equal

response. In terms of eq. 2 the median energy is E(P=0.5) and the

response range extends from a lower limit Ep(P=0.95) to an upper

limit Ep(P=0.5). Response ranges for some of the detectors listed

above are shown in Table IV. The response ranges shown for thres-

hold detectors are little changed for all reactor dosimetry bench-

marks. The fission spectrum dominates the benchmarks above about

2 MeV, and there is little evidence to indicate that this situation

is greatly different in and around materials test and power re-

actors. The extent to which this latter statement is correct is

important for the orientation of reactor dosimetry calibrations

and requires further investigation.

The median energies indicated in Table IV show some of the

useful response distinctions that are possible. The invariance of

the 239Pu(n,f) median energy for all but the near-1/E field is a

mark of its energy independence and consequently its usefulness as

a total flux monitor.
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4.1 Observed Detector Responses

Measurements of recent vintage for most of the detectors listed

above are available for important benchmarks: fission spectra, the

one-dimensional driven systems, the clean reactor physics critical

BIG-TEN, and the high-power driven system CFRMF. The data for the

most part come from the ILRR program efforts and are given in

Table V.

Absolute integral cross sections have been determined only for

252Cf fission neutrons and of these the 239Pu(n,f) detector is

chosen as the normalizing reaction because of the energy independence

of its cross section over the fast-neutron energy range. The

measured value 1804 ± 45 mb is reported in reference 33. The
239Pu(n,f) cross sections for other spectra in Table III, given in

brackets, are derived from this value on the basis of calculated

ratios of spectrum-average cross sections. The values in bracket

do not depart greatly from the 252 Cf value (maximum of 10% for

BIG-TEN) so that spectrum uncertainties are not important. In the

rest of the Table, measured cross section ratios or spectral in-

dexes for the other reactions are given relative to 239Pu(n,f).

(34,33,34,35)

Error assignments in Table V are of quite different quality.

For fission spectra the measurements are mostly single laboratory

results although in some cases detection methods have been subject

to interlaboratory checks. (36) At present the ISNF measurements

entered in parenthesis are preliminary. For the three remaining

benchmarks, organized interlaboratory-measurement results obtained

within the framework of the ILRR Program are reported. Uncertain-

ties for the latter are consensus estimates based on a critical

review by participating laboratories. (34)

4.2 Computed Detector Responses

According to eq. 4 and the definitions preceding it, a detector

response derived or expected for a benchmark is based on the

microscopic reaction cross section:

a = cofs (E) (E)dE. (14)



- 93 -

Because the spectrum for many benchmarks is specified in a multi-

group format, a proper and consistent spectrum interpolation scheme

is required to calculate spectrum-averaged quantities. The computed

cross sections for this paper make use of the DETAN code which

performs a simple linear interpolation of multigroup spectra on a

logarithmic energy scale with a final adjustment to preserve each

group flux. The latter step is essential because of neutron balance

generally involved in the multigroup transport computations which

generate the spectra.

A brief summary of computed reaction rate cross section ratios

or spectral indexes for the dosimetry benchmarks covered in this

report is given in Table VI. They are based on multigroup spectra

recommended by respondents to the IAEA benchmark survey and listed

here in Table IIIA, B, and on the ENDF/B-IV dosimetry file of energy-

dependent cross section in a 620-group structure. The fission

spectra employed are from a published evaluation of sixteen best-

documented differential spectrometry measurements. (29,30) Spectrum

uncertainties were included in this evaluation so that it is pos-

sible to establish errors for the computed fission-spectrum cross

sections using the last term of eq. 6. The resulting errors for

fission spectra appear in Table VI.

Ratios of observed-to-predicted spectral indexes have been

formed with the computed values of Table VI. They are presented in

Table IV below the observed spectral index. These double ratios

provide a glimpse of the experimental situation surrounding dosimetry

benchmark data.

Fission detectors have long been the center of integral detector

testing in benchmark neutron fields. In the fission spectrum fields

agreement between observation and prediction is within 3% for the

spectral indexes, Np/239Pu and 238U/239Pu. This agreement is ob-

scured, however, by the nearly 5% discrepancy for the non-spectrum-

dependent fission cross section ratio 235U/239u. Using 235U as a

basis for spectral index formation as is commonly done would

indicate more serious spectral index discrepancies.

The discrepancy between these two fissile materials is

important, not only for dosimetry and fission rates in fuels, but

for the differential fission cross sections which are in the

ENDF/B-IV evaluation. For the most part, the fission cross section

of 239Pu has been established relative to 23 5 U, and therefore, the

disagreement indicated by the fission spectrum measurements is a

good example of a strong confrontation between integral measurements

and differential data.
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1.2. POWER REACTOR PRESSURE VESSEL BENCHMARKS

AN OVERVIEW

Frank J. Rahn
Electric Power Research Institute

Palo Alto, California 94303

ABSTRACT

A review is given of the current status of experimental and
calculational benchmarks for use in understanding the radiation
embrittlement effects in the pressure vessels of operating light
water power reactors. The requirements of such benchmarks for
application to pressure vessel dosimetry are stated. Recent de-
velopments in active and passive neutron detectors sensitive in
the ranges of importance to embrittlement studies are summarized
and recommendations for improvements in the benchmark are made.

INTRODUCTION

The continued assurance of the safety and integrity of nuclear reactor

components requires an understanding of the changes in material properties

that such components sustain as a function of irradiation and the radiation

flux and spectrum to which these components are exposed over the lifetime

of the system. For current generation power reactors, interest is

focused on radiation induced changes to the mechanical characterization

of the pressure vessel, in particular the embrittlement and fracture

toughness properties.l Light water reactor (LWR) pressure vessels are

fabricated of low carbon steel, with a ferritic body centered cubic

microstructure.2 The IAEA has already established an important program

studying the irradiation embrittlement of pressure vessel steels. In

part, the purpose of the IAEA's program on benchmark neutron fields and

reactor dosimetry is to support the requirements of the pressure vessel

program.

Service requirements for nuclear pressure vessels include design operating

temperatures up to 325°C and pressures up to 70 bars for boiling water

reactors (BWR) and up to 155 bars for pressurized water reactors (PWR).

Of prime concern is the ability to heat up and cool down the reactor

system during normal and unrestrictive operations over the 40-year

design life of the plant. Neutron irradiation of the pressure vessel

changes the transition temperature and results in transition from

ductile to brittle fracture as measured by the Charpy test. The operating
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envelope, required to maintain operation of the plant within the ductile

regime of the pressure vessel, severely constricts as the pressure

vessel accumulates neutron fluence.4'5 Therefore, the demonstration of

the safety of power reactors and of their conformance to the various

codes and regulation guides, mandates a reasonably precise knowledge of

the neutron radiation field in which the pressure vessel resides.

CHARACTERIZATION OF THE NEUTRON ENVIRONMENT AT THE PRESSURE VESSEL OF
OPERATING POWER REACTORS

The majority of LWR's are designed to operate at powers of between 30

and 105 kw/liter. The number of neutrons arriving at the pressure

vessel, however, is not particularly related to these numbers or the

size of the core itself. Rather it is the power in the assemblies on

the periphery and the relationship of these peripheral assemblies to the

inner edge of the pressure vessel that are important. In terms of

constructing viable benchmarks characteristic of an LWR the following

comments are applicable:

A. Water Region

The region between the edge of the core and the pressure vessel is

filled with coolant, as shown in Figure 1, for a typical PWR. This

water gap ranges between 30 and 60 cm in width. This is a wide enough

region so that an equilibrium spectrum of neutrons is established and,

as a consequence, the spectrum of neutrons impinging on the pressure

vessel wall is nearly independent of the type and all other parameters

of the reactor. The magnitude of the flux at the pressure vessel is

determined by the leakage of neutrons out of the edge of the core and

the size of the water region.

B. Azimuthal Variation

Again referring to Figure 1, there is a very apparent geometrical effect

around the edge of the core where the corners are closer to the pressure

vessel than the flats. This gives rise to a very pronounced azimuthal

effect in the magnitude of the flux around the inside edge of the pressure

vessel. A plot of this variation for a PWR is shown in Figure 2.

Calculations typically predict a ratio of about 3:1 peak to average in

the fast flux incident on the wall of pressure vessel.
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C. Axial Flux Profile

Axially the variation in the fluence is dependent on the equilibrium

cycle burnup profile in the core. This tends to maximize the fluence

around the core mid-plane area. Above and below the beltline region,

the flux is falling off so rapidly that such potentially troublesome

areas as the reactor nozzles are not expected to see enough fluence over

a plant lifetime that material property changes due to irradiation are a

problem. Because of the axial and azimuthal variations in the flux

magnitude, one might properly think of the pressure vessel as having

embrittlement sensitized "zones", rather than the whole pressure vessel

as being "burned out". These zones do not necessarily extend completely

through the pressure vessel in the radial direction.

D. Spectrum

As outlined in A. above, the water region in LWR's is sufficiently wide

to establish an equilibrium spectrum. The effect of the water region is

to strongly decouple, in the neutronic sense, the details of the core

and other components from what happens in the pressure vessel. The

spectrum impinging of the pressure vessel is very close to 1/E for

0.414 eV < E < 2.5 MeV, and has a high energy tail, due mainly to uncollided

fission neutrons from the core, above 2.5 MeV. Figure 3 shows the

results of a calculation of the spectral effects in a PWR. In the

pressure vessel, the spectrum starts changing very rapidly. The iron

inelastic cross section very quickly attenuates the high energy neutrons

relative to those at lower energies. In the keV energy range, the

neutron transmission is quite high due to the minima in the iron cross

section, which shows up quite prominently around 25 keV. At the 1/4t

position in the pressure vessel, the neutron spectrum is quite different

from that entering the pressure vessel, and is shifted downward in

energy. This spectral shift is important because there are good theoretical

reasons to believe that lower energy neutrons produce fewer lattice

dislocations and other effects on the microstructure level which relate

to the mechanical macro-properties of steel.
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E. Flux Gradient

Figure 4 shows the radial behavior of the neutron flux for various

energy groups. Away from the core, the fast flux drops off quite

dramatically, approximately one decade every 16 to 18 cm. This gives

rise to the pronounced azimuthal and axial effects described above. The

magnitude of the flux gradient complicates the interpretation of data

obtained at accelerated surveillance positions and the extrapolation of

these effects to the pressure vessel. When interpreting experimental

data, relatively small positioning errors can have large effects in the

experimental uncertainties.

F. Thickness of Pressure Vessel

The thickness of the pressure vessel ranges between 15 and 30 cm. The

material is low carbon steel. The thinner vessels are found in BWR's,

the thicker in PWR's. The neutron spectrum and the magnitude of the

flux at the 1/4t position of the pressure vessel and in the reactor

cavity are determined by this thickness. Such quantities are essentially

characterized by the transmission properties of thick sections of iron.

References 6-8 give additional information concerning the above remarks.

OPERATIONAL BENCHMARK REQUIREMENTS

The experimental benchmark neutron fields are divided into three distinct

types: standard field, reference field and controlled environment. The

reference experimental measurements planned on operating light water

reactors fall into the latter type. An integral part of an experimental

program is the comparison of the data with results from computer codes

so as to produce a validated analytic method of estimating the flux and

spectrum in the vicinity of the pressure vessel. In addition, there are

a series of computational benchmarks available which are intended to

check the methodology, data and adequacy of the models used to calculate

quantities of interest.
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The purpose of the experimental program is to obtain high accuracy and

precision quantities which can be related to the materials effects

occurring in the pressure vessel under irradiation and which can be used

to validate the calculational methodology.9 This mandates that the

neutron flux and spectrum be determined as the intermediary between the

radiation exiting the core and the various changes in macroscopic properties

of the pressure vessel.10 11

The salient features required by operational benchmarks are the following:

(a) A relatively complete flux and spectrum mapping starting at

the edge of the core through the outside edge of the pressure

vessel. This should include detectors in the water gap radially

outward from the core, and in a sufficient number of axial and

azimuthal positions within the water region in order to assure

complete knowledge of the neutron field impinging on the

pressure vessel. In addition, detectors should be positioned

on both sides of the pressure vessel to measure the transmission

and the change in spectrum in the steel. Such complete

knowledge is required to validate the computational methods

and to establish a self-consistent set of experimental points.

(b) The principal energy range of interest for dosimetry purposes

is the range 0.1 < E < 5 MeV. It is the neutrons in this

energy range which are the greatest contributors to radiation

embrittlement in steels. However, information on the spectra

in the energy region 1 < E < 100 keV is important for shielding

problems due to the high transmission of neutrons through

steel for these energies. The most important location for

spectral measurements in this energy range is at the exit

surface of the pressure vessel. At this point the usual

calculational approach is to interface the 2D finite difference

transport calculations used inside the pressure vessel with

the 3D Monte Carlo and albedo scattering techniques used in
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the reactor cavity region. Flux and spectral measurements,

then, in the 1 to 100 keV range are necessary to verify the

deep penetration predictions and establish the source for the

Monte Carlo simulations. Thermal flux measurements are usually

required for activation considerations, and for corrections of

the various detector responses to the fast flux. For fast

neutrons, an LWR water gap is approximately 7 mean free

paths (mfp) wide. For neutrons much below 1 MeV, the concept

of spatial distances in terms of mean free paths is somewhat

misleading, because the neutron density at these energies is

due to high energy neutrons, undergoing collision and rapidly

thermalizing. The pressure vessel is about 1.5 mfp wide for

BWR's and 2.0 mfp wide for PWR's. At the inside edge of the

pressure vessel, the expected flux (< 0.1 MeV) is approximately

3.6 x 109 n/cm2/sec for a BWR and 1.4 x 1010 n/cm2/sec for a

PWR, for plants producing 3400 MWth and 3600 MWth, respectively.

(c) There are special considerations which determine the proper

balance between desired accuracy and what is obtainable on

commercial operating reactors. On such plants, operational

considerations, accessibility and instrument locatability

require very precise planning to bring off a successful

experimental program. These various considerations, and

especially the problem of equipment installation, almost in

themselves require that the experiment be performed during a

reactor start up. It is essential that a set of precalculations

exist to bracket the fluxes and fluences expected.

(d) The detectors should be chosen with some care, and should have

overlapping energy ranges. Redundancy is important in achieving

a self-consistent set of measurements. There are several

different classes of detectors, each of which has particular

virtues and disadvantages for use in operating benchmarks.

They are:



- 111 -

(1) Activation Foils - provide good coverage of the thermal

range and energies between 0.5 and 8.0 MeV. Since these

are passive detectors and have a long history of use they

are ideally suited to in-vessel measurements. When using

such detectors care must be given to the quality assurance

of the foil materials, and multi-laboratory intercomparison

of the activation counting is recommended.12'13'14

(2) Proton Recoil Detectors - give good resolution spectra

from a few keV to a few MeV and are capable of covering

the range from 0.1 to 1 MeV where activation foils have

difficulties. The proton recoil detectors are usually H2

or CH4 filled at various pressures. Experimental devices
4

are being tested using He. Proton recoil detectors are

not operable in neutron fluxes higher than about 106 n/cm2/sec.

When used in an operating reactor environment, they are

not suitable for use inside the pressure vessel and can

be used outside the pressure vessel only during low or

zero power operation. At low power, the fission distribution

within the core may be appreciably different and influence

the axial total flux results in the cavity.

(3) Special and Experimental Detectors'5- In pressure vessel

surveillance (PVS) applications, highly specialized

miniature proportional counters will be required.

Consequently, accurate treatment of proportional counter

finite size effects will be mandatory.

A proton recoil method which introduces less perturbation

and possesses considerably reduced finite size effects is

emulsion-photographic track plate proton recoil spectro-

metry. The emulsion technique possesses the advantages

of passive monitoring; however, just as for active
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spectrometry, low power clean environments are mandatory.

Hence, it is appropriate to combine the emulsion method

with active neutron spectrometry techniques wherever

possible.

For actual PVS experiments in operating reactors, it is

only possible to utilize passive multiple foil flux-

fluence spectrometry. In such PVS irradiations it is

highly advantageous to use time integrative passive

monitors. While the passive multiple foil spectrometry

has utilized radiometric dosimeters in the main, in PVS

applications the length of irradiation is often ill-

defined and the power-time history of the reactor can

also introduce considerable uncertainty. Hence, for more

accurate data from PVS surveillance experiments, it will

be necessary to exploit time integrative passive monitors,

such as long-lived radiometric dosimeters (encapsulated

fission foils providing long half-life fission products

such as 137Cs), and in particular, solid state track

recorders (SSTR), and helium accumulation fluence monitors (HAFM).

It is noted that the latter two passive methods possess

higher sensitivity than radiometric dosimeters. Moreover,

these two methods compliment each other in terms of the

neutron sensitivity provided for the broad energy range

of interest, 0.01 to 6.0 MeV, in PVS applications. HAFM

utilizing 6Li or 10B will provide good sensitivity in the

low energy region, whereas SSTR incorporating fission

threshold nuclides such as 232 Th, 238U, or 237 Np, will

provide good complimentary sensitivity at higher energy.

For longer term PVS irradiation where the fast fluence

exceeds 1018 neutrons/cm 2 , another time integrative

passive neutron dosimeter that can be used is crystalline
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quartz. Physical changes in the crystalline quartz can

be examined such as changes in density and in the refractive

index of the medium. These properties can provide sensitive

indicators of fast fluence that accrues during PVS

irradiations.

THE CURRENT OPERATING REACTOR BENCHMARK STATUS

There are currently several experiments which could qualify as either

reference neutron field or controlled neutron environment benchmarks.

The experimental facilities are located in the United States, Europe and

Japan.

A. Research Reactors

(1) Japan JRR-4 Reactor. A series of experiments were made with

the JRR-4 reactor mocked up with various iron water config-

uration arranged to simulate the core structure, thermal

shield and pressure vessel of a LWR. 16 Some of the results

are shown in Figures 5 to 7. The experiments were analyzed

using the 2-D transport code PALLAS. 17 Emphasis was on the

energy region 1 to 10 MeV. The dosimeters used in the experiment

are given in Table 1.

(2) Belgium - CEN/SCK - BR 1 Reactor. Multishell systems made of

an outer natural Uranium driver and of inner iron shells are

being studied.18 The iron laminations are set up at the

center of a 1 meter spherical cavity in the graphite thermal

column of the BR 1 reactor. Neutron spatial, angular and

spectral distributions will be measured using 6Li, proton

recoil and foil detectors. The system is essentially one-

dimensional, with homogeneous material zones and the source

has a reasonably well-known spectrum. The system will be used
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for spectral dependent transmission measurements of hollow

iron spheres with 2 to 14 cm wall thickness. As such, experiments

of this nature will provide clean experimental and calculational

benchmarks of relevance to LWR pressure vessel dosimetry

programs. Such a facility will also provide a secondary

calibration for dosimetry instrumentation in a well-characterized

field whose spectrum can be modified to match a realistic LWR

environment.

(3) United States ORR Reactor at Oak Ridge National Lab. The

Oak Ridge Research Reactor (ORR) is a 30 MW test reactor used

for irradiation experiments19. Figure 8 shows a plan view of

the core and experimental regions. Currently, a series of

4T-CT (4 thickness, compact tension) specimens of pressure

vessel materials are being irradiated.20 Under consideration

is the use of the ORR as an irradiation facility to do simulated

pressure vessel experiments. Simulated pressure vessel plates

122x122x30 cm (made up to twelve 122x122x2.5 cm slabs) can be

inserted into the poolside facility. A water gap of 30 cm

between the reactor face the specimens will reduce the fast

flux (> 1 MeV) from 1 x 1014 to 1 x 1012 n/cm 2/sec and produce

a spectrum characteristic of LWR reactors. Simultaneous

irradiation of dosimetry and metallurgical specimens for the

surveillance and HSST program can be handled. Complete

instrumentation of the pressure vessel specimens for dosimetry

and temperature control can be accomplished.

B. Commercial Operating Reactors

A set of experimental measurements on two operating power reactors is

being sponsored by the Electric Power Research Institute. Included in

the program is a set of pre- and post-experiment calculations using two-

dimensional DOT calculations and three-dimensional MORSE calculations.
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This set of experiments is believed to be the only completely characterized

measurements made on operating reactors for pressure vessel dosimetry

purposes which could qualify as an industry-wide benchmark. For other

recent measurements, see References 21 and 22.

(1) BWR - Browns Ferry 3 (BFS) - Tennessee Valley Authority. This

is a 1075 MWe reactor with 8x8 fuel assemblies. Commercial

operation is expected about 12/76. There are two parts to the

neutron measurements at BF3. The first is the in-vessel

dosimetry at 18 positions between the core and the pressure

vessel. This includes measurements at 3 radial, 2 axial and 2

azimuthal positions. A plan view of these positions is given

in Figure 9. Table 2 gives a listing of the activation foils

used. These foils will be irradiated during the first operating

cycle of the reactor. The second part of the BF3 project

consists of activation foil measurements in the reactor

cavity between the pressure vessel and the shield wall. The

dosimeters will be strung axially in the cavity from the

feedwater nozzle to the head access area, at four azimuthal

positions. Table 3 gives the activation foils which will be

placed in the reactor cavity during the first refueling. The

combination of the in-vessel and in-cavity measurements will

provide a complete neutron and spectral mapping for 0.5 < E < 5.0 MeV

and will provide a sensitive test of the calculational methods

now used.

(2) Westinghouse PWR McGuire 1 - Duke Power Company. This is a

1180 MWe reactor scheduled for commercial operation 12/77.

The reactor cavity is of the narrow gap design, which is about

17 cm across of which 12 cm is filled with thermal insulation.

Such a design cuts down considerable the neutron streaming in

this area. Figure 10 shows the details of the McGuire 1

reactor. The planned measurements consist of activation foil



- 116 -

detectors placed in the reactor cavity gap and proton recoil

detectors in the ex-core detector positions. The proton

recoil measurements will be conducted during zero power start-

up operations. Table 4 gives the details of the foil detectors

and Table 5 the proton recoil monitors to be used at the

McGuire 1 unit.

A primary objective of the experimental program at these reactors is to

apply and validate use of the LFMBR dosimetry techniques for LWR pressure

vessel irradiation and dosimetry programs. Such validation would lead

to improved ASTM procedures for damage analysis practices. This effort

will be interlaboratory in scope and involve a major cooperative effort

supported by the U.S. Nuclear Regulatory Commission (NRC) and involving

the National Bureau of Standards (NBS). The NRC will support work at

HEDL in the following areas:

o Design, acquisition and development of Solid State Track

Recorders

o EPRI, NBS and CEN/SCK passive and active sensor calibrations

and cross validations

o Selection of simulated pressure vessel fields and the establishment

of an experimental program for neutron penetration studies

o Study of damage mechanisms for selection of applicable irradiation

effects for data correlation

o Updating the American Society for Testing and Materials (ASTM)

procedures and interaction with Committees El0.05 on Dosimetry,

El0.08 on Procedures for Neutron Radiation Damage Simulation

and El0.02 on Radiation Induced Changes in Metals.
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(3) Belgium - BR 3 Reactor CEN/SCK. BR 3 is a PWR power plant,

operated at a power of 11 MWe, which is also used to irradiate

experimental fuels to extreme exposure conditions.23 At

present, one third of the core loading is mixed oxide fuel.

The pressure vessel material is A302-B steel. At the end of

the present cycle, the fast fluence (> 1 MeV) at the inner

wall of the vessel will be 5.6x10 9 n/cm2 . In the frame of

the surveillance program, tensile and impact specimens are

irradiated at two locations inside the vessel, one in the

radial reflector at the reactor mid-plane level and the other

above the core. At these locations, the fast flux level is

respectively about 40 and 2 times higher than at the inner

side of the vessel wall. The irradiation temperature is

295+20°C. The neutron dose at these locations is based on the

54Fe (n, p) 54Mn reaction.

The DTF-IV transport code is being compared with the SABINE

diffusion code used for design. This work includes sensitivity

calculations with respect to cross section changes. Thermal

and fast flux measurements are being made in the reactor core,

and outside the pressure vessel in the neutron shield tank.

Track recorders associated with 238U thin deposits are used to

determine fast fluences at low fluxes. The use of quartz

dosimeters is being considered.

C. Calculational Benchmarks

There are two calculational benchmark efforts applicable to LWR's now

underway. The first was produced by the OECD Nuclear Energy Agency's

Committee on Reactor Physics and the second by the American Nuclear

Society Shielding Standards Subcommittee 6.2.
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(1) The OECD Nuclear Energy Agency - Reactor Shielding Benchmark

No. 2 - is a 2-dimensional model of a 1300 MW standard power

reactor of the PWR type. A one-dimensional solution is also

desired. Figure 11 shows the calculational geometry. The

specifications 24 were produced by G. Hehn (IKE) and J. Koban (KWU),

and published in 3/76.

(2) The ANS 6.2 Committee has produced a series of three inter-

related calculational benchmark problems. They consist of a

radial one-dimensional, a two-dimensional core problem and a

three-dimensional cavity streaming problem for a PWR reactor.

Figures 12 and 13 show the geometrical arrangement being

considered for calculation. Final publication of the benchmark

set is expected this year.25

NEUTRON FIELD REQUIREMENTS FOR LWR EXPERIMENTAL CALIBRATION

Radiation fields are required for use as permanent reference field for

calibration purposes that are available to all users. Such fields would

serve as standards for benchmark experiments, as well as provide quality

assurance on pressure vessel surveillance dosimeters, etc. The following

radiation fields would be appropriate for LWR dosimetry work:

Type Energy Range Possible
(MeV) Facility

1. Thermal Spectrum < 0.4 X 10-6 various reactor beams of
known flux, gradient and
thermalized spectrum

2. Epithermal - 1/E 0.4 X 10-6 - 1.0 no facility currently exists
which maintains a standard
1/E field at the higher
energy range; however,
near 1/E fields exist to
about 0.1 MeV

3. Fission Spectrum 0.1 - 10 NBS (USA), MOL (Belgium)
(252Cf,235U) PTB (Germany), Kyoto (Japan)

4. Secondary Standard 10-4 - 1.0 Ez type
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These fields would be classified as either standard neutron fields or

reference neutron fields according to the terminology of the Petten Symposium

in 1975.

The accuracy required of the above neutron fields is shown in Table 6.

This table differentiates between what is currently available and the

accuracy ultimately required. For the controlled radiation environment

accuracy requirements, there is a wide and somewhat arbitrary band on

the accuracy achievable. This reflects the realization that the accuracy

expected on experimental measurements in operating commercial LWR's

versus those in research facilities are quite different.

CONCLUSIONS AND RECOMMENDATIONS

There is currently either under way or in the planning stage a series of

remarkable programs which are directly applicable to reactor dosimetry

problems in light water reactors. In this brief paper it is not possible

to completely summarize all of them in a thorough manner. However, in

an overview of the field there are several areas in which further

research is called for. I will limit my remarks to what I perceive

should be done in the intermediate term (5-year time span). Five areas

in particular could benefit by expanded programs, they are:

(1) Further international cooperation is called for, especially in

obtaining good experimental and calculational benchmarks, for

the exchange of ideas in dosimetry and dosimetry techniques,

and in reporting and disseminating the results obtained. The

IAEA should promote the multiple foil technique, and the

development of spectra unfolding techniques. Reference

spectra (thermal, 1/E, sz, fission) should be well documented

and used to check unfolding techniques.
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(2) Special emphasis should be placed on obtaining reliable data

on operating reactors and prototypes. The need is for in-

vessel flux and spectra measurements between the core and the

pressure vessel. Such measurements should concentrate around

the edge of the core and the wall of the pressure vessel.

There is a further need for information axially above and

below the core in the support plate, baffle and flow straightener

regions. Consideration should also be given to the area

outside the pressure vessel, around the coolant nozzles and

around major penetrations.

(3) The development of sensitivity studies and importance function

studies is required. The spatial importance of neutrons in

various energy groups in reaching the pressure vessel and

other components of interest, the sensitivity of various

macroscopic changes in materials to uncertainties in the

neutron flux and spectra, and the sensitivity of deep penetration

neutrons and activation detectors to cross section uncertainties

should be studied.

(4) From the materials side, the need exists for better correlation

of the material properties with changes in spectra, and in

obtaining well-characterized data bases on material properties

where all significant factors in the irradiations, especially

the spectrum, are recorded. The work on the irradiation of

thick section steel samples, and steels behind iron filters,

characteristic of dosimetry at various places interior to the

pressure vessel are extremely useful and should be expanded.

Increased cooperation with the IAEA's research coordination

program on Irradiation Embrittlement of Pressure Vessel Steels

is desirable. The excellent work in this IAEA program would

benefit from improved dosimetry techniques.
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(5) Adherence to what is known as the Inter-Laboratory Reaction

Rate (ILRR) principle, namely that the dosimeters used in

benchmark experiments should be exposed to known, well-characterized

and permanent neutron fields, should be encouraged. Good

examples of such fields are the 2E facilities and the NBS

fission spectrum field. It is important that this methodology

be used so that detectors can be properly referenced and, if

needed, can be recalibrated at a later time.

The application of the above recommendations will

with regards to LWR power reactor benchmarks, and

to our knowledge of radiation effects to pressure

improve the situation

significantly contribute

vessels.
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Figure Captions

1. Plan view of a typical PWR showing material zones and power density

in the core. Taken from ANS 6.2 Benchmark Problem #2.

2. Typical PWR Azimuthal Neutron Flux Distribution for One Octant.

Taken from Ref. 7.

3. Calculated neutron spectrum for a PWR at various radial positions

moving radially outward from the core. Refer to Figure 1 for the

geometrical model.

4. Calculated spatial dependence of the neutron flux for various

energy groups, as given by the one-dimensional code ANISN. Refer

to Figures 1 and 3 for geometry and spectra.

5. Comparison of the results from the Computer Code PALLAS and the

measured neutron energy spectra in a water configuration of the

JRR-4 reactor.
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6. Comparison of PALLAS and the measured neutron energy spectra in an

iron-water configuration of JRR-4.

7. PALLAS calculated neutron energy spectra at several positions of a

simulated power reactor geometry in JRR-4. Figures 5 through 7

taken from Ref. 16.

8. Plan view of the ORR reactor and experimental positions. Taken

from Ref. 19.

9. Plan view of the in-vessel experimental dosimeter positions for

flux and spectral measurements in the Browns Ferry III BWR.

10. Plan and elevation views of the core and reactor cavity areas in

the McGuire I PWR. Taken from Ref. 8.

11. PWR geometry used for 2D benchmark calculations for the Reactor

Shielding Benchmark No. 2 issued by the OECD Nuclear Energy Agency.

12. PWR geometry under consideration for use in 2D benchmark calculations

around the pressure vessel from the ANS 6.2 Shielding Computations

Subcommittee.

13. PWR geometry under consideration for use in 3D benchmark calculations

in the reactor cavity area, from ANS 6.2.
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Table 1

Neutron dosimeters used in the JRR-4 reactor for spectral determination

in irradiation damage studies of reactor structural materials:

Al(n, ) 24Na

56Fe(n, p)56Mn

2Mg(n, p)24Na

2 Al(n, p)27Mg

54Fe(n, p)54Mn

6Zn(n, p)64Cu

58Ni(n, p)58Co

1 5In(n, n) 115 mIn

Table 2

In-Vessel Dosimeters in Browns Ferry III

The dosimeter capsules are small carbon steel cylinders containing

special neutron fluence monitors. Two capsules will be placed in each

of four capsule holders. The holders will be located in two azimuthal

positions near the core mid-plane and two positions near the core top

edge. The dosimeters will remain in the reactor about one year.

The activation monitor materials will be:

Fe

238 U

237 Np

232Th

Al

Co

Cu

Ti

Ni

Ag

Sc

and Cu CdO thermal neutron shields.
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Table 3

In-Cavity Dosimeters in Browns Ferry III

The dosimeters

itself will be

235 U

238 U

will be

used as

1-5 mg

placed in-cavity supported by Ni wire. The wire

a monitor. The dosimeter capsules will contain:

Ti

Cu

200 mg

800 mg200 mg

30 mg Al + 1/2% Co

232Th 500 mg Ag

100 mg

250 pg

0.5 mgNi 50 mg Sc

Fe 200 mg

Table 4

Dosimeters for Use in McGuire I

The dosimeters will be the same as in Table 3 for the BWR Browns Ferry III,

with the possible exception of Sc and Al + 1/2% Co. The final quantities

of each material have not yet been decided.
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Table 5

Proton Recoil Monitors to be Used at McGuire I

Present plans call for the use of proton recoil detectors in the ex-core

instrument positions of the McGuire I PWR to make spectral measurements

at about 1% (or less) of full power. Geometry of the detectors will be

cylindrical with about a 5 cm diameter. The following two detectors

will be used:

Type

10% methane - 90% argon

10% hydrogen - 90% argon

Pressure

2 bar

4 bar

Table 6

Accuracy Required* (2a)

Energy Range Standard**

Radiation Field

Reference**

Neutron Fields

Controlled

Radiation
Environment

thermal
0.414 eV - 1.0 keV

1.0 keV - 100 keV

0.1 MeV - 1.0 MeV

1.0 MeV - 4.5 MeV

4.5 MeV - 10 MeV

<4% (4%)

<10% (10%)

I

<10% (6%)
<10% (_20%)

<6% (<20%)

<o0% (<20%)

<10%
<20%

<10%

<6%
<6%

<10%

(10%)

(30%)

(20%)

(20%)

(20%)

(30%)

*the first number is what is ultimately needed, the second
believed to be currently achievable with state-of-the-art
for measuring integral flux over the energy interval.

is what is
techniques

**for standard and reference fields, the accuracy is specified for LWR,
LFMBR and CTR requirements, reflecting the overall requirements for
all of these systems.
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Assembly Pitch = 21.81cm

Core Barrel Thickness = 2.8575 cm

Flow Baffle Thickness = 5.715 cm

Pressure Vessel Thichness = 21.9075 cm

X.XXX Indicates The Relative Power
Distribution For a Complete
Assembly

Fiq. 1
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1.3. Remarks on Terminology and Symbols for Physical Quantities

in Neutron Metrology

S. R. Wagner

Physikalisch-Technische Bundesanstalt (PTB), Braunschweig

Federal Republic of Germany

Abstract:

Terms and symbols for some physical quantities commonly

used in neutron metrology are given according to ISO re-

commendations.

The terminology used hitherto by many people for certain physical

quantities in neutron metrology is not unequivocal and uniform,

sometimes it can even be misleading. Often the terms and symbols

used are in contradiction to the recommendations of the Inter-

national Organization for Standardization (ISO).

One reason for the unsatisfactory situation is the sloppy use of

the words "differential" and "integral". In the following the

correct terms and symbols for some quantities of interest will

be given according to ISO recommendations /1/.

The cross section a = a(E) is generally a function of the energy E

of the incident particle or photon.

The total cross section atot or aT is the sum of all cross sections

corresponding to the various reactions or processes between incident

particle or photon and target particle.

The angular cross section ac = d is the cross section for ejecting

or scattering a particle or photon into an element of solid angle

dg = sintddda divided by this element. It is generally a function

of the energy E of the incident particle or photon and of 1 and a.

do
The spectral cross section a, dE is the cross section for a

process in which the energy E' of the ejected or scattered particle

or photon is in an element of energy divided by this element. It is

generally a function of the energy E of the incident particle or

photon and of the energy E' of the ejected or scattered particle

or photon.
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2
The spectral angular cross section aE - dadE is the cross section

for ejecting or scattering a particle or photon into an element of

solid angle with energy in an element of energy divided by the

product of these two elements. It is generally a function of E, E',

* and a.

The macroscopic cross section or cross section density Z is the

sum of the cross sections for a reaction or process of specified

type over all atoms in a given volume divided by that volume.

Z = nla l + ... + ni.i + ... , where ni is the number density and ai

is the cross section for atoms of type i.

The total macroscopic cross section or total cross section density

Etot or ET is the sum of total cross sections for all atoms in a

given volume divided by that volume.

fo (E)E (E)dE
The mean cross sections a = is the cross section

averaged over the spectral flux density WE(E) of particles.

Remarks:

The quantities a(E), a E and Z are of different dimension.

Symbols for differential quantities should be marked as such by

writing the independent variable of the derivative as an index.

Flux density 4 of particles or photons

The angular flux density (Q = d of particles or photons is the

flux density of all particles or photons all the directions of

movement of which point into an element of solid angle do, divided

by this element.

Spectral flux density E = d of particles or photons

(E energy of particles or photons)



- 143 -

d 2

Spectral angular flux density TE = A-E of particles or photons

The flux density T(E) then is

E

(E) = f T(E')dE'

o

9 (E) and ?E are quantities of different dimension.

The fluence ( of particles is the time integral of the flux density

T

¢(T) = f (t)dt

o

Time integrals of other quantities may be formed accordingly;

"fluence" then, replaces "flux density" in the corresponding terms.

Correspondingly:

Energy flux density ~ of particles or photons.

Spectral energy flux density WE = d- of particles or photons.
dE

Angular energy flux density ~Q = " of particles or photons.

_dP

Spectral angular energy flux density ,E =-d-dE of particles

or photons.

Energy fluence ' of particles or photons.

T

Y(T) = ( (t)dt

0

Time integrals of other quantities may be formed accordingly;

"energy fluence" then, replaces "energy flux density" in the

corresponding terms.

References:

/1/ International Standard ISO 31/X: Quantities and units

of nuclear reactions and ionizing radiations.

First edition - 1973-07-01; Ref. No. ISO 31/X-1973(E)
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II.1. Spectral Characterization by Combining Neutron SpectroscoPy,

Analytical Calculations, and Integral Measurements

W.N. McElroy, R. Gold and E.P. Lippincott
Hanford Engineering Development Laboratory, Richland, Wash.

A. Fabry, Centre d'Etude de l'Energie Nuclaire

Mol, Belgium.

J.H. Roberts, Macalester College, St.Paul, Minnesota.

Abstract:

Status and trends of differential spectrometry, calculations, and integral

measurements for characterizing neutron spectra are assessed. Emphasis is placed

upon the state-of-the-art accuracy that has actually been attained in standard,

reference, and controlled-environment benchmark neutron fields. The utility

of SAND-II unfolding is stressed for the comparison of differential spectrometry,

integral measurements and calculations. Selective adjustments of both spectra

and cross sections are still necessary, even for the most advanced benchmark

fields and best known cross sections.

I. INTRODUCTION

The role and importance of benchmark neutron fields for dosimetry

for reactor design, fuels and materials development programs, reactor

operations, and reactor surveillance programs is well established as a

result of: the IAEA Consultants' Meeting on Nuclear Data for Reactor

Neutron Dosimetry;(l) the First ASTM-Euratom International Symposium

on Reactor Dosimetry;(2) the U. S. Interlaboratory LMFBR Reaction Rate

(ILRR) program;(3) and other international activities.
(4)

This paper, as well as others such as that by G. and S. DeLeeuw
(4 )

presents an appraisal of the status and/or future direction of neutron

spectral characterization work associated with the three categories of

dosimetry benchmark neutron fields:

1) Standard fields; 2) Reference fields; and 3) Controlled-

environment neutron fields.
(5'6 )

Dosimetry benchmark neutron fields serve three general objectives:( 5 )

a) Validation and/or calibration of experimental techniques;

b) validation and/or improvement of cross section and other

nuclear data (e.g., fission yields) needed for proper applica-

tion of experimental techniques; and

c) validation and/or improvement of analytical methods needed to

extrapolate dosimetry data from a monitoring or surveillance

position to the location of interest.

The accuracy requirements for neutron flux-fluence-spectral deter-

mination for the three categories of benchmark fields is dependent on

their intended use, a, b, or c above. Currently, these accuracy require-

ments are tending towards the 2 to 5% (1l) range by approximately 1980,
(7 )
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depending on the particular spectral parameter; i.e., total absolute and

relative integral flux, flux fraction above some specified neutron

energy E, time integrated fluxes (fluences), spectrum mean energy, and

absolute and relative spectral shapes. Present state-of-the-art accuracies

are estimated to be in the range of 2 to 30% (lo), depending on the

particular parameter and benchmark field category.

The most precise and accurate spectral characterization for many of

the benchmark neutron fields will be achieved by combining data obtained

from "Neutron Spectroscopy", "Analytical Calculations", and "Integral

Measurements". ( ' 2 ' 3,4,8,9) In the following sections of this paper,

these three approaches are discussed separately and accuracies that are

achievable by the individual and combined application of the methods are

reviewed. This is done concurrently with a brief discussion and summary

of the status of spectral characterization for a number of selected

benchmark neutron fields of current interest to the participants of this

consultants' meeting.

II. DIFFERENTIAL NEUTRON SPECTROSCOPY

A "state-of-the-art" comparison of differential reactor neutron

spectroscopy that is available for benchmark field measurements is pre-

sented in Table I. This comparison is not exhaustive, but has been con-

fined to those selected techniques which have generally found world-wide

acceptance.(2,3,4,10) This table does not deal with what limiting

accuracies may or may not be achievable. Rather, the accuracy levels

assigned in Table I are estimates of the best work that has actually been

attained to date. All of these techniques possess limitations, in that

no single spectroscopy method provides an ideal solution, i.e., possesses

good sensitivity, accuracy, and resolution over the entire neutron energy

region of interest in reactor applications, namely from 4 x 10-7 MeV up to

15 MeV for fission and higher for fusion reactors. In this regard, Table I

contains the approximate lower and upper energy limits of applicability,

EL and Eu, for each of these selected methods. Consequently, many

different methods of differential spectroscopy must often be used to

cover the energy region of interest for a given benchmark neutron field.

Perhaps an even more unfortunate shortcoming of all current differential

spectroscopy methods is the general inability to conduct measurements in

high power reactor benchmark environs. The inapplicability of differential

reactor neutron spectroscopy techniques in high power environments can be

traced to inherent limitations, such as:

1) count rate limitations,

2) radiation damage (of detectors and/or electronic components),
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TABLE I. COMPARISON OF SELECTED DIFFERENTIAL REACTOR NEUTRON

SPECTROSCOPY METHODS

Method ELa EbL U
Resolution Accuracy % (1a)

1. (n,p) Emulsions

* Collimated Source 3 x 10- 15 15%
5-10%
10-50%

0.3<E<0.4 MeV
0.4<E<7 MeV

7<E<15 MeVC

Fair

* Non-Collimated
Source

3 x 10- 3 5-10% 0.3<E<1 MeV
10-50% 1<E<3 MeVd

2. (n,p) Proportional Counters

3. 6Li(n,t)4He

4. Time-of-Flight (TOF)

* 3H(d,n)4He Source

1 x 10-

1 x 102

5 x 10-

2.5

6.5

Good

Fair

10-50%
5-10%
10-25%

10-25%
10-15%
15-30%

10-15%
15-20%
20-30%

0.001<E<O.03 MeV
0.03<E<l.O MeV
1.0<E<2.5 MeV

0.01<E<0.5 MeVe
0.5<E<2.0 MeVe
2.0<E<6.5 MeVe

10-<E<O.001 MeV
0.001<E<0.02 MeV
0.02<E<0.2 MeV

0.2

Good

* LINAC Source 5 x 10- 5 10-15%
15-20%

10%
15%
20%

105<E<O.001 MeV
0.001<E<0.02 MeV
0.02<E<0.5 MeV
0.5<E<l.0 MeV
1.0<E<5.0 MeV

a) Approximate lower energy limit of demonstrated applicability, MeV.

b) Approximate upper energy limit of demonstrated applicability, MeV.

c) The large errors at %15 MeV are dominated by statistics for a typical fission
neutron spectrum.

d) The large errors at ^3 MeV are dominated by statistics for degraded fission neutron
spectra such as typically found in fast reactors. For sufficiently hard neutron
spectra it should be possible to extend work up to %20 MeV with an accuracy similar
to that attained in the 0.3<E<1 MeV region.

e) The current accuracy of 6Li(n,t)4He spectroscopy is mainly dominated by the
uncertainty in the angular and total reaction cross sections.
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3) sensitivity to background radiation components (principally the

gamma-ray component), and

4) temperature sensitivity (of detectors and/or electronic

components).

Although limitations frequently arise which are uniquely associated with

a specific technique, different spectroscopy methods often share common

shortcomings. As had been stressed in a recent review, one such short-

coming is the need for unfolding which is apparently a universal necessity

in all differential reactor neutron spectrometry methods. This universal

requirement may well stem from one of the chief intrinsic characteristics

of the neutron, namely neutral charge. In neutral particle detection, one

customarily uses interactions that produce charged particle reaction

products which are, in turn, readily detected. Hence the response of such

a detector need not generally be in one-to-one correspondence with the

energy of the incident neutrons. Any departure from this one-to-one

correspondence automatically necessitates unfolding.

The discovery and validation of a differential neutron spectroscopy

method which could be applied in high power reactor benchmark environments

must necessarily be classified as a major breakthrough in research reactor

technology. However, in assessing possible future directions and develop-

ments in differential reactor neutron spectroscopy less ambitious goals

are obviously more prudent and realistic. Perhaps the major emphasis

will occur in the higher region extending to 15 MeV and above, where

impetus will be provided by Controlled Thermonuclear Reactor (CTR) research. (7 )

Here one can anticipate a re-emergence of the proton-recoil photographic

emulsion technique, which possesses fundamental advantages for the high

energy range for both fission and fusion reactor applications, such as

small inexpensive passive detector packages of good energy sensitivity

and negligible spectral perturbation.

In these higher energy neutron environments, increasing emphasis will

also be placed on reactions which produce helium, i.e., alpha particles.

The helium yield of many relevant reactions is vastly increased in more

energetic CTR neutron spectra. Mass spectrometry techniques have already

been perfected for measuring helium production in high power irradiations. l )

4He-recoil proportional counter spectroscopy has also been advanced (' ) as

a means of extending the current energy domain of applicability of
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proportional counter techniques (see Table I). Perhaps the most appealing

aspect of this technique is the adaptation of already existing hardware

and instrumentation. By simply filling with helium instead of hydrogen

or methane, proportional counters (already employed in the proton-recoil

method) can be directly applied for a-recoil spectrometry. Estimates of

Eu ~ 15 MeV have been forcasted, provided that proportional counters of

high quality and helium of very high purity are employed. This estimate

implies that just as with proton-recoil spectroscopy, accurate unfolding

of finite-size effects in a-recoil proportional counters must be performed.

Two particularly important spectral characteristics, which have

generally been neglected in differential reactor neutron spectroscopy,

namely absolute flux measurements and observation of angular flux aniso-

tropy, will quite likely be singled out for emphasis in future work. Only

very limited absolute spectral measurements have been carried out using

proton recoil emulsions(12) and proportional counters.(13) On the other

hand, additional information that can be obtained by means of nuclear

emulsions is knowledge of the anisotropy of the neutron flux.(14) If, in

the emulsion measurements of the proton spectrum(15,16) (which can be

unfolded to give the neutron spectrum), the direction of the proton track

is recorded,* anisotropies in the neutron flux can be detected. Any

deviation of the proton-recoil spectrum from isotrophy automatically

implies a deviation from isotrophy for the angular neutron flux.

For neutrons of energy ~ 250 keV, nuclear emulsions loaded with glass

specks ( 7) containing 6Li can provide some knowledge of the anisotropy in

neutron flux. For example, in the 6Li(n,a) t reaction the sum of the

ranges of the alpha particle and triton is significantly longer if the

triton goes in a forward instead of a backward cone. Thus, there will be

a strong correlation between the direction of the long tracks and the

neutron direction. The 6Li(n,a) t cross section resonance at - 250 keV

significantly increases the number of triton-alpha pairs and thereby

provides improved statistical accuracies of angular observations in the

vicinity of the resonance.

* For protons >2 MeV, the direction of the proton velocity can be
determined with close to 100% certainty. This confidence factor
decreases as proton tracks get shorter.
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In hazarding one final projection for possible future directions of

differential reactor neutron spectroscopy, one cannot ignore the virtual

explosion of activity and developments which have occurred in the field of

Solid State Track Recorders (SSTR) over the last decade or so.(18) In

particular, the ability to extract relevant physical data such as mass,

charge and energy from the shape of tracks formed in SSTR is a striking

advance. This recent development, which is commonly referred to as track

profile analysis, can only be considered to be in the very formative

stages. This ability coupled with the vast improvements of a-particle

sensitive SSTR, such as Makrofol E and cellulose nitrate, augurs for the

evolution of SSTR differential neutron spectroscopy methods. Advanced SSTR

techniques for observing angular flux anisotropy should also become possible.

Such methods would, of course, be direct descendants of emulsion techniques

and thereby automatically possess many advantages. However, in contrast

with emulsions, the insensitivity of SSTR to electrons would provide an

enormous advantage for reactor applications. Moreover, the reduced a-

particle range also implies improved high energy sensitivity with less

attendant stress on the need for finite-size corrections.

III. ANALYTICAL CALCULATIONS

In this section, a brief discussion is presented of the status and

future trends in neutron flux-spectral characterization of benchmark neutron

fields by analytical calculations. Uncertainties in such computations are

of two general types:

a) Nuclear Data - Errors related to uncertainties in the nuclear

data for the materials in the system including the various cross

sections, fission neutron spectra, and spectra and angular dis-

tributions of other emitted or scattered neutrons.

b) Modeling - Errors arising from the approximations necessary to

perform the computation including the geometrical representation

of the system, the multi-group representation of neutron cross

sections and spectra, and time steps taken between changes in

composition due to burnup, fission product production, control

rod movement, etc.
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Uncertainties of the first type can be quantified, but this has not been

done generally and constitutes a major undertaking. In this regard, some

sensitivity studies have been done to investigate the effects of nuclear

data uncertainties on important reactor parameters, such as fission ratios.

Uncertainties of the second type are systematic in nature: to quantify

them for a given physical system amounts to establishing the deviation

between an approximate and exact solution. This can be managed to some

extent by comparison of a set of converging approximations or by comparing

independent codes and approaches.

Indeed, the stationary space, angle and energy distribution of neutrons

in any macroscopic medium is governed by the analytic linear integro-

differential Boltzmann neutron transport equation, which expreses the con-

servation of the angular neutron flux. If that law is written for a finite

phase space cell, the analytic equation is replaced by an equivalent difference

equation amenable to Monte Carlo or discrete-ordinates solution. In such

discretizations, the absolute errors introduced by the choice of a finite

spatial, angular and energy mesh can be assessed by comparison with the

solutions obtained for finer mesh selections.

In practice, only for one-dimensional geometries can sufficiently fine

energy group structures and high enough order expansions of the elastic

scattering kernel be adopted to insure a numerically precise approximation

to the exact solution; in such conditions, the accuracy of the spectral

determination is only limited by the accuracy with which the nuclear data

are known for all the materials constituting the medium considered, including

the neutron source; e.g., usually, the uranium-235 and/or plutonium-239

fission neutron spectra.

If nuclear data uncertainties are small enough in the energy ranges

where neutronic interactions in any given material are significant, the

neutron spectrum may be calculated to a degree satisfactory enough for the

system to deserve the label of standard.* This is the case for:

* Two standard neutron fields are not discussed in this section for
obvious reasons: the thermal neutron induced uranium-235 fission
neutron spectrum and the californium-252 spontaneous fission neutron
spectrum.
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*Some carefully established thermal neutron beams or thermal

neutron distributions in bulk graphite.

Some carefully established 1/E neutron spectra in the energy

range below X 10 keV.

*The ISNF, Intermediate-Energy Standard Neutron Field, in the

energy range below X 1 MeV: in this system, the dominating inter-

actions are scattering in carbon and absorption in boron-lO,

two processes for which the differential-energy cross sections

in the energy range affecting the central flux spectrum are

known to the degree of accuracy of primary standards.

The neutron flux spectrum in a standard field is usually amenable to

an analytical characterization better than ±5% (la) and the total flux to

better than ±2% (lo). It is to be noted that accurate analytical computa-

bility is not the only nor an indispensable criterion for a system to be

considered a standard neutron field; in general, the accuracy of the neutron

flux characterization is the main criterion, be it analytically or experi-

mentally based.(6) For example, the secondary intermediate-energy standard

neutron field zE, a one-dimensional spherical assembly like the ISNF,

involves a thick natural uranium source shell, where uncertainties in the

uranium-238 elastic and inelastic scattering cross sections hamper an

accurate analytical characterization of the neutron spectrum; hence this is

considered a secondary rather than a primary field, but still a standard

field.

Very often, systems with higher order geometries are handled by one-

or two-dimensional approaches; e.g., a two-dimensional reference neutron

field like BIG-1O or TAPIRO is idealized into a one-dimensional cylindrical

or spherical representation, a three-dimensional system like CFRMF is

treated in a one-dimensional cylindrical approximation or in a two-

dimensional model (see Table III references). In such cases, in addition

to the basic nuclear data, approximations of the true geometry are respon-

sible for uncertainties in the final solution.

Controlled environments are the most complex of all benchmarks in

terms of analytical characterization. An example is given by EBR-II

dosimetry measurements(l930) in a large array of structural pin subassemblies

distributed throughout the reactor core and first reflector rows. In

spite of rather detailed geometric and compositional representations and
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a marriage of XY and RZ transport theory solutions, accurate predictions

of the neutron spectra and spatial distributions cannot necessarily be

achieved at all reactor locations.(l 9'2 0) Further, the greater the

distance one moves away from the core center, the more severe are the

uncertainties. There is a transition in fact between locations in which

the calculations serve as a potential guide in evaluating the experimental

techniques (in particular for the data testing of dosimetry and gas

production cross section files) and more remote positions where the

experiment provides the needed reference to evaluate computational

models.(2 '27'31-42) At the pressure vessel of an LWR or a LMFBR reactor,

clearly, measurements must be used to validate the calculations.

Most current applications of analytical methods provide neutron

flux-spectra solutions without assigned uncertainties. For most benchmarks,

computational errors are dominated by inadequate knowledge of all the

necessary cross sections. A major effort to improve this situation is

that associated with the development of the ENDF/B cross section error

file and the associated sensitivity codes, the FORSS package, at ORNL.(43-46)

This is a powerful analytical tool which can be used to study the relation-

ship between cross sections and their uncertainties and integral experiments

and their uncertainties. It has been applied to the analysis of fast

reactor benchmarks and is recommended for analysis of dosimetry standard

and reference neutron fields and, depending on the specific case, to some

controlled environments.

IV. INTEGRAL MEASUREMENTS

The reader is referred elsewhere for detailed discussions of the

relative merit and application of different methods of multiple-foil-integral

flux-spectral determination.( ' '47'48) The present discussion will be

limited to a brief review and up-dating of results that have been obtained

with the SAND-II method, primarily, for a number of standard and reference

benchmark fields.(3 '8 '9 '4 9)

The newest version of the SAND-II Monte Carlo error analysis code

was utilized for this study. This code uses a weighting procedure based

on the use of the square root of the sum of the variances of the individual

foil reaction rate and evaluated energy-dependent cross section error

assignments. Detailed information on the code's algorithm, test results
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using different weighting procedures, a listing, and instructions for

its use are provided elsewhere.*(47' 50)

In'addition to the dependence of the flux-spectral solution on un-

certainties in measured and evaluated sets of reaction rates and energy

dependent cross sections, there is a dependence on the input form of the

spectrum, j°(E), and the selected set of reactions, i = 1,2,...n, in

equation (1), Section V. Factors controlling the accuracy of any integrally

derived benchmark flux-spectrum are therefore:

1) Reaction set selection;

2) Measured reaction rates;

3) Evaluated reaction cross sections;

4) Input spectral shapes;

5) Solution uniqueness; and

6) Unfolding code.

This is illustrated schematically in Figure 1 which is a flow diagram

showing current ranges of estimated accuracy of input and output information

associated with the SAND-II multiple foil technique of flux-spectra deter-

mination for fast reactor fission neutron fields. Given an input set of

1) measured reaction rates, 2) associated evaluated energy dependent cross

sections, and 3) an evaluated spectral shape (based on calculations and/or

differential neutron spectroscopy), calculated reaction rates are compared

with measured reaction rates and the input spectrum is adjusted iteratively

to secure the best fit between calculated and measured reaction rate values.

The relative importance of uncertainties and/or exactness in each of

the factors (1 to 6, above) for standard, reference, and controlled-environment

field flux-spectral characterization must be individually assessed. For

example, the current accuracies of the determination of the absolute values

of total flux from multiple-foil integral measurements for standard,

reference, and controlled benchmark fields are approximately 2-3% (la), 3-5%

(lo), and 5-15% (1o), respectively. The corresponding broad group spectral

shape characterization accuracies for the energy regions of major concern

are ^ 4-6% (la), ' 5-15% (1l), and ~ 5-30% (la), respectively. Specific

examples of the accuracy of the determination of multiple-foil adjusted

* The code is available through the Radiation Shielding Information
Center, Oak Ridge, Tennessee.
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flux-spectra for several benchmark fields is considered next.

(9)
In a companion paper, (9) a selection is presented of the reactions that can

be considered as belonging to category I as defined previously;(l) in

addition, for a number of category II threshold reactions also defined in

Reference (l),bias factors are given by which the cross sections are to

be rescaled in order to provide consistent results; also the 59Co capture

reaction is suggested as a category I candidate for some applications.

Using both category I reactions and those category II reactions which have

been validated in Reference (9), an improved spectral characterization

has been derived for two standards and two reference neutron fields. Except

for BIG-10, the input spectral shapes are the ones recommended to CSEWG(51)

in 1975. For BIG-10, the input spectral shape is based on a transport

theory computation by Hansen et al using ENDF/B-III nuclear data.

1. Standard - 2 and X
X82 25

Figures 2 and 3 show the present results for the spontaneous

californium-252 and the thermal neutron induced uranium-235 fission neutron

spectra, respectively. The spectral data on these figures are expressed as

ratios to the reference Maxwellian shapes and the dashed lines represent

the NBS evaluations. The data are presented in the 15 group format used

for SAND-II error propagation: the numerator is the adjusted or evaluated

total flux in group g, xg, while the denominator is the integrated reference

Maxwellian flux f XM(E) dE; the exact expressions accepted for the

Maxwellian shapesgxM(E) in the two fields are explicitly written on the

ordinate of each figure.

The SAND-II uncertainties associated with the adjusted spectra are

shown as error bars, while for the NBS evaluations, they are displayed as

shaded areas corresponding to the original NBS evaluated group segmenta-

tion.(52)

At neutron energies above 13 MeV, differential spectroscopy data for

5 and x are extremely inaccurate. Consequently, previous integral
25 82

measurements for the (n,2n) reactions for 63Cu and 58Ni have been used in

the present study for adjustment of the high-energy tails.

It is seen from the figures that:
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a) For both fission spectra, the integrally derived high energy

tails above 10 MeV are significantly harder than according to

the NBS evaluations; within uncertainties, they are also

closer to the Maxwellian representations and the deviations

from the Maxwellian as displayed by the NBS evaluations, in

this energy range, are not confirmed.

b) Below 10 MeV, the californium-252 spectrum from the NBS evaluation

is well reproduced by unfolding from integral measurements.

c) For the uranium-235 fission neutron spectrum, integral data

exhibit significantly higher fluxes in the 3-6 MeV range than

according to the NBS evaluation. This trend is consistent

with the most recent time-of-flight measurements(52,53) and

with the suggestion by Knitter (53) of the need for finite

fission source corrections in previous work on this spectrum.

2. Reference - CFRMF and BIG-10

In Figures 4 and 5, the SAND-II adjusted spectra for two

reference neutron fields, CFRMF(3 '47'51S54-56) and BIG-10 (3 '57-59) are

compared to analytical, transport theory computations based on the

ENDF/B-III cross section file. Within uncertainties, the multiple foil

results generally agree well with the computations except above 41-2

MeV where harder spectra are measured. Studies by Harker, et al, indicate

that this is due to inadequate uranium-238 inelastic scattering data in

ENDF/B-III.* It is also associated to some degree with the representation

of x25 in the calculations. Considerable improvement is obtained if

ENDF/B-IV nuclear data are preferred, as shown by Figure 6 for CFRMF.

The calculated results are due to Harker, et al, using ENDF/B-IV data.

This example illustrates strikingly the previously published statements (3'9)

that multiple foil measurements are necessary to properly characterize

the high (>1-2 MeV) and low (<10 KeV) energy tails of some standard and

reference benchmark neutron spectra. This is obviously more true for

controlled environments, which inherently require modeling assumptions

that can invoke significantly higher errors.

* The existence of this type of inadequacy had been considered in an
earlier study based on comparisons of T-O-F, multiple-foils, and
calculational results for the APFA-III (Godiva). (60)
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3. Controlled - EBR-II

Finally, for several controlled environment fields in the

Experimental Breeder Reactor-II (EBR-II), Figure 7 shows typical differences

between the input reactor physics and SAND-II multiple foil adjusted

values of group fluxes for four different axial locations in row 2.

Large bias differences, up to ~ 40% or more, are seen between the

calculated and multiple foil adjusted group flux values. Generally, the

individual SAND-II group flux errors are estimated to be in the range of

±5 to 30% (la) for these EBR-II measurements. (27-31)

In conclusion, the multiple foil technique is an essential part of

any systematic effort to accurately characterize the neutron flux-fluence

spectra in benchmark fields and other reactor environments. It provides

an effective marriage of analytical methods, differential spectrometry, and

integral measurements producing insights such as those demonstrated above

and thereby leads to a reduction of overall errors. Furthermore, it is at

present, the only approach that provides reliable estimates of both

relative and absolute errors of neutron flux-fluence spectra for all bench-

mark fields.

V. STATUS OF FLUX-SPECTRAL CHARACTERIZATION FOR SELECTED BENCHMARK

NEUTRON FIELDS

Depending on the energy region and the benchmark neutron field,

significant differences exist between differential neutron spectrometry,

multiple-foil-derived integral measurements, and calculated flux-

spectra.(2 '3,8,9,31,47,48,51,62) For standard and reference benchmark

fields, the total flux value and broad energy group spectral shape un-

certainties for the more important energy regions are currently estimated

to be in the . 2 to 5% (la) and . 4 to 15% (lo) range, respectively.

For a number of important controlled benchmark fields identified in this

paper, the uncertainties are considerably greater, in the - 5 to 15% and

^ 5 to 30% (lo) and higher ranges, respectively. As such, integral data

testing of evaulated dosimetry and gas production cross sections, particularly

for broad spectrum monitors, is now limited to the ~ 5 to 10% (la) and

above range. Based on goal accuracy objectives of ^ 2 to 5% (lo) for most

environmental characterization parameters used for fission reactor design,
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development, and surveillance programs,(7) broad energy qroup flux spectral

characterization requirements for benchmark neutron fields have been placed

in the . 5 to 10% (la) range or better. To achieve and validate this level

of accuracy for most standard, reference, and a few controlled benchmark

fields will require the combined use of data obtained from differential

neutron spectrometry, analytical calculations, and integral measurements.

For instance, and as already inferred in previous sections, studies of

the measured 252Cf and 235U and calculated EE, CFRMF, and BIG-10 benchmark

spectral shapes indicate that (1) integral measurements must be relied upon

to define and validate the highest energy (. greater than 1-2 MeV) and

lowest (less than ' 10 keV) parts of the spectrum for many of the fields,

and (2) that differential neutron spectrometry must be relied upon to define

and validate the spectrum for the intermediate energy region between

^ 0.01 to 2 MeV. These studies also indicate that future flux-spectral

benchmark characterization work will involve the use of more complex com-

puter codes that solve the system of equations by appropriate types of

minimization procedures,(47 '63'64'65)

Ai ± 6Ai =[i(E) ± 6o0] * [ (E) ± 6] dE i=l,...n, (1)

where Ai is a measured reaction rate for the i sensor, ci(E) is the

corresponding energy dependent cross section, ¢(E) is the benchmark neutron

field energy dependent spectrum, and 6Ai, 6ai , and 6a are the associated

input errors.

The solution of equation (1) will result in an adjusted "best" set of

input values of Ai, oi(E), and E(E) which are all consistent within assigned

uncertainties. It is anticipated that the use of such an approach will

be essential since the "6" errors for A i, o.(E), and ¢(E) will all be

tending towards the ±2-5% (la) range and, therefore, none of the error

contributions can be ignored.

In a few instances, such as for thermal, 1/E, and the intermediate-

energy standard neutron fields (ISNF), the spectral shapes will be well

enough established (at the ±5% or better level by computations), that

neither integral or differential spectrometry measurements can be expected

to significantly improve the shape.
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For the purposes of this meeting and to serve as a focal point for

continuing the discussion of required international work in the area of

benchmark field flux-spectral characterization, summary tabulations are

provided in Tables II through IV for a number of selected standard,

reference, and controlled benchmark fields that have been identified and

for which data are or could be made available for reactor dosimetry data

development and testing. Where known, estimates are qiven of the current

benchmark field uncertainties associated with neutron spectrometry,

analytical calculations, and/or integral measurements. This list was

reviewed, modified, and updated as a part of the work of this consultants'

meeting.*

VI. CONCLUSIONS

The status has been reviewed of flux-spectral characterization for

the three categories of benchmark fields: Standard, Reference, and

Controlled-Environment. While the most precise determination of the

spectral shape for some standard and reference fields will be accomplished

by spectrometry and/or computations, in other cases, a combination of

calculations, neutron differential spectrometry, and integral measurements

will be required. Present state-of-the-art accuracies for establishing

values of flux and broad energy group spectral shapes are estimated to be

in the range of 2 to 30% (la), depending on the particular parameter and

benchmark field category. To satisfy goal accuracy objectives of X 2 to

5% (lo) by ' 1980 for the routine determination of important reactor

environmental characterization parameters (such as total flux-fluence,

flux-fluence > 0.1 or > 1 MeV, etc.),the above quoted 2 to 30% (1o) un-

certainties need to be reduced to the 2 to 10% (1a) range for most

dosimetry benchmark fields.

* As a result of the recommendations of this meeting, some standard
neutron fields identified in this paper are listed as reference
neutron fields in Table III.
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11.2. A REVIEW ON STANDARD FISSION NEUTRON SPECTRA

OF U AND Cf

H.-H. KNITTER

Central Bureau for Nuclear Measurements

EURATOM

Geel, Belgium

ABSTRACT

235
The usefulness of the two fission neutron spectra of U and

Cf as standard neutron fields are discussed. A summary

of the spectrum measurements is presented. The present

knowledge of the spectra obtained from the experiments is gi-

ven.

I. INTRODUCTION

Several years ago it was recommended by the IAEA Consul-

tants' Meeting on Prompt Fission Neutron Spectra (1) that the

spectra of 3U and Cf should be determined such, that they

can be used as standard neutron fields. The advantages to use
235

the U fission neutron spectrum induced by thermal neutrons

as a standard neutron field are :

235
- 35U is widely available in quantities, sufficient for fission

spectrum measurements.

238
- The main impurity 3U does not fission at incident neutron

energies from thermal to some 100 keV.

235
- The specific activity of U is comparatively low.

- It shows fission with thermal neutrons and is therefore appli-

cable in measurements at reactors and also with low-energy

neutrons from accelerators.

The most important advanges of the 5Cf fission neutron spec-

trum as standard neutron field are:

252 is widely available also.Cf is widely available also.
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- It shows spontaneous fission.

-One can determine the source strength

252Cf has a high specific neutron yield of 2. 2. 106 n/splg and there-

fore low mass neutron sources can be fabricated.

- The ratio of spontaneous fission to a decay is 0. 03. The a-decay

rate is low enough to permit an incorporation of a source with use-

ful strength in a detector like a ionization chamber or a gas scintilla-

tion counter.

During the last two to three decades many fission neutron spectrum

measurements were done, employing different experimental techniques.

A summary is made in table 1 and table 2 for U and Cf respec-

tively.

2. MATHEMATICAL REPRESENTATION OF THE FISSION NEUTRON

SPECTRA

In the literature one finds several mathematical expressions to re-

present the shape of the fission neutron spectrum. The most impor-

tant representations are :

N(E) E e E/T (1)

Maxwell distribution

-AE
N(E) e sinh BE (2)

Watt distribution

_Ek

k T - k k

k: L. H

E E
+ Vc-2 e Tc (3)

Tc

In expression (3) the two terms in the sum represent Watt distributions

for the neutrons emitted by the light and heavy fission fragment group

respectively, the third term gives the distribution for the scission or

"central" neutrons as proposed by Bohr and Wheeler (35)
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The common base of these representations is the neutron evaporation

process. In applications the simplest form, namely the Maxwell dis-

tribution, has been mainly used.

3. THE 3U FISSION NEUTRON SPECTRUM

235
The shape of the fission neutron spectrum of U has been measured

in many experiments as displayed in table 1. A large energy range of

the fission neutrons is covered from hundred keV up to 20 MeV. In

this energy range the neutron fluence per unit energy interval varies

by as much as 6 orders of magnitude. This makes it evident that it is

a difficult task to determine the whole fission neutron spectrum with a

high degree of accuracy in a single measurement.

Prior to 1967 a Maxwellian distribution with an average fission

neutron energy E = 1. 935 MeV was used in many calculations for the

fission neutron spectrum of 2U.

In the work of Grundl (7) a high average fission neutron energy of

2. 20 MeV was reported, and this gave the impact to study again the
235

fission neutron spectrum of 35U. Since then, several measurements

were done, employing different neutron detection systems like time-

of-flight detectors, 6Li spectrometers, proton recoil counters, fission

neutron age-measurements, activation detectors, etc. . The recent re-

sults summarized in table I show clearly a higher value than 1. 935
235

MeV for the average energy of the fission neutrons. For the 35U fis-

sion neutron spectrum the most recent evaluations (36) and (37) yield

also the higher average energies of (1. 978 + 0. 046) MeV and (1. 970

+ 0.014)MeV respectively.

At the Specialists' Meeting on Fission Neutron Spectra and Inelas-

tic Scattering at Harwell in April 1975 Dr. J. M. Adams took the res-

ponsibility to compare the latest fission neutron spectrum measure-
235 239ments of U and Pu available from Cadarache, Geel, Harwell

and Studsvik. It became evident, that these spectra could only be com-

pared with each other, if all the measurements were corrected in the

same way,that means also for the secondary processes of the fission

neutrons nthe sample. This correc has so far been applied only to the 35U andneutrons inthe sample. This correction has so far been applied only to the U and
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Pu spectra measured in Geel (16,38). It was shown that this

correction was not negligible. The spectra of the other laborato-

ries were corrected using the same program and procedure as

described in ref. (16). Adams (39) gives for a Watt representation

the following weighted mean parameters of the accordingly correc-
235

ted measurements of the 3U fission neutron spectrum:

A= (1. 012 + 0.0011) MeV - 1 B= (2. 189 + 0. 155) MeV 1

E : 2. 016 MeV

Although this is not a value coming from an evaluation, there is

now an encouraging agreement with the average fission neutron

energy obtained by integral methods. For example McElroy's
235

Sand II mean neutron energy for the presently adjusted U3 fis-

sion neutron spectrum is (2. 043 + 0. 025)MeV (40).

3. THE 252Cf FISSION NEUTRON SPECTRUM

Most of the measurements of the fission neutron spectrum of

Cf are summarized in table 2. Compared to the U measure-

ments the problem due to secondary effects of fission neutrons in
252

the sample is less severe. A recent evaluation of the 5Cf fission

neutron spectrum (37) showed goodagreement in shape with a Max-

well distribution and gave an average fission neutron energy of

(2.130 + 0. 027) MeV. The average departure of the experimental

data from the reference Maxwellian function is less than 5 % in the

energy range 0. 25 to 8 MeV , a range which contains 94 % of the

spectrum. Above and below this range the measurements become

uncertain as one can see from fig.l (41).At low and high neutron ener-

gies the experiments suffer from the low count rate. Moreover, at

the high energy of the spectrum the energy determination becomes

difficult. Also the relative detector efficiency has shaping influence

on the spectrum and has to be determined in careful measurements.
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A fine structure has been observed (29,42) in spectra with high sta-

tistical accuracy which were obtained by the time-of-flight method.

However the authors of ref. (43) show, that Nitrogen along the flight

path is the reason for the structure. Fig. 2 (43) may illustrate this

effect.

4. CONCLUSIONS

From the facts mentioned in section 3, it seems that the average
235

energy of the 3U fission neutron spectrum is slightly larger than

2. 00 MeV. For the energy range 0. 25 to 8 MeV the evaluation of

Grundl et al. (37) concludes that the average departure of the expe-

rimental data form the reference Maxwellian is less than 5 %. How-
235

ever, wether the shape of the 3U fission neutron spectrum is bet-

ter described by a Maxwellian, Watt or any other function can finally

be said only on the base of an evaluation which considers not only

the statistical errors, but also contributions due to uncertainties in

backgrounds, detector efficiency, energy resolution, secondary pro-

cesses in the sample etc.. These uncertainties should be reflected

in the weights given to the experimental points in least squares fit

procedures.

For the Cf fission neutron spectrum Grundl et al. (37) evalua-

ted an average fission neutron energy of (2. 130 + 0. 027) MeV. The

average departure of the experimental data from the reference Max-

wellian is less than 5 % in the energy range 0. 25 to 8. 0 MeV.

The largest uncertainties in the knowledge of the U and Cf

fission neutron spectra still exist on their low and high energy ends,

which contain about 6 % of the spectrum. In certain cases, however,

these energy regions can be of importance. Therefore the knowledge

of the spectra also in these regions should be improved.
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FIGURE CAPTIONS

Fig. 1

Point data from spectrum determinations of spontaneous
252

fission neutrons from Cf. The different sets were nor-

malized at 2 MeV neutron energy (41).

Fig. 2

Observed neutron-velocity spectra and the air-correction

factor (43). The unfiltered spectrum and that filtered

through 10 cm of liquid nitrogen are indicated by crosses

the vertical magnitude of which denote statistical uncer-

tainty. The solidcurve indicates the air-attenuation correc-

tion factor on the same time scale. Dashed lines correlate

structure in the spectra and correction factor at the indica-

ted energies in keV. "N" and "G" respectively denote the

position of similar structure reported in refs. 42 and 29.
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11.3. IN-PILE NEUTRON SPECTROMETRY: STATUS

G. De Leeuw-Gierts and S. De Leeuw,
Reactor Physics Dept.

C.E.N.-S.C.K., Mol, Belgium

Abstract:

The well assessed in-pile neutron spectrometry techniques are briefly reviewed
and their status, advantages and drawbacks given. It is illustrated how systematic
errors can arise and explain unexpected discrepancies between methods.

Those characteristics of the techniques that are mostly affected if optimal
experimental conditions are not present, and the parameters that lead generally
to inaccuracies, are put forward.

I. INTRODUCTION

It becomes more and more evident that an accurate knowledge of the

neutron spectra at several locations in a reactor is necessary to be able

to calculate its basic physical characteristics.

The reliability of the calculated spectra is directly related to the accu-

racy on the group cross sections of all the fuel and structural materials

as well as to the computational methods and codes themselves; it can only

be verified by comparison with experimental spectral data.

High accuracy is required over an energy range of 8 decades; ~ 100 eV

e 10 MeV, to be able to predict with the required accuracy parameters as

important as keff, breeding ratio.

Spectrum knowledge is also necessary for the determination of the Doppler

effect, the calculation of the biological shields, damage, swelling ...

No single experimental method allows to obtain the required data from

100 eV up to 10 MeV with the target accuracy of 5 to 10 %. This accuracy

can only be reached by comparison of the results of several experimenters

and measurement techniques. The energy interval can be covered by the use

of several methods. The in-pile differential methods cover only 3 to 4

energy decades and apply only in low power assemblies. The out of pile

time of flight technique, sandwich foil and integral techniques cover the

lower energy part of the spectrum and partially also the high energy range

but in different experimental and nuclear conditions.
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It is obvious that to reach the goal with the available experimental

material a rigorous planning of the spectrum determination is necessary

and that it is of the greatest importance to combine adequately several

methods and to determine their design particularities so as to be able to

relate accurately the partial results of each measurement.

The present paper will only deal with the status of in-pile differential

neutron spectrometry techniques, a detailed description of the techniques

being available in the literature.

II. SPECTRAL MEASUREMENTS

Spectrum measurements have been performed by several laboratories in

critical or sub-critical facilities, in multiplying or non multiplying

media.

Many measurements and intercomparisons of spectrometry methods are found

for assemblies such as Vera, Zebra, Sneak, Suak, Stark,for ZPR and STSF

facilities, for uranium slabs, iron or other structural materials.

In all these experiments it is assumed that the measurements were performed

by specialists, having a full understanding of the technique and being

familiar with all details and with all the parameters to survey all along

the measurement.

Nevertheless important discrepancies, inconsistent with the accuracy

claimed are observed in certain assemblies, while in other experimental

facilities the same methods agree quite well.

The conclusions one may draw from it are that

1. performing a good measurement is a difficult task, systematic errors

and/or non adequate or failing spectrometer or analysing devices playing

an important role in it

2. the physical, neutronic and nuclear characteristics of the assembly

should be much more taken into account in the planning of the measure-

ments.

The importance of the design particularities of the assembly appears

principally in the determination of the correction factors to apply, and

in their evaluation because the physical and nuclear data of the reaction

used for the measurement as well as the characteristics of the assembly

have a strong impact on the measured spectrum.

The most important parameters for spectrum determination in a given assem-

bly are :
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the geometry and construction characteristics

angular differential neutron flux

leakages, y-dose, power level, temperature

thermal or slow neutron component

mean energy of the neutron spectrum.

They will directly influence the choice of the detection modes and spectro-

meter characteristics, the most important ones being :

the design of the spectrometer in function of the measuring location

the detection efficiency and detection geometry

the approach of background measurement.

The energy range covered and the accuracy reached will depend on the

adopted approach.

The energy validity limits and the reliability of the results over the

energy range covered will finally be deduced not only from a careful ana-

lysis and interpretation of the measurement but also from a careful check

of the adequacy of the correction factors in function of the design parti-

cularities of assembly and spectrometer. It is obvious, given the com-

plexity of the techniques and their interaction with the characteristics

of the assembly, that one may not rely upon one technique, nor upon one

experimenter.

To estimate the ultimate accuracy that can really be reached in any assem-

bly, one has to analyse the measurements done and to be done in following

optics :

- In one assembly the use of several techniques allows to put forward the

drawbacks, limitations and errors associated with the methods.

- The measurements with one or better several techniques in several faci-

lities, very alike or completely different, allows the study of the

errors related to the experimental conditions.

The creation of benchmarks seems to be a necessary step to quantify the

relative role of the physical, neutronic and nuclear characteristics of

the assembly itself in the interpretation of the measurement.

III. GENERAL REVIEW OF IN-PILE DIFFERENTIAL NEUTRON SPECTROMETRY TECHNIQUES

The experimental determination of in-pile neutron spectra is a hard

job to do primarily because the severe requirement that the perturbation

of the neutron population by the insertion of the spectrometer should be

minimised and computable. This introduces an important restriction on the

volume and the materials used for the detector head.
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Practical methods allowing the determination of neutron energy spectra

with high resolution are scarce and generally very sensitive to the pre-

viously mentioned characteristics of the assembly. The relative importance

of the slow and fast neutron population plays a major role, the first

group degrading the performance of the techniques, the second for its

damage effects particularly if solid state detectors are usedO

The volume restriction limits the viable spectrometers to a small number

up to now : nuclear emulsions, small proportional counters, solid state

detectors and a combination of both. The reactions allowing a highly

accurate energy determination are limited to : (n,p) collision, Li(n,o)t

and 3He(n,p)t reactions.

A resum6 of the acceptable experimental conditions for the measurement

of neutron spectra with these methods is given in Table I together with

the neutron energy range covered.

Measurements can be done in worse conditions but lead than to additional

corrections and less accuracy. In addition each of these techniques has

some peculiarities worthwhile to mention before attending their status :

(n,p) method : the spectrum is determined in several steps ;

6Li method : although the cross section is a "Primary standard cross

section" according to ENDF/B, the accuracy is still

locally insufficient ;

3He method : the insertion of a proton recoil counter between two

solid state detectors makes the technique less straight-

forward ;

Nuclear emulsions : the method is time consuming or important invest-

ments for automatic scanning are necessary.

IV. STATUS OF THE (n,p), Li(n,a)t AND 3He(n,p)t SPECTROMETRY TECHNIQUES

A. (n,p) spectrometry

The proton recoil neutron spectrometry has been applied for a long time.

The most suited and perfected proton recoil detectors for in-pile measure-

ments are the nuclear emulsions and small proportional counters. Presently

the last one is mostly used.
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The in-pile energy range covered by the small proportional counters, cy-

lindrical or spherical, goes from ~ 5 to 10 keV up to 1.5 MeV. The

fillings generally used to cover this energy range are 1 at, 2 at and

4 at H2 , 2 and 4 at CH4.

The partial energy ranges covered with these fillings and the accuracy

reached will depend on the nuclear characteristics of the assembly,

Y-dose, hardness of the spectrum, power ... and on the characteristics of

the counter related to its design : wall and end-effects, effects due to

electric field non-uniformity, energy dependence of W , general nuclear

perturbations ...

In good experimental condtions 4 to 5 partial spectra lead to the final

spectral shape.

To cover the part of the spectrum above 1.5 MeV, either counters filled

with a gaz at higher pressure or with a gas mixture with higher stopping

power, scintillator or solid state counters can be used. The assessment

of these counters having not yet reached the same accuracy level as the

previous ones mentioned, and because of their drawbacks (non linearity of

the energy response, important neutron perturbation, sophistication) there

is still a need for further research on them.

Although limiting us to measurements with well assessed techniques,

important discrepancies between different experimenters or between

successive measurements can be found in literature f.i.

- In [3] systematic errors related to erroneous normalisations of 20 %

are reported to explain the differences between the Aldermaston and

Harwell (n,p) measurements on Vera 7A. Systematic differences in hardness

of the spectra are also mentioned between the Karlsruhe data on the nearly

equivalent UHC assembly and the corrected Altermaston data.

- Large differences are also observed between two (n,p) spectral measure-

ments in the CFRMF, performed by the same expert [4] ; the only differen-

ces between the two measurements being the intensity of the Y-dose, no

modification of the neutronic field being cited.
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- Differences between partial spectra in a common energy range, covered

once with a H2 filled counter, once with a CH4 filled one are also men-

tioned [5].

- In the specialist meeting on Sensitivity Studies and Shielding Bench-

marks (Paris 1975) differences in the overlapping regions of 25 % were

quoted between results deduced from proportional counters operating at

various pressures.

Reasons for these discrepancies are not evident and should be investi-

gated to increase the accuracies on further measurements. It is not the

aim here to make an analysis of the systematic studies performed on these

counters [6,7,8] nor to compile the counter parameters subject to syste-

matic errors, but it is intended to draw the attention, in few points, on

how unexpected unaccuracies can result from the intimate relation between

the assembly characteristics and the spectrometer response and from the

shortcomings of the spectrometer itself, partly compensated by the intro-

duction of correction factors.

- A fast neutron measurement must be preceded by a calibration measurement

in a thermal neutron beam to determine the zero of the energy scale, the

energy width of a channel and the resolution function. Either the

1N(n,p) C or the He(n,p)t reaction can be used for this purpose, by

including a small amount of these gases in the counter, together with a

pulser calibration.

Having in the (n,p) spectral shape no checkpoint opportunity to interprete

the fast neutron measurement one has to rely fully on these data. The

possibility of systematic errors resulting from this procedure is illus-

trated in following figures. In these examples, the adequacy and stability

of the equipment are ensured by performing the measurements at the same

place once with a thermal neutron source, once with a fast neutron source,

and by the use of a continuous pulser measurement in the thermal and fast

data recording. The importance of the only count rate parameter is put

forward. Two power levels in the ratio 1 to 5 were used for the thermal

calibration, using the N(n,p)C reaction. The dependency of the three

parameters : zero, energy calibration and resolution function is evident

(fig. 1).
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Fig. 2 compares proton recoil spectra together with a check pulser peak,

at 3 power levels in ratio's 1, 5 and 10. Zero, energy calibration and

resolution function modifications are evident from the shape of the pulser

peaks. Moreover, in the present set-up the apparently lowest validity

limit is reached with the highest count rate, what for sure is impossible.

Before starting a measurement, one should ensure in a preliminary experi-

ment that the count rate at which this phenomenon would appear with the

measuring system to be used is never reached.

The presence of fine structures, found in almost any neutron spectrum and

generally due to reactor structural materials as 0, Fe, Al furnishes a

guarantee for adequate energy calibration and stated resolution function

(fig. 3 [8]). The distortions in the neutron spectra one may expect from

measurements performed in bad conditions are illustrated in fig. 4. Al-

though statistics are low, the distortion of the spectra is evident, as

well as the usefulness of the structures (here Fe) to display anomalies.

- Because of the absolute impossibility to detect erroneous results due to

differential neutron flux anisotropies, as well as pile-up effects, it is

of the greatest importance to consider the characteristics of the assembly

before planning a measurement.

- The presence of a slow energy neutron component can also lead to syste-

matic errors. In fig. 5 a proton recoil spectrum is reported, recorded in

a neutron field where this component was sufficiently important to make it

apparent.

- Errors can also be expected from the normalisation of the partial spectra.

Accuracy on the energy calibration, stability of power level, dead times in

the analysing system, accuracy of the filling, are all parameters important

for the normalisation.

If normalisation is done by overlapping, count rates should be hold cri-

tically in mind, distortions appearing mostly at the end parts of the

spectra.

- For CH4 filled counters, the carbon correction, highly approximated,

should be taken into account, together with the hardness of the spectrum,

to determine the lower energy validity limit. Specific problems for CH4
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filled counters related to energy calibration have also been reported in

literature [ 7] .

From these few remarks it is obvious that sufficient reasons can exist

to have discrepancies, or systematic errors, decreasing the accuracy up to

~ 25 %. On the other hand, the mentioned counters, well assessed, can

lead in favourable experimental conditions to spectra in much better agree-

ment.

B. Li(na)t

The Li(n,a)t reaction was also used from the first attempts to deter-

mine neutron spectra. At the earliest stage of development the lithium

was mostly used-loaded in nuclear emulsions and when solid state detectors

became available, as a target sandwiched between two of them. In the

beginning the neutron energy was deduced from the sum of the energies of

the emitted a and triton particles : with nuclear emulsions by measuring

the length of both tracks [9], with solid state detectors by summing the

energy deposited in each detector [10j 

The spectrum is also deducible from the triton energy distribution and with

important advantages as is seen from the theoretical analysis of the

reaction.

From the laws of conservation of energy and momentum, following relations

are deduced :

(1) E + Et = Q + En

,t n n t n n
(2) Et = t cos e + /(Mt)2cos M +t M + M,( -, \ M+ M

t E a t a-

with E : energy of the a particle

Et : energy of the triton

E : neutron energy

Q : 4.787 MeV energy released

M , M and Mt : masses respectively of the neutron, alpha and triton

e, 8* : angle between the neutron and triton respectively in labora-

tory and CM coordinates.
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Figure 6 shows E and E as function of E for e* = e °, 90° and 180 ° .
t CL n

For the application of the Et method it is important to note that :

1) for low neutron energies, the energy of the triton, emitted forward,

increases by a larger amount than the neutron energy itself, e.g. :

for E = 25 and 50 keV, the increase in triton energy at 6* = 0° equals
n

144 and 212 keV.

2) the minimum triton energy is 2.382 MeV, corresponding to E = 810 keV,
n

0*= 180° ; the minimum a energy is 1.595 MeV corresponding to

E = 1.695 MeV, e* = o0 .
n

The E + E is a direct parameter, E is an indirect parameter : to one
a t t

neutron energy corresponds a distribution of triton energies as in the

(n,p) case. As a consequence : to interprete the E + E distribution
CL t

only the (n,a) cross section must be well known, while for E the mono-

dOenergetic responses (- data) are needed for the interpretation.

In figure 7 a few monoenergetic triton distributions S(Et/E ) are drawn.

The fact that the angular triton distributions are forward peaked, is

very favourable to the use of E for neutron spectrometry purposes.

A review of the 6Li technique was presented at the First ASTM-ERATOM

Meeting held at Petten (September 1975)[11]. It is described how by the

simultaneous analysis of the two solid state detector responses (Et

distributions) and of the sum response (E + E distribution) one cana t
determine the neutron spectrum from a few keV up to several MeV without

unaccuracies related to normalisations of partial spectra. The neutron

spectrum deduced from the triton distributions goes from ~ 5 keV up to

700 keV, from the sum from ~ 600 keV - several MeV [12] .

In their common energy region, the (n,p) and the Li(n,a)t methods

are in a certain way complementary. Indeed, several characteristics of

the assembly that may lead to systematic errors in the (n,p) method can

be displayed with the Li-6 technique and consequently avoided, on the

other hand the Li-6 method is more susceptible to systematic errors

related to the analysing system itself if not carefully applied.

Few examples of both statements will be illustrated.
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- The impact of the assembly on the measured spectra is displayed in follo-

wing figures.

E spectra recorded in a too high y field are drawn in fig. 8. The

differences between both spectra, respectively measured at a power level

of 5 kW and 10 kW illustrate very well that the distortion due to pile-up

cannot be ignored.

With the Li-6 method the anisotropy of the neutron field can be displayed.

In an isotropic neutron flux, the triton responses of both detectors are

identical, in a collimated or 2 n detection mode (fig. 9).

For a 2 n detection mode forward-backward differences in spectra induce

two different triton energy responses (fig. 10). In a collimated de-

tection mode still more distorted responses are recorded if the neutron

field is not isotropic. In this case the deduced neutron spectra are

only approximate if the angular neutron distribution is not introduced in

the unfolding code. Fig. 11 shows the spectra deduced from the two Et

distributions recorded in a highly anisotropic field.

The importance of the temperature of the assembly is illustrated in

fig. 12. Both spectra were recorded at the same place but at different

temperatures. It is very important to take this characteristic into

account if the thermal neutron calibration and the fast neutron measure-

ment are not performed at the same temperature.

As for the (n,p) measurements, fine structures furnish here too a com-

plementary guarantee on the reliability of the results.

The high resolution measurement drawn in fig. 13 displays very well

structures compatible with the cross section of the Al present in the

assembly.

The presence of a slow neutron energy component is reflected in the

triton spectrum by the presence of a peak similar to the thermal cali-

bration peak. Here the neutron spectrum is not perturbed but the lower

energy validity limit is raised.

- Systematic errors due to parameters related to the complexity of the

method, the damaging of the detectors by the fast neutrons, to intermittent
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failures of the electronic equipment, are possible as is with any tech-

nique, but become readily apparent during the analysis of the data.

To survey and follow damaging of the detector f.i. measurements are done

in sequence. This allows also to adjust the polarisation of the detectors

when the inverse current increases, so as to keep the depletion depth

constant.

Errors in the energy calibration are displayed when the 4 ADC responses

are compared [11] .

The use of 4 ADC's also allows to avoid errors such as the one encountered

in the older MOL-2S measurement, where a failure occurred in the two

parameter analyser; singles were lost when above the upper-edge of the

region of interest.

A striking example of a systematic error that may be made if the techni-

que is only partially exploited is given in fig. 14. Here (curve 2) the

lower level of the CFTD of the coincidence circuit was set too high, so

as to cut part of the backward emitted a-particles.

The analysis of two parameter distributions (Et, E + Et) showed that the

higher energy validity limit of the triton distribution is related to

the importance of the a-response, generally negligible below 650 to

700 keV neutron energy for fast reactor type spectra.

Supplementary errors could also come from unaccurate background sub-

straction. Indeed as for the (n,p) measurements there are no checkpoints

allowing to assume that no shifts appeared and energy calibration must

rely on pulser peaks. By the insertion of an a-source, or by the two

deposit techniques, these errors can be avoided.

When comparing the Li(n,a)t and the (n,p) results, a systematic under-

estimation of the Li-data at 250 keV is evident (fig. 15). This can be

explained by the fact that the resolution function is not perfectly un-

folded and because of cross section uncertainties. This underestimation

is of the order of 10 to 20 % between 200 and 300 keV. The part due to

partial unfolding can be reduced to below 5 % if an approximate know-

ledge of the shape of the spectrum in this region is assumed.

The angular differential cross sections are presently well known above
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100 keV [14] . The improvement in the data, as compared to an unfolding

performed with the theoretical R Matrix fitting the Martin's data [14]

is shown in fig. 16, together with the comparison of the monoenergetic

responses at 700 keV used for both interpretations. More experimental
do
d results below 100 keV are desirable.

As for the (n,p) spectrometry it is evident that systematic errors are

possible, but, if the experiment is carefully made, they can be avoided,

except of course for what concerns cross section unaccuracies.

With the present status of the (n,p) and Li(n,a)t techniques and if

the experiment is well planned in function of the assembly characteristics,

it is possible to determine a neutron spectrum, with errors of + 10 % in

energy intervals compatible with the resolution function of the spectro-

meter. By collapsing the energy intervals this error can be reduced.

C. 3 He(n,p)t semi-conductor spectrometer

Most of the remarks on the 6Li(n,a)t semi-conductor spectrometer apply

also for 3He spectrometer but with less cross check opportunities.

The neutron energy is here deduced only from the sum of the energies of the

simultaneously emitted proton and triton particules. Because of the low

Q value and high sensitivity to Y-rays, only a 3He spectrometer, composed

by two solid state detectors within between a miniaturized proportional

counter, is well suited for in-pile measurements [2] . The proportional

counter allows to discriminate the Y-background and to correct for the

energy losses of the protons and tritons in the 3He-gas.

In favourable conditions good agreement is obtained between (n,p) and

3He(n,p)t results [15] .

If there was not the high degree of sophistication, 3He spectrometers

would probably give the most accurate results between 100 keV and 1 MeV,

due to the high reaction cross-section.

Unfortunately because of the unfavourable reaction characteristics i.e.

Et - 0 if E - X and e + 09 90° if E - oowith e + 9 = f(e), except for
isotropic n distributions or for beam geometry,isotropic energy independent neutron distributions or for beam geometry,
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the calculation of the geometrical efficiency is easily subject to syste-

matic errors. The exact angular neutron distribution should be known as

a function of energy.

V. CONCLUSION

The (n,p), Li(n,)t and 3 He(n,p)t spectrometers attained a stage of

development that allows to approach the spectral requirements between

10 keV and 6 MeV, if at least two of the techniques are applied in

experimental conditions close to those specified.

Because of the complexity, different but as important for each of these

techniques, systematic errors can arise if not carefully applied. More-

over, to ensure the reliability of a measurement one has to critically

consider the possible impacts of the assembly characteristics on the

measurement and more especially on the correction factors. A universal

solution does not exist, so that the planning and operational set up of

the experiment is almost as important as the measurement itself.
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FIGURES

Fig. 1. Thermal neutron calibration of a proton recoil proportional

counter at two power levels.

Fig. 2. Proton recoil'spectra recorded at three power levels with a

simultaneously recorded pulser peak.

Fig. 3. Spectrum with fine structures from [8].

Fig. 4. Neutron spectra deduced from the proton recoil spectra of Fig. 2

by means of the Spec 4 code.

14 14
Fig. 5. Proton recoil spectrum with a slow N(n,p) C component.

Fig. 6. Cinematics of the Li(n,a)t reaction.

Fig. 7. Theoretical monoenergetic triton responses for E = 20, 100, 200,

500 and 1000 keV.

Fig. 8. Distorted Et spectra recorded in a high y-field at two power

levels.

Fig. 9. Comparison of the neutron spectra deduced from both Et solid state

detector responses in an isotropic neutron field [16].

Fig. 10. Comparison of the neutron spectra deduced from the two Et solid

state detector responses recorded in a 2 T detection mode,dis-

playing a forward-backward energy dependent anisotropy.

Fig. 11. Neutron spectra deduced from the two Et distributions recorded

in an highly anisotropic neutron distribution.

Fig. 12. Shifts due to temperature variations.

Fig. 13. High resolution E + E measurement displaying structures compatible

with the Al total cross section.
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Fig. 14. Influence of the CFTD trigger level on the triton distribution

[12].

Fig. 15. Comparison of the neutron spectra in MOL-£2 deduced respectively

from the Li and (n,p) spectrometry techniques.

Fig. 16. Comparison of neutron spectra deduced from an Et distribution

with the Mol and [14] cross section set and the Poenitz-Overley-

Schr5der set [17, 18].
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III.1. REVIEW OF MICROSCOPIC INTEGRAL CROSS SECTION DATA IN

FUNDAMENTAL REACTOR DOSIMETRY BENCHMARK NEUTRON FIELDS

by A. Fabry, Centre d'Etude de l'Energie Nucleaire, Mol, Belgium;

W.N. McElroy, L.S. Kellogg, E.P. Lippincott, Hanford Engineering
Development Laboratory, Richland, Washington;

J.A. Grundl, D.M. Gilliam, National Bureau of Standards, Washington, DC;

and G.E. Hansen, Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

ABSTRACT

The accuracy of the most widely used reactor dosimetry cross
section file ENDF/B-IV, is assessed in this review. This assessment
is based on the comparison of spectrum-average cross sections derived
from the file with microscopic integral cross sections measured in
fundamental standard or reference reactor dosimetry benchmark neutron
fields. International cooperation and recommendations form a base for
the approach adopted for this study.
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1. INTRODUCTION AND SCOPE

This paper is intended to review and critically discuss microscopic

integral cross section measurement and calculation data for fundamental

reactor dosimetry benchmark neutron fields.[1l'2 The wording "fundamental"

is used to indicate that, from the three categories[3] of benchmark neutron

fields: (1) standard, (2) reference, and (3) controlled-environment, only

the first two will be considered here. Specifically the review covers the

following fundamental benchmarks:

x ; the spontaneous californium-252 fission neutron spectrum

standard field.[4 '5 '6 '7]

x ; the thermal-neutron induced uranium-235 fission neutron
25 [-Q91

spectrum standard field.[8'9]

EE; the (secondary)[lO ] intermediate-energy standard neutron

field at the center of the Mol-EE,[ 11 NISUS,[12] and

ITN-Ez[ 13] facilities.

CFRMF; the reference neutron field at the center of the Coupled

Fast Reactor Measurement Facility.[14

BIG-10; the reference neutron field at the center of the 10%

enriched uranium metal, cylindrical, fast critical.1l5]

ISNF; the (primary) Intermediate-Energy Standard Neutron

Field.[16]

The restriction to standard and reference fields in the selection of data

to be reviewed here does not mean that the work done in numerous controlled

environments is deemed unuseful. It is believed, however, that controlled-

environment data should, with some exceptions, generally serve to confirm

nuclear data trends rather than to assess them; partly because of the poorer

quality of integral results and neutron spectral characterization for these

fields; partly also because controlled environment fields are not usually

built with the primary purpose to validate and improve nuclear data, while

this is one of the primary objectives for fundamental benchmarks. One of

the main exceptions to the above is for data development and testing where



- 235 -

high flux-fluence exposures are required for stable and long half-life

reaction products in controlled environment facilities such as EBR-II.

The present paper is a follow-on study of three recent publica-

tions[17 '18'19] dealing with the same subject. Some redundancy in the

subject material is unavoidable, but it is kept to a minimum. First, an

updating of experimental results is presented; these results are compared

with calculated values using the ENDF/B-IV dosimetry cross section file;[20]

and finally a review is presented of the current accuracy and consistency

of differential-energy cross sections and neutron spectral distributions

in terms of integral reaction rate predictions. The steps involved in

this review are:

(1) All measured integral reaction rates are transformed into spectral

average cross sections by normalizing them with total fluxes

derived through a flux transfer from a calibrated californium-252

fission neutron flux.

(2) The neutron spectra for all benchmark fields, except 252Cf, are

subject to an ad hoc adjustment which best matches measured

spectral average cross sections for a selected set of category I*

reactions. The latter have been chosen generally from among

reactions with differential cross sections known to better than

average accuracy and for which observed integral responses in a

Cf spectrum agree well with an evaluated 252Cf spectrum shape from

spectrometry.

(3) On the basis of these adjusted spectral shapes, bias factors

(measured to computed average cross section ratios) are defined

for non-category I reactions (category II)* for each benchmark.

If available studies of the evaluated differential-energy cross

section of a given category II reaction suggest that the cross

section shape is well defined and within uncertainties, an

average bias factor is derived for each reaction. This bias

factor is treated as a cross section scale normalization correction

for that reaction.

In McElroy's et al companion paper to this meeting, category I reactions,

supplemented by the category II reactions that can be normalized as

explained above, are used to infer improved adjusted spectral shapes in

* Category I and II reactions are defined in Reference [1].
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all benchmarks. It is recognized that the procedure followed in the two

papers disregards assigned benchmark spectra based on spectrometry

and/or calculation in energy ranges where these are deemed less reliable.

The results of the investigation in this and McElroy el al paper are

provisional and will have to be compounded with similar results obtained

using assigned benchmark spectra when a number of them will have been

updated by accounting for the most recent data, for instance ENDF/B-IV

reactor physics computations. In this iterative way only is it possible

to achieve final consistent cross sections for reactions in both categories

I and II.

2. DATA DEVELOPMENT - PRESENTATION AND BRIEF DISCUSSION OF MEASURED

INTEGRAL CROSS SECTIONS

2.1 NORMALIZATION OF INTEGRAL DATA

In general, integral measurements in benchmark neutron fields

do not yield integral cross sections, but absolute reaction rates per

nucleus per sec oar(E) <k(E) dE, where ar(E) is the evaluated differential-
' r *kth th

energy cross secti8n for the r type reaction and i isotope, and Ok(E)

is the energy-dependent neutron flux spectrum of the benchmark field,+k.

The integral, or average, microscopic cross section is equal to the

absolute reaction rate divided by the total absolute flux:

0 0
or(i ) J f ro;(E) ax(E) dE/ fk(E) dE. (1)

o o

As the total flux is most often unknown, the results of such measurements

are quoted as reaction rates or reaction rate ratios, e.g., integral cross

section ratios. If the integral cross section however is independently

known for one (or a few) reaction(s), normalization of all data is

straightforward.

Another easy normalization, as done for instance by use of the SAND-II

Code[21], consists of defining the total flux as the weighted mean ratio of

the measured to the computed quantities, right-hand side of relation (1).

The accuracy of such normalization depends on the accuracy with which

the benchmark spectral shape and category I and II cross sections are

known[17] and is subject to the errors involved in absolute reaction rate
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determinations.

The normalization adopted for this paper (and a previous one[l8]*)

involves a flux transfer, using the 239Pu(n,f) reaction and the NBS

californium-252 source, along lines outlined by Grundl et al.[2229]

In this technique, all of the errors listed above either disappear or are

substantially reduced. The californium source was chosen for this purpose

because its strength has been established to ±1.1% (la)[23 in the NBS

Manganous Sulfate Bath Facility relative to the internationally compared

standard Ra-Be photoneutron source, NBS-1. The absolute flux at the NBS

californium-252 facility is derived directly from the source strength and

a distance measurement; the uncertainty of the total free-field flux is

estimated to be ±1.4% (la). The 239Pu(n,f) reaction was used for the

transfer because the reaction cross section is among the better known

reactions and because of its relatively flat shape in the energy range of

interest. The 239Pu(n,f) reaction displays almost a constant average cross

section in the benchmark neutron fields: the computed values are 1789,

1781, 1754 and 1735 mb for the x 2 x25 CFRMF and EE benchmarks, respectively;

this is, in the worst case, a difference of only 3%. Interrelated NBS

fissionable deposits of plutonium-239 have been exposed in all these neutron

fields in the NBS double absolute ionization fission chamber; 24] therefore,

the flux transfer is rather direct and its accuracy is of the order of

±0.8% or better.

Not surprisingly, this absolute flux normalization departs by as much

as 6% for two of the benchmarks, CFRMF and £E, from the ones initially

derived[2'25] by means of the SAND-II approach using both category I and

II reaction cross sections, but agrees better with more recent application

of this approach using just the category I type reactions; i.e., using

an improved selection of the most reliable detector reactions.[17] The

use of the NBS flux transfer method is the reason why the absolute values

of integral data tabulated in this paper are significantly different from

the ones in previous compilations.**[l8 '25]

2.2 SURVEY OF INTEGRAL DATA

In this section, a survey and brief discussion is provided of

* Tables VI and VII of this reference.
** For ZE and CFRMF, see Tables IV and V of Reference [18].
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the status of the development of microscopic integral cross sections in the

fundamental benchmark neutron fields identified in Section 1. The emphasis

here is on new data made available since - or data not covered at - the

first ASTM-EURATOM 1975 symposium. 8]

x
82

A large array of new integral activation cross sections has been

reported recently [7 by a Hungarian group. This work seems extensive

and generally agrees with earlier data, but it is poorly documented and the

quoted uncertainties are large, of the order of 10%; many investigated

reactions are not part of the ENDF/B-IV file and are therefore not con-

sidered for the present study. Only a few new measurements performed by

this group are listed in the revised tabulation, Table I.

The capture cross section of gold recently measured by Green [6] using

a californium source similar to the NBS one [ 4 is now preferred to previous

data, which are much higher. It is wondered if the higher integral values

do not bear some relationship to the materials and design of the individual

sources. It is noted that the higher data are consistent with the proton

recoil spectrometry observation[28] of a large excess of neutrons in x
82

below 1 MeV.

In conclusion, Table I gathers the experimental data presently con-

sidered as recommended for x , and compares them with calculated values
82 [29]

using the NBS x spectral evaluation[29 and the ENDF/B-IV cross section

file. 20 82

25

New measurements of integral fission cross sections for 235U, 239pu,
238 U, 237Np, and 232Th* have been performed in the Mol Cavity Fission Neutron

Spectrum Standard Field. They are reported in a contributed paper[30] to

this meeting and agree very well with the revised evaluated x data.[l8]

* For the first time, fission cross sections for 233U and 241Pu have
been obtained; they are Of(233U,X ) = (1881 ± 64)mb and of(24 1Pux )
= (1614 ± 60)mb. 25 
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TABLE I. MICROSCOPIC INTEGRAL CROSS SECTIONS IN THE 252Cf

SPONTANEOUS FISSION NEUTRON SPECTRUM

I
INTEGRAL CROSS SECTION (mb)

REACTION a ) 
MEASURED CALCULATED(a ai(E)x82(E)dE

0;acuiartol·/o ((IX2(Eid E

ar rx82) oi(E) : ENDF/B-IV oi(E) : SAND II
r r

1 I
llsIn(ny)11 6mIn 125.3 ± 4.3 [26] 130.3 141.4
197Au(n,y)198Au 79.9 ± 2.9 [6] 79.9 82.2
235U(n,f) 1203 ± 30 [4] 1241 1239
239Pu(nf) 1804 ± 45 [273 1789 1819

237Np(nf) 1332 ± 37 [27] 1351 1305

103Rh(n,n')103 mRh 757 ± 53 [7] 

ll5In(nn')ll5mIn(b) 198 ± 5 [5] 191.1 190.7
238U(nf) 320 ± 9 [27] 315.4 313.7
47Ti(n,p)47Sc 18.9 ± 0.4 [5] 23.84 18.58
58Ni(n,p)58Co 118 ± 3 [5] 115.0 114.2
54Fe(n,p) 54Mn 84.6 ± 2 [5] 89.1 87.1

Ti(n,x)4 6Sc 13.8 ± 0.3 [5] 12.52 13.69
27Al(np) 2 7Mg 5.1 ± 0.5 [7] 5.14 4.80
56Fe(n.p) 56Mn 1.45 ± 0.035 r5] 1.475 1.549

27Al(n,a) 24Na 1.006 ± 0.022 [5] 1.059 1.024
48Ti(n,p)4 8Sc 0.42 ± 0.01 [5] 0.265 0.383
55Mn(n,2n)54Mn 0.58 ± 0.06 [7] 0.528 --

5 9Co(n,2n) 5 8Co 0.57 ± 0.06 [7] 0.379 --

63Cu(n,2n)62Cu 0.30 ± 0.03 [7 -- 0.214

(a) x82(E) : NBS evaluation2 ] / xg2(E)dE = 1.

(b) For lsmIn y ray branching ratio of 45.9%.

(c) A value of 205 ± 9 mb. is reported in [26].



- 240 -

In the same facility, Williams and Hannan from the University of London

Reactor Center (ULRC) have recently remeasured the fission spectrum average

cross sections for the reactions ll5In(n,n')ll5mIn, 58Ni(n,p)58Co,

64Zn(n,p)~4Cu, 56Fe(n,p)56Mn, 24Mg(n,p)24Na and 27Al(n,a)2 4Na. The

preliminary results of this work support the x evaluated data,[18]

except for the zinc reaction.

In conclusion, recent interlaboratory work in x25 provides added con-

fidence in the previous evaluation[18] of microscopic integral cross

sections for this benchmark. The results of this evaluation are compared

in Table II with the values computed using different sets of available

differential data.

NBS-type absolute fission chambers have been used as probes to validate

the spectral integrity and effective identity of the central neutron field

at the Mol-cE facility[34], at the ITN-zz facility[13] (Bucharest, Rumania)

and at the NISUS facility[35] (ULRC, London, Great Britain). The observed

integral fission cross section ratios are displayed in Table III.

Further intercomparison of NISUS and Mol-EZ has been done by the ULRC

experts for 8 activation reactions.

The conclusion is that the three neutron fields are indeed neutronically

equivalent in terms of integral reaction rate measurements.

In Table IV are compared EE average activation cross sections* as

independently measured by the CEN-SCK, Mol experts[18] and by the ULRC,

London experts. Except for the 27Al(n,a)24Na reaction, the agreement is very

gratifying. The 412% discrepancy for aluminum is difficult to understand

(in x , the Mol and ULRC data agree with each other) and requires additional
25

work. At this stage, the ULRC datum is preferred to the CEN-SCK because

it better matches the systematical trends observed when comparing the

results of the different benchmarks with each other.

Table V gathers Ez experimental integral cross section data as presently

* Data normalization as outlined in Section 2.1.
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TABLE III. INTEGRAL FISSION CROSS SECTION RATIOS MEASURED BY MEANS OF NBS-

TYPE ABSOLUTE FISSION CHAMBERS(a) IN THE ZE NEUTRON FIELD AT

THE CENTER OF THE MOL-ZE, ITN-ZE AND NISUS FACILITIES

CROSS SECTION _FACILITY
RATIO MOL-ZE ITN-EZ NISUS

-f(239Pu,Ez)
-af(2PU)- 1.173(±2.1%) 1.169(±2.3%) 1.175(±2.3%)

af(235U, Z)

2 (238U, S)
af --U *- 0.0564(±2.5%) 0.0566(±2.5%) 0.0568(±2.7%)

af(235U, EZ)

f(237Np, Z)
0.381(±2.8%) 0.380(±3.0%) 0.383(±3.0%)

a (2u3 5U,Z)

(a) Interlaboratory results[34] in Mol-ZE

0.0561(±1.5%): 0.388(±2.5%) for 235U:

are 1.000: 1.167(±2%):

2 3 9PU: 2 38U: 2 3 7Np, respectively.
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TABLE IV. COMPARISON OF INDEPENDENT MICROSCOPIC INTEGRAL CROSS SECTION

MEASUREMENTS AT THE CENTER OF THE MOL-ZE FACILITY

Cr(i,EZ) mb

REACTION CEN-SCK ULRC DIFFERENCE

197Au(n,y)198Au 401±10 404±13 +0.7%

lsIn(n,)ll6mIn 237± 9 243± 8 +2.5%

llsIn(n,n')llmIn 56.0±1.4 56.0±1.4 0

5 8Ni(n,p) 5 8Co 26.5±0.8 26.2±0.9 -1.1%

5 6Fe(n,p) 5 6Mn 0.260±0.008 0.261±0.010 +0.4%

27Al(n,c) 24Na 0.173±0.005 0.153±0.005 -12.3%
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TABLE V. MICROSCOPIC INTEGRAL CROSS SECTIONS IN BENCHMARK NEUTRON FIELD rr

ai(E) O(E)dE
( a )

~o ~r ~Measured/
Reaction r (i,o) Measured (mb.) Calculated (mb.) Calculated

1
5 9Co(n,) 60Co - 41.5

5 8Fe(n,y) 59Fe -- 5.44

55 Mn(n,.) 56 Mn 36.0 ± 2.0 -

63Cu(ny)64Cu 36.2 ± 2.0 38.9 0.932

197Au(n,y)l98Au 402 ± 10 373.5 1.076

2 3 BU(ny) 2 39U [174 ± 7 (b) ] 222 (0.784)

' 0B(n,a) 7Li -- 1518 

4 5Sc(ny)46 Sc -- 19.0 --

115In(n,y)ll6mIn 240 ± 9 285 0.842

6Li(n,a) 3 H -- 923.5 --

2 3 5 U(n,f) 1512 ± 55 1525 0.991

2 39 Pu(n,f) 1764 ± 65 1735 1.017

2 37 Np(n,f) 586.5 ± 20 607 0.966

Io3Rh(n,n')l0 3mRh 281 ± 8.5 -- -

115In(n,n')l1 5mIn 56.0 ± 1.4(C) 55.2 1.014

2 38 U(n,f) 84.8 ± 2.5 81.2 1.044

47Ti(n,p)4 7Sc -- 5.15 

ssNi(n.p)58Co 26.5 ± 0.8 23.3 1.139

54Fe(n,p)54Mn -- 17.2 --

Ti(n,x)4 6Sc -- 2.07 --

27Al(np)27Mg 0.983 ± 0.10 0.869 1.131

56Fe(n.p) 56Mn 0.260 ± 0.008 0.230 1.130

2 7Al(n,c) 24Na 0.153 ± 0.005 0.152 1.007

48Ti(np)4 8Sc -- 0.0370 --

(a) a (E) : ENDF/B-IV dosimetry file12 0 ]; *(E): as recommended in [11], normalized J(E)dE=1.

(b) Uncorrected for spectral shielding effect ('20%) in reactor constituents. o
(c) For ll5mIn y branching ratio of 45.9%.
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recommended* and compares them with predictions based on the spectral

shape published earlier[l ] and the ENDF/B-IV dosimetry file.[20]

CFRMF

Previous preliminary l0B(n,C) 7Li and 6Li(n,a) 3He reaction rate data**

in CFRMF[36] have been updated. New measurements have been completed by

Farrar and the initial results of his analysis are used here.

The uranium-238 capture rate data for CFRMF have been corrected by

Harker for neutron spectrum shielding effects in the natural uranium block

constituting the central zone of the reactor. To this end, Rabble, [37] a

multiregion resonance absorption cross section cell code, with space-and-

energy-dependent slowing-down sources and ultra-fine energy group structure

(Au = 0.001), has been used to prepare properly shielded coarse group-averaged

cross sections for CFRMF. Corrections to observed uranium-238 capture rates

determined in this way are of the order of 20%.***

Except for these three reaction rates, the CFRMF data remain unchanged and

are compared**** in Table VI with the values computed from differential data.

BIG-10

Big-10 reaction rate data were not previously available; the data,*****

quoted for the first time in this paper, Table VII, are still of a preliminary

nature and do not represent a concensus of the Interlaboratory LMFBR Reaction
*

* Data normalization as outlined in Section 2.1.

** More specifically the measurements are for the total helium production,
but the difference between the n, total helium and n,a reaction production of
helium is negligibly small.

*** A similar correction should be applied to measured uranium-238 capture
rates in nz, but has not yet been computed.

**** Experimental data normalized as outlined in Section 2.1.

*****Analytical flux depression corrections by Hansen have been applied to
relate the response of a real detector in its real environment to the
response of the corresponding infinitesimal detector at the center of
a cavity-free Big-10. Such corrections never exceed 3.5%.



- 246 -

TABLE VI. MICROSCOPIC INTEGRAL CROSS SECTIONS IN BENCHMARK NEUTRON FIELD CFRMF

So (E) +(E)dEeasured/
rReaction a(i, ) Measured/

Calculated (mb) Calculated
Reaction ; (i,1) Measured (mb.)

59Co(n,y)60Co

58Fe(n,y) 5 9 Fe

ssMn(n,y) 56 Mn

63Cu(n.y)64Cu

197Au(n,y)198Au

238U(ny)239U

I0B(n,a)7Li

45Sc(n,y)46Sc

11 sIn(n,)l 6mIn

6Li(n,a)3H

235U(n,f)

239Pu(n,f)

237Np(nf)

ll5In(n,n')ll5mIn

23BU(n,f)

47Ti(n,p)47Sc

58Ni(n,p) 58 Co

54Fe(n,p)54Mn

Ti(n,x)46Sc

2 7Al(n,p) 2 7Mg
56Fe(np)56Mn

2 7A (n,a) 24Na

46Ti(n,p)4 BSc

91.6 ± 3.6

6.12 ± 0.22

45.4

424

223

1814

23.5

281.5

948

1557

1783

551

51.0

75.6

4.18

24.0

17.5

2.61

0.874

+

+

_+

+_

4

+_

±

+_

4

_+

±

4

±

+

±

+

2.6

14

1l (b)

60 (c)

0.9

11

39 (c)

53

60

21

3.0 (d)

3.0

0.2

0.8

0.6

0.10

0.033

85.3

6.11

47.5

416

232

1694

20.1

303

988.5

1590

1754

547

47.5(d)

69.4

4.70

21.9

16.5

2.15

0.887

0.238

0.162

0.0385

1.074

1.002

0.956

1.019

0.961

1.071

1.166

0.929

0.959

0.979

1.016

1.007

1.074

1.089

0.889

1.093

1.061

1.214

0.985

0.994

1.787

0.161

0.0688

± 0.005

± 0.003

(a) oa(E): ENDF/B-IV dosimetry file[20]; o(E): ENDF/B-III SN computation[l4], normalized

r o4(E) dE = 1.
b) Corrected for spectral shielding effect (21%) in reactor constituents.
(c New measurements.
(d For "l5mIn y branching ratio of 45.9%.I e eaueins
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TABLE VII. MICROSCOPIC INTEGRAL CROSS SECTIONS IN BENCHMARK NEUTRON

PRELIMINA (a)PRELIMINARY

FIELD BIG-10:

-aj(E) O(E)dEb )

a(E) ofE)dE(b) ( Measured/

Reaction ; (i,o) Measured (mb.) Calculated (mb) Calculated

59Co(n,y)60Co

58Fe(n,y)59Fe

ssMn(n,y)56Mn

63Cu(n,.) 64Cu

197Au(ny)198Au

2 3 8U(ny) 2 3 9U

l 0 B(n,a) 7Li

45Sc(n,y)46 Sc

ll5sn(ny)ll6mIn

6Li(n,a)3H

2 35U(n.f)

2 3 9Pu(n,f)

2 3 7 Np(nf)

11l5 n(n,n')ll 5mIn

2 3 8U(nf)

47Ti(n,p)47Sc

5 8Ni(n,p) 5 8Co

54Fe(n.p)54Mn

Ti(n,x)4 6Sc

2 7Al(np) 2 7Mg

56Fe(n,p)5 Mn

2 7Al(n,a)24Na

48Ti(n,p)48Sc

12.94

4.27

± 0.4

± 0.21

23.1 ± 0.9

228 ± 6

149.5 ± 4.5

1378 ± 28

17.86 + 0.55

967

1361

1632

433.5

35.65

50.9

2.96

16.87

12.26

1.81

± 19

± 18 [39]

± 33 [39]

± 11 [39]

1.1(c)

± 1.1 [39]

± 0.13

± 0.34

± 0.31

± 0.06

± 0.007

+ 0.0020

12.59

3.09

24.8

219

149.2

1208

15.87

232.5

966

1368

1605

440

32.64(c)

46.00

3.13

14.56

10.95

1.40

0.580

0.151

0.102

0.0244

1.028

1.382

0.932

1.041

1.002

1.141

1.125

1.001

0.995

1.017

0.985

1.092

1.107

0.945

1.159

1.120

1.290

1.078

1.993

0.110

0.0487

(a) Based only on HEDL, NBS and AI measurements.

(b) a(E): ENDF/B-IV dosimetry file[20]; o(E): ENDF/B-III SN computation, normalized

r qb(E) dE = 1.
(c) For llsmIn y branching ratio of 45.9%.
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[2]
Rate (ILRR) program ] , currently responsible for the work performed in the

U. S. dosimetry benchmarks.

The experimental average cross sections listed in Table VII have been

normalized as outlined in Section 2.1. The fission cross sections are

based on measurements[38] by means of NBS double absolute fission chambers[24]

by Gilliam, Grundl et al. The 10B(n,a) and 6Li(n,a) cross sections result

from helium production rate measurements by Farrar. All other cross sections

have been obtained by radiometric high resolution Ge(Li) counting performed

at the Hanford Engineering Development Laboratory (HEDL) and they do not

include the results obtained by the other independent laboratories; the

HEDL data however depart by less than ±2% from the weighted mean of all

results, except in the case of the 27Al(n,a)24Na reaction for which HEDL is

high by approximately 4%.

ISNF

The Intermediate-Energy Standard Neutron Field (ISNF) [16] , developed

jointly by NBS and CEN-SCK, and in operation at NBS since 1975, is the

most recent of the benchmark fields in the ILRR "family". Therefore, only

two fission cross section ratios have yet been measured in this environ-

ment and the results are preliminary. They are briefly discussed in the

Section 3.2.

3. DATA TESTING

3.1 PITFALLS AND PROBLEMS IN CONVENTIONAL DATA TESTING

A major conclusion from recent[ 7 18] and current work[l 9] is that

integral cross section measurementsfor dosimetry reactions in standard

and reference benchmark neutron fields show unsatisfactory departures from

those computed, not only because of differential-energy cross section

inadequacies, but also because the spectral shapes characteristic of these

benchmarks are usually inaccurate in the energy ranges not covered or poorly

covered by differential neutron spectrometry techniques;

for example - below %250 KeV and above %10 MeV for x82 and x25

- below ~10 KeV and above '2 MeV for EE, CFRMF and Big-lO.

Even in the well covered energy ranges, the reliability sometimes remains



- 249 -

questionable, as is presently the case for x between 3 and 6 MeV,[18'19]

and for CFRMF between 100 and 400 KeV. 39 25

Computed neutron spectra for ES, CFRMF and Big-lO are affected to a

large degree by uncertainties in the uranium-238 nuclear data, most noticeably

inelastic and elastic cross sections, depending on the energy range.

Consequently a direct confrontation, Table VIII, of measured integral

cross sections for the various benchmarks and their computed values using

spectra based only on neutron spectrometry and transport theory does not

allow the dosimetry file to be unambiguously tested and adjusted. Instead,

the overall approach recommended in 1973[1 ] must be followed; e.g., adjust

the benchmark spectra on the basis of integral microscopic cross sections

for a selected category I reaction set and use this improved spectral

characterization to adjust differential-energy cross sections for the other

reactions, labelled category II.

The impact of spectral adjustment is illustrated for fundamental fission

cross sections by Tables IX and X, which present measured, computed and

measured-to-computed cross section ratios before and after adjustment. It

is seen that the changes in the ratios due to the adjustment are very

significant; they generally remain, however, within the uncertainties of

the spectral shape characterization. A striking example is the uranium-235

to uranium-238 measured-to-computed ratio in CFRMF: before spectral

adjustment, this ratio is 0.899 while it becomes 0.970 with adjustment; a

new computation of the CFRMF spectrum by Harker et al., using ENDF/B-IV

data, provides a new ratio of 0.983, in agreement with the adjustment.
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TABLE VIII RATIO OF MEASURED(a) TO COMPUTED(b) INTEGRAL CROSS SECTIONS

IN DOSIMETRY BENCHMARK NEUTRON FIELDS

REACTION 1-__--__-,NEUTRON FIELD

X82 X25 zE CFRMF BIG-10

5 9Co(n,y)6OCo
58Fe(n,y)5 9Fe
63Cu(n,y) 64Cu
197Au(n,y)1 98Au
238U(n,y)2 3 9U

10 B(n,a) 7Li
4 5SC(n,y)46Sc

115In(n,) 1l6mIn

6Li(n,a) 3H
235U(n,f)
239Pu(n,f)
2 37 Np(n,f)
15In(n,n')ll 5mIn

238U(n,f)
47Ti(n,p)47Sc
58Ni(n,p) 58 Co
54 Fe(n,p)54Mn

Ti(n,x)46Sc
2 7Al(n,p) 2 7Mg
56Fe(n,p)5 6Mn
27A1(n,a) 24Na

48Ti(n,p)48Sc

1.000

0.962

0.969

1.008

0.986

1.036

1.015

0.793

1.026

0.949

1.102

0.992

0.983

0.950

1.585

0.846

0.987

0.990

0.969

1.017

0.994

1.037

1.031

0.888

1.068

1.026

1.181

0.937

0.983

1.017

1.734

0.932

1.076

(,o.95(C))

0.842

0.991

1.017

0.966

1.014

1.044

1.139

1.131

1.130

1.007

1.074

1.002

0.956

1.019

0.961

1.071

1.166

0.929

0.959

0.979

1.016

1.007

1.074

1.089

0.889

1.093

1.061

1.214

0.985

0.994

1.787

1.028

1.382

0.932

1.041

1.002

1.141

1.125

1.001

0.995

1.017

0.985

1.092

1.107

0.945

1.159

1.120

1.290

1.078

1.993

_

(a) Normalized by 239Pu(n,f) transfer from californium, text Section 2.1.

(b) J or(E) ((E) dE; oa(E):ENDF/B-IV file; *(E): as recommended, 1975, normalized

f m(E) dE = 1.
**o

(c) Applying the spectral shielding correction computed for CFRMF.
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3.2 SELECTION OF A CATEGORY I REACTION SET

The selection of a category I reaction set is in itself a

challenging task. Reactions which are considered as standards by

differential cross section measurers seem to fall naturally into such a

category, yet there are notable exceptions: for fast neutron spectra,

the principal information given by 235U(n,f) and 239Pu(n,f) reactions

is on total fluence and one selects 239Pu(n,f) for category I as the

better fluence monitor and not on the basis of uncertainties in the

differential cross section data. Again, the information given by either
234U(n,f) or 237Np(n,f) reactions is essentially equivalent and one

selects 237Np(n,f) for category I merely because more integral data

are available.

Except for the addition of 197Au(n,y)198Au, the category I reactions

selected for this study coincide with those of Vlasov et al[19] namely:
197Au(ny)1 98Au, 2 39Pu(n,f), 237Np(n,f), 238U(n,f), 5 Ni(n,p)5 8Co,
56Fe(n,p)56Mn, 27Al(n,a)24Na, 63Cu(n,2n)62Cu, and 58Ni(n,2n)57Ni.*

* Uncertainties of the order of 10% are currently acceptable in the
very high energy range of response of the last two reactions.
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3.3 ACCURACY OF THE ENDF/B-IV DOSIMETRY FILE

This brief discussion of the accuracy of selected reactions on

the ENDF/B-IV dosimetry file will be based primarily on Table XI data,

in which measured-to-calculated integral cross section ratios are quoted

for SAND-II adjusted benchmark spectral shapes for all fields, except

for the use of the unadjusted NBS evaluated spectrum for californium-252

(see Sections 3.1 and 3.2).

The table is divided by a horizontal line that separates threshold

and non-threshold reactions; the reactions are arranged, approximately,

in order of increasing zz field energy response.

Also factored into the discussion is a careful outlook at the status

of differential-energy cross sections.[1 9'20

Non-threshold reactions*

59Co(n,y)60Co: The CFRMF result suggests improper spectral char-

acterization in the 0.1 - 1 keV range; indeed, the

measured resonance integral, which accounts for

more than 50% of the reaction rate in CFRMF, is

reasonably well known and agrees with the cal-

culated ENDF/B-IV value.[20] The BIG-10 results

support the current file evaluation at higher

energies; therefore this reaction can be used for

characterizing some benchmark spectra rather than

the reverse: it is a future_category I candidate.

58Fe(ny)59Fe : In view of the above comments on cobalt and since

the file evaluated cross section relies on a

Hauser-Feshbach calculation which was lowered by

10% to establish better agreement with CFRMF

integral datum, 20] the CFRMF iron result is in-

conclusive while the BIG-10 result suggests a

serious inconsistency at higher energy; further,

the measured resonance integral value is ~33% lower

* Recommendations for new integral measurements for the non-threshold
reactions in the ISNF fields are not re-stated here because they have
already been made as a part of planned ILRR program work.
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TABLE XI RATIO OF MEASURED(a) TO COMPUTED(b) INTEGRAL CROSS SECTIONS IN

DOSIMETRY BENCHMARK NEUTRON FIELDS: SAND II ADJUSTED SPECTRAL

SHAPES(C)

NEUTRON FIELD
REACTION________ ___________

.X82 X25 zZ CFRMF BIG-10

59Co(n,y) 60Co - - - 1.205 1.013
58Fe(n,y)59Fe _ - - 1.000 1.364
63Cu(n,y)64Cu - 0.834 0.874 0.937 0.915
197Au(n,y)1 98Au 1.000 0.972 1.002 1.000 1.019
2 38U(n,) 23 9U - - (0.907)(d) 0.956 0.988

10B(n,c) 7Li - - - 1.053 1.108
45Sc(n,y)4 6Sc - - - 1.158 1.102

llsIn(n,y)ll 6mIn 0.962 0.996 0.807 0.929 
6Li(n,a)3H - - - 0.949 0.980
235U(n,f) 0.969 0.968 0.975 0.974 0.987
239Pu(nf) 1.008 1.017 1.002 1.003 1.017
237Np(n,f) 0.986 1.000 1.003 0.999 1.015

i5In(n,n')ll5mIn 1.036 1.019 0.988 1.007 1.034
2 38U(n,f) 1.015 1.010 0.995 1.004 1.018
47Ti(n,p) 47Sc 0.793 0.852 - 0.810 0.840
58Ni(n,p)58Co 1.026 1.020 1.008 0.999 1.017
54Fe(n,p)54Mn 0.949 0.977 - 0.967 0.975

Ti(n,x)46Sc 1.102 1.155 - 1.125 1.129
27Al(n,p)27Mg 0.992 0.917 0.991 0.914 
56Fe(n,p)56Mn 0.983 1.004 1.050 -
27Al(n,a)24Na 0.950 1.022 1.000 0.999 1.014
48Ti(n,p)4 8Sc 1.585 1.714 - 1.686 1.859

(a) Normalized by 2 39Pu(n,f) transfer from californium, text Section 2.1.

(b) or(E) 0*(E) dE; ao(E): ENDF/B-IV file; f*(E): SAND-II adjusted spectra( ),f o r r

normalized *(E) dE = I.

(c) Except for x82: NBS evaluation[293

(d) Applying the spectral shielding correction computed for CFRMF.
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6 3 Cu(n,y) 6 4Cu:

[20]. a X (orthat the calculated value[20; a (or x )
25 82

and a new resonance integral measurement are re-

commended for this reaction.

The EE datum might be slightly inaccurate due to

uncertainties in the spectrum or in self-shielding

corrections; the measured resonance integral is

~13% below the ENDF/B-IV calculated value; further,

the increasing discrepancy from CFRMF through

BIG-10 to x seems to indicate a non-surprising

cross section shape inadequacy above 1 keV; here,

a more thorough evaluation effort ofdifferential

data is needed as well as a new resonance integral

measurement.

19 7Au(n,y)198Au:

238U(n,y)23 9u:

10B(n,a)7Li:

45Sc(n,y)46Sc:

Category I, satisfactory.

Satisfactory in terms of dosimetry applications

but difficult to apply reliably in systems con-

taining large amounts of uranium-238.

The integral versus differential data discrepancies

are sizeable for such a supposedly standard cross

section; they decrease slightly from Table VIII to

Table XI; e.g., the spectral adjustments have a

positive influence; the measured and calculated

resonance integral values are in agreement.[20] In

view of the importance of this reaction and the

fact that only one integral experimental approach has

been used, further independentintegral measurements

are recommended.

The measured versus computed discrepancies are

important but not surprising; the measured and

calculated resonance integrals agree but the measured

value has a %10% uncertainty; 20] in the energy

range of relevance for BIG-10, differential measure-

ments are very sparse, while the CFRMF datum is

influenced by the complex resonance structure above



- 257 -

115In(n,y)le6mIn:

6Li(n,a) 3H:

2 3 5U(n,f):

239Pu(n,f):

2 keV; additional differential and interal measure-

ments are needed in this case.

The differential-energy cross section seems more

or less acceptable if it is assumed that the Ez

datum is in error; the measured and calculated resonance

integrals are in agreement;[20] the EE measurement

should be further validated by independent group(s).

The BIG-10 datum supports the evaluated file very

well, but the discrepancy in CFRMF is significant

and puzzling as it is for i°B(n,a); there is no

measured resonance integral value reported in

Reference [20]; further independent integral

measurements are recommended; it is most relevant
____________---------------- n39]
to indicate here that 6Li(n,a) spectrometry[ 31 in

CFRMF suggests a spectral depletion in the 100-400

keV range: if such an effect were real, it would

help to explain and resolve the inconsistencies

in present integral observations.

Further differential measurements and evaluations

are required to establish this as a category I

reaction; see discussion in Section 3.2.

Category I, seems satisfactory but further differential

measurements below 100 keV may be necessary; in

view of the 235U(njf) problem, a reevaluation is

needed for confirmation.

Threshold reactions

The threshold reactions are not discussed individually here, but bias

factors as defined in Section 1 of this paper and in Reference [19] are

tentatively recommended, wherever applicable. This is done on the basis of

a review of the data in Table XI as well as that in column 4, Table 1, of

Reference [19].

For some reactions, such as 63Cu(n,a)60Co and 48Ti(n,p)48Sc, the
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evidence of differential-energy cross section shape inadequacies precludes

the definition of a bias factor.

For the other reactions investigated in this work, the bias factors

are as follows:

237Np(n,f) : Category I

l 5iIn(n,n')ll5mIn : 1.017 ± 0.025

232Th(n,f) : 1.15

2 3 8U(n,f) : Category I

47Ti(n,p)47S : 0.825 ± 0.03

58Ni(n,p)58Co Category I

32S(n,p)32P 0.987

54Fe(n,p) 54Mn 0.967 ± 0.018

Ti(n,x)46 Sc : 1.128 ± 0.026

56Fe(n,p) 56Mn Category I

59Co(n,a) 56Mn : 0.973

27Al(n,a) 24Na Category I

12 7 I(n,2n)1 26I : 0.778

55Mn(n,2n)54Mn : 0.803

63Cu(n,2n)62Cu : Category I (0.90)*

90Zr(n,2n) 8 9 Zr : 1.715

58Ni(n,2n) 57Ni Category I (1.12)*.

It is recommended that these bias factors be considered for use in the

definition of an adjusted and improved ENDF/B dosimetry cross section file.

It is believed that such an improved file would have an integral consistency

to better than ±5% for the designated reactions as a result of the applica-

tion of the data testing approach undertaken in this paper. It is also

important to note that if a bias factor for a key fluence monitor such as

* For the very high energy range, accuracies of the order of ±10% are
presently acceptable for category I reactions.
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Ti(n,x)46Sc had been defined by more conventional, direct data testing

procedures, its value would have varied between 1.10 and 1.29; e.g., ±8%,

depending on the benchmark field considered; with SAND-II adjustments, this

±8% spread is reduced to ±2-3%, which is a very significant improvement.

It must be recalled that this forced consistency ignores possible

inadequacies of Category I reaction cross sections and also possible systematic

errors in the integral measurements. Discrepancies between observed and

expected integral results in the benchmarks are interpreted as spectrum

errors alone. Thus, to be complete,this approach to spectrum characteriza-

tion for neutron dosimetry must take into account as an additional error

component the departures of the SAND-II adjusted spectra from the assigned

spectra based on spectrometry and calculation. Alternatively a compromise

spectrum may be first defined followed by the derivation of bias factors

for both categories of reactions.

4. CONCLUSIONS AND RECOMMENDATIONS

The principal conclusions related to dosimetry cross section data

development and testing based on this study and those presented at the

Petten symposium [18] may be stated as follows:

* For category I and the best known category II ENDF/B-IV threshold

reactions, integral and differential cross section data are generally

consistent to within ±5% (1l). When this is not the case, the

deviations can be interpreted in an ad hoc procedure as errors in bench-

mark neutron field flux spectra.

* Adjustment of the benchmark neutron spectra by multiple foil unfolding

on the basis of category I reactions significantly improves the

overall integral versus differential data consistency,as is to be

expected. These adjustments are often within the bounds of experimental

uncertainties for the benchmark spectra. When this is not the case,

the results suggest the existence of real biases.

* The spectral components of current benchmark neutron fields are not

sufficiently well known and distinguishable to allow energy dependent

adjustment of non-threshold category II cross sections. Present results

do provide a good basis, however, for the future direction of

evaluation work and measurements.
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* When integral-differential discrepancies for category II threshold

reactions are expressed as cross section rescaling or normalization

factors, such bias factors can be established with uncertainties

smaller than 2-3% when category I multiple foil unfolded spectral shapes

are employed in place of assigned spectra based on spectrometry and

calculation. Without this ad hoc adjustment biases of up to 10% or

more for key fluence monitors are observed. The consequent improvement

of spectrum characterization for dosimetry will depend upon the extent

and reliability of the departures between unfolded and assigned spectra.

In summary, the data development and testing approach, first applied

to the development of the SAND-II cross section file,[40] and subsequently

recommended by the IAEA 1973 panel['] has been further investigated and

rescaled energy-dependent cross sections have been derived for category II thres-

hold reactions. For the first time, some specific recommendations for further

study of non-threshold reactions in the ENDF/B-IV file have been delineated.

A few sustained problems still exist and a vigorous and well planned and

coordinated international interlaboratory effort will be required to resolve

them. These are:

* Uncertainties in the evaluated ENDF/B-IV differential-energy cross

sections for key standard reactions such as 235U(n,f), 0°B(n,a),
6Li(n,a), 2 39Pu(n,f), 197Au(n,y), and 58Ni(n,p).

* Uncertainties in the low-energy spectrum tails (<10 keV) for all current

reactor dosimetry benchmarks. More analytical work and sensitivity

studies will be needed, as well as dedicated integral measurement

comparisons with the Intermediate-Energy Standard Neutron Field (ISNF),

to define the spectral shapes.

* Lack of a sufficient set of high-accuracy, redundant, interlaboratory

microscopic integral cross section measurements; particularly for the

californium-252 fission spectrum and in the intermediate-energy

standard neutron fields ISNF and Ez.

* Suggested uncertainties 191 regarding the shape of the 235U thermal
neutron induced fission neutron spectrum in the energy ranges of

<250 keV, above 8 MeV and possibly also ~ 2-6 MeV.
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Abstract:

For selected reactor neutron spectra, in which reaction

rates of activation and fission detectors have been determined

experimentally, also calculated values for these reaction rates

were obtained, using the ENDF/B-IV and the DETAN-74 cross sec-

tion libraries with a 620 group structure.

A comparison was made between experimental and calculated (in-

tegral) reaction rate values to study the performance of dif-

ferential data in the reference cross section libraries.

The spectra considered are the fission neutron spectra of 23 5U

and 2 52Cf, the spectra of the CFRMF and the EZ facility (which

are recognized benchmark spectra), supplemented with the neu-

tron spectra of LFR, STEK-4000, STEK-2000, STEK-500.

The best consistency was obtained for the recognized benchmark

spectra. There is some influence of the procedure for extra-

polating the spectra at both ends. The method chosen indicates

that neither sufficiently accurate spectrum data, nor enough

experimental activities are available to make firm conclusions.

The cross section data for 4 8Ti(n,p) give inconsistent results.

Also the ENDF/B-IV data for 4 6Ti(n,p) often tend to be incon-

sistent.
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1. INTRODUCTION

This report presents ratios of measured and calculated activities for a

few selected well known neutron spectra.

The ratios were calculated with aid of the available data for the neutron

spectra and the experimentally determined saturation activities. The cal-

culations were performed with the computer program SAND-II.

The task of this program in these calculations was to supply the spectrum

data in 620 energy groups, to normalize the spectrum data with aid of the

experimentally obtained activity values, and to calculate the ratio of

measured (i.e. experimental) and calculated activities.

So no energy dependent spectrum modifications were performed during these

calculations. In the calculations two cross section libraries have been

used. Both libraries are available in the 620 groups SAND-II format.

These libraries are named DETAN-74 which is an updated SAND-II library

and the ENDF/B-IV dosimetry file.

The cross section data in these libraries may show some reaction and ener-

gy dependent uncertainties.

In reference I|1 a division of the activation reactions in a category I and

a category II is given.

Category I reactions serve as reference: they have been selected as a set

according to the following criteria:

- the set should provide a reasonable coverage of the energy range of in-

terest in reactor technology;

- the set should contain reactions for which the differential nuclear

data are the best known ones;

- the set should show consistency with respect to results of integral

measurements.

Improvement of quality (i.e. precision and accuracy) or quantity (amount

of experiments) of experimental data (differential or integral) should not

lead to adjustment of cross section data, but only to reevaluation of the

cross section data for these category I reactions.

Category II reactions include most other useful reactions for reactor ra-

diation measurements.

The energy dependent cross data required for these reactions should be ad-

justed with respect to category I cross sections by a correlation scheme

involving precise (and preferably interlaboratory) integral measurements

in a limited set of benchmark spectra.
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The data for the neutron spectra were available in various forms:

- analytical formulae;

- broad group calculations;

- point values with interpolation procedure.

In a number of cases extrapolation procedures were required at low and

high energy values, because a non-negligible response contribution can

be expected at these energy ranges for particular reactions.

Furthermore the broad group values were transferred to point values and

with aid of SAND-II to a smooth spectrum distribution. This smooth dis-

tribution is considered as a better input spectrum for unfolding.

The smooth overall distribution gives a more reliable indication of irra-

gularities in the unfolding than the coarse group structure.

The differences between the smooth distribution and the broad group values

are also considered.

In some cases it was possible to modify the point values obtained from data

with a broad group structure in such a way that the smooth distribution

when condensed to the original groups yielded the same values as the ori-

ginal data.

The effect of this modification is also presented.

2. THE CROSS SECTION LIBRARIES

In the calculations two libraries in the SAND-II 620 group structure have

been applied. Both libraries were kindly supplied by Dr A. Fabry from

SCK/CEN at Mol in Belgium.

The DETAN-74 library j12 oomprises the SAND-II library, supplemented and

updated with 6 cross section data sets from the ENDF/B-III. Furthermore

this library contains data described in 131, while also older data are

present.

The ENDF/B-IV dosimetry file is a library which contains evaluated data

for dosimetry purposes 141.

A small problem in these series of calculations was the absence of some

reactions in the cross section libraries, e.g. 55Mn(n,y) in the ENDF/B-IV

file and 59Co(n,a) in the DETAN-74 file.



-268-

3. SPECTRUM DATA

The spectrum data which could be used in these calculations were available

in different forms.

Some spectra are described with an analytical formula (e.g. the fission

neutron spectra for 235U and 2 52Cf). Other spectra are available in the

form of group flux densities in a relatively broad energy structure.

For this reason a description of the origin and form of the different ref-

erence spectra is given in this section.

3.1. The fission neutron spectra

The spectra which may be described with an analytical function are the

Maxwellian fission neutron spectra and the modified Maxwellian spectra.

These spectra are given in 151 for 2 5 2Cf and for 2 35U.

The fission spectrum for 2 52 Cf is defined as:

X252 = 0.6672 iT.exp(-1.5E/2.13)

and for 235 U as:

X235 = 0.7501 lV.exp(-1.5E/1.97)

For both spectra a continuous line segment correction function is given

which establishes a final fit with 16 documented differential spectromety

measurements of 2 3 5U thermal neutron induced and 2 52Cf spontaneous fis-

sion neutron spectra 161.

The line segment correction is given for 5 energy regions. Below 6 MeV

the correction is a linear function of the energy. Above this value the

correction function is exponential 151.

In figure 1 plots are presented for the 2 52Cf and 23 5U fission neutron

spectra.

The same plots for the modified neutron spectra show no clear differences

on the applied scale. For this reason the ratio of the modified and the

original Maxwellian are also presented in fig. 1. These plots show that the

modification is rather small (<10%) in the energy region from 10- 1 to

10 MeV. Outside this interval the minimum ratio is 0.7 for 2 52 Cf and

0.5 for 235 U.
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3.2. The ZE spectrum

The spectrum data have been obtained from 171. These recommended data are

given in a table with 145 energy values between 0.4x10- 6 and 14.9 MeV.

In that table the cumulative flux density and its second derivative are

listed.

With these two values and an also published subroutine the 620 group spec-

trum data can be calculated for each selected energy group. This proce-

dure was applied to calculate an input suitable for SAND-II.

The results showed some negative group flux values (e.i. from 2.7x10 - 5 to

3.6x10- 5 MeV). These values were replaced by the last positive value at

the low energy side. This can be seen in figure 2 where in order to demon-

strate this effect also the OE(E) is plotted as function of the energy.

Some reactions may have response outside the energy interval in which

spectrum information is available. For this reason an extrapolation pro-

cedure was applied.

At the low energy side a %E(E) = k.E distribution is used and at the high

energy side a Leachman fission spectrum with the following shape is used

for the extrapolation:

X1 - kE.exp(-0.776xE)

The extrapolated spectra are also shown in figure 2.

3.3. The CFRMF spectrum

The spectrum data were obtained from 181. This information is given as

group flux density values in a 69 groups structure from 0 to 10 MeV. The

input of the SAND-II program requires however point values for OE(E).

The available data can be transformed in differend ways, leading for

example to:

- group values with OE is constant;

- group values with Au is constant;

- a smooth distribution.

The smooth distribution was obtained by using the group flux density as

point flux density value at the energy AE/Au (AE and Au is the group

widths in units of energy and lethargy respectively).

The smooth distribution between the energy point values is calculated

with a log-log interpolation in the program SAND-II. If a smooth distri-

bution has to be calculated also extrapolation in the low and the upper

energy regions is performed.
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The applied extrapolation method is the same as described for the ZE faci-

lity. The plots of the three spectra are shown in figures 3 and 4.

3.4. The LFR spectrum

The spectrum data were available in 25 groups from 2.1x10-7 to 10 MeV.

The calculation data for a one slab core were taken from 191.

The broad energy groups have not been used for the calculation of acti-

vities, since the data for the thermal group, which gives an important

contribution to the reaction rate, were not given in the report.

For the further calculations the same procedure was used as applied for

the STEK spectra.

The plots are shown in figure 5.

3.5. The STEK spectra

For the STEK facility, described in detail in |10|, broad group flux den-

sity data in a 26 group structure were used. These data comprise recent

adjustments of previously reported data (see |11I).

The spectra were applied as broad group spectra with (u = constant.

These spectra are shown in figure 6.

The smooth spectra were obtained with another procedure as the one des-

cribed for the CFRMF facility.

The start of the conversion was the same; the resulting spectrum was then

condensed to the original group structure to check the procedure.

Due to the interpolation some small deviations were observed in the ob-

tained new group values. This procedure was repeated with slightly modi-

fied input values for SAND-II.

The iteration procedure was ended if the condensed output values agreed

within 0.3% with the original input data.

The smooth spectra are shown in figure 7. This figure shows also the dif-

ference between the corrected point values (as described above) and the

uncorrected point values. From this figure it follows that the procedure

to make a smooth distribution results in differences if the smooth distri-

bution is condensed again. These differences are in this example at some

energies in the order of 20%.
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4. THE CALCULATIONS

The activities and fission rates used in the calculations are presented

in table 1. In this table the uncertainty of the values is also supplied

if this value was available.

The literature references serving as data sources are also listed in the

table.

The spectrum data described previously and the activity values were

applied in the input of SAND-II.

With aid of small programs the format of the original data was changed so

that the output of these programs could be used as input for SAND-II.

One of these small programs calculated the energy points and the accom-

panying @E values in cases where a smooth spectrum was required.

The ITERATION mode of SAND-II was applied and the maximum number of iter-

ations was made zero. This gives a normalized output spectrum without

energy dependent modifications of the input spectrum data. The output of

the program SAND-II comprises among others the ratios of measured and cal-

culated activities.

The calculations are performed with the spectrum in a 620 groups struc-

ture and a cross section library in the same group structure.

The calculations are performed both for the category I reactions and foi

the combination of category I and II reactions.

The results showed that sometimes the ratio of measured and calculated

activities showed large deviations from 1. In these cases new calcula-

tions were performed without the reaction giving the largest deviations.

This proces was repeated until the maximum deviation from I was smaller

than 10% for the category I reactions and smaller than 25% for the cate-

gory I and II.

The results are presented for the original activity set and for a set

from which all reactions with too large deviations were removed. These

data are indicated in the tables with brackets.

These calculations have been performed for the two cross section libra-

ries of interest.

For each spectrum the total standard deviation expressed in percent (s)

as well as the number of input activities (n) applied are also listed.
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The average energy (E) in MeV and the average lethargy (u) are also pre-

sented. These values are calculated with aid of artificial cross section

sets 1121.

As a consequence of the normalization procedure the results presented in

the table have always an average ratio of Am/Ac equal to 1.

5. THE RESULTS

5.1.1. The fission spectra and_categor I reactions

The results for the ratio of measured and calculated activities is pre-

sented in table 2. From this table it follows that the Am/Ac ratio for

the reaction 19 7Au(n,y) is too high for all 2 5 2Cf spectra.

This is probably due to an incorrect value for the 19 7Au activity and not

due to cross section uncertainties. The argument is that the results for

the 2 35U spectrum show no anomaly for 19 7Au.

Furthermore the reaction 46Ti(n,p) in the 2 35U spectrum calculated with

the ENDF/B-IV library gives a large value for this ratio. This effect is

less pronounced for the 2 52 Cf spectrum.

The reaction 2 7Al(n,a) in the 2 52 Cf and the ENDF/B-IV library shows also

a clear deviation. This deviation diminishes if the corrected 2 52 Cf fis-

sion spectrum is considered. This reaction is very sensitive to high

energy neutrons and this part of the spectrum is appreciably changed (see

figure 1).

In most cases after deletion of reactions with large ratios the standard

deviations obtained with both libraries are somewhat smaller.

5.1.2. Thefission spectra and categories I and II reactions

The results for the ratios are presented in table 3.

Here the same method was applied as described in 5.1.1., but in this case

the category I reactions were not considered for consistency.

In the case that a category reaction was deleted in table 1, it was also

not used in table 2.

The category II reactions were observed for consistency. If deviations

larger than 10% occurred, these reactions were deleted and new ratios were

calculated and listed in the table (between brackets).
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The ratios calculated for category II reactions with the DETAN-74 library

were all within a deviation of 25%. The ratios calculated with the ENDF/B-IV

yielded several too large values.

In all spectra the reaction 4 8Ti(n,p) gives a too high ratio for Am/Ac.

This indicates a too low cross section.

In the corrected 235U fission neutron spectrum the reaction 6 3Cu(n,a) gives

a too high value. For the normal Maxwellian this value is also rather

high.

The reactions 55Mn(n,2n) and 12 7I(n,2n) give both too low results for the
235U fission spectrum but the results are acceptable for the corrected

fission neutron spectrum. This indicates that these reactions are also sen-

sitive in the part of the spectrum where the correction function is im-

portant.

In this case also the standard deviations are in general somewhat smaller

for the DETAN-74 library than for the ENDF/B-IV file.

Furthermore more reactions reamin in the set when the DETAN-74 library is

used.

5.2.1. The _E spectrum and category I reactions

The results are presented in table 4. In all spectra and for both cross

section libraries the reaction 58Ni(n,p) gives a too large ratio. This

may be due to a too high measured activity value.

The ratio for the reaction 19 7Au(n,y) is too large in the ENDF/B-IV li-

brary for a non-extrapolated spectrum. This is probably due to a relative

important contribution to the activity of low energy neutrons.

In the spectrum with extrapolation and the DETAN-74 library a too high

ratio for the reaction 2 7Al(n,a) was found after the deletion of the
58Ni(n,p) reaction. The spectrum without extrapolation shows a value just

below the rejection limit.

If one compares the results of both cross section libraries then one can

observe that theirresuls are more or less the same. The same holds for

the two forms of the spectrum except the reaction mentioned above.

5.2.2. The ZE spectrumandcategories I and II reactions

No extra reactions had to be removed from the category II data. The results

for the two spectra and the two cross section libraries are more or less

the same.
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The s-values are somewhat better for the ENDF/B-IV but for these s-values

the results for the reaction 5 5Mn(n,y) could not be used.

No clear difference is present between the results for the two forms of

the spectrum.

5.3.1. TheCFRMF andcategorI_ reactions

In all spectra and for both cross section libraries the ratios for the

reaction 6Li(n,a) are too low (see table 4). The cross section data in

both libraries are about the same (ENDF/B-III and ENDF/B-IV) so that either

the experimental value is too low or the cross section too large.

The 4 6Ti(n,p) reaction of the ENDF/B-IV cross section library gives a too

large value. The difference between the *E and fE = constant representa-

tion of the spectrum data is rather small. The (E constant gives slightly

better results.

The results for the smooth spectra are not so good as for the original

data. Both libraries give comparable results if the large ratios are ex-

cluded.

The ENDF/B-IV library has in this case one reaction less (4 6Ti(n,p)).

5.3.2. The CFRF and categories I and II reactions

From the category II reactions a too large ratio is obtained for 4 8Ti(n,p)

with both libraries and in all spectra except the smooth spectrum with

the DETAN-74 library (see table 5).

The ENDF/B-IV library gives a 20% higher ratio than the DETAN-74.

The smooth spectrum gives 20% lower ratio than the original spectrum data.

This is probably due to the extrapolation.

The same effect of decrease of the ratio can also bee seen for the reac-

tion 2 7Al(n,a) for this reaction the smooth spectrum gives a 10% lower

ratio.

In the two original spectra the reaction 59Co(n,y) gives a too large ratio

for the ENDF/B-IV resultc. This is improved in the smooth spectrum and

thus probably also due to the extrapolation procedure.

The general results are more or less the same for the original spectra

in the PE(E) and *u(u) is constant representation.

The results for the smooth spectrum seem to be better for the original

set as well as the set where the largest ratios were removed. In the lat-

ter set of the smooth spectrum one more reaction was applied compared

with the diminished sets of the original spectra.
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The two libraries gave about the same results for all spectra.

If the too large ratios are deleted the DETAN-74 keeps the most reactions

for the analysis.

5.4.1. The STEK-2000 and category_I_reactions

The results for three spectrum representations are presented in table 6.

The results for the three spectrum forms are nearly equal, but the cor-

rected point values (e.i. the values which give the same flux densities

as the original when they are transferred to this group structure) are

better than the uncorrected point values.

The rather high s-values compared with the s-values for previous described

spectra might indicate a less realistic input data set. In general one

may conclude that here either the input activities or the input spectrum

data are not fully correct.

In this case the deleted reactions will not give much information and also

the number of reactions which remain.

For the total set the ENDF/B-IV library gives a higher standard deviation

than the DETAN-74.

5.4.2. The STEK-2000 and categories I and II reactions

The results presented in table 7 are similar to those described in 5.4.1.

No clear difference can be seen between the three spectra and libraries

due to the inconsistent input data.

In this case the DETAN-74 gives also somewhat better results butrthey re-

main rather poor.

5.5.1. Other spectra and categor_I reactions

The results for these spectra are given in table 8 and 10. The data for

the smooth spectra are listed in table 8. Table 10 gives a comparison be-

tween the total S-values for smooth spectra and histogram data.

The results for the two STEK spectra show the same properties as the spec-

tra described in 5.4.1.

The data for the STEK-500 are more consistent than the data for STEK-4000

and STEK-2000, but still not enough to make statements on the cross sec-

tion behaviour.
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The set which is obtained in the LFR shows a better performance.

For both libraries the reaction 2 35U is deleted from the input set. This

is probably due to spectrum uncertainties in the thermal and intermediate

region and an inconsistency with the reaction 1 97Au(n,y).

The data from table 10 show that the differences in s-values for the smooth

spectra and for histogram spectra are rather small for these spectra.

55.2._ Othersectra and categories I and II reactions

These data are presented in table 9 and 11. The same comment holds as for

5.5.1. In these data the STEK-500 results are also somewhat better.

In the LFR spectrum the reaction 4 5Sc(n,y) is deleted for the DETAN-74 li-

brary and due to the ratio of 1.2499 for the ENDF/B-IV library it remains

in the set.

But this reaction gives rather high ratios compared with other reactions.

The 4 8Ti(n,p) reaction in the ENDF/B-IV library results is too large.

The results for the reaction 1 15In(n,y) are too low for both libraries.

This is probably due to a too low activity caused by an incorrect neutron

selfshielding correction applied for the activity value.

The results in table 11 show that the differences between s-values and

number of reaction are rather small for the smooth and histogram spectrum

representations.

6. DISCUSSION

The applied procedures may give clear results if the spectrum data and the

activity values are good enough but one has to conclude from these results

that also sometimes activity values do not fit and that spectrum data are

not accurate enough. This can be illustrated with the STEK data sets and

e.g. the 19 7Au(rn,y) in the 2 52Cf spectrum.

Rather high values for the reaction 4 6Ti(n,p) are found in 2 35U fission

neutron spectrum, the CFRMF spectrum and the ENDF/B-IV library.

In these spectra ratios of Am/Ac=1.15 is found.

The reaction 27Al(n,a) gives a rather low value in the 25 2 Cf spectrum

but the spectrum data of 2 35U fission, ZZ and CFRMF yield rather normal

results.
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The 48Ti(n,p) reaction gives Am/Ac ratios larger than ±25% when the

ENDF/B-IV file is applied to the fission spectra, the CFRMF spectrum

and the STEK spectra (ratio from.1.4-1.9).

In other cases the 235U spectrum and modified 235U fission spectrum

have a large effect on the results, so that a reaction which is accept-

able in one spectrum representation is deleted in the other spectrum re-

presentation (e.g. 5 5Mn(n,2n) and 12 7I(n,2n) in the 235U fission spectrum

and the ENDF/B-IV library.

In this case a choice of the spectrum representation is necessary to make

a judgement.

In the LFRMF a low ratio for the reaction 6Li(n,a) is obtained for both

libraries. The reaction 59Co(n,y) gives in the CFRMF and the ENDF/B-IV

library in the CFRMF spectra without extrapolation a too large ratio,

while this is not the case for the extrapolated spectrum.

This indicates that the method of interpolation is important. The method

of translating broad group flux densities to input data of SAND-II seems

to be not so important.

The <u = constant and the OE = constant per group did not give clear dif-

ferences. The smooth spectrum gave in most cases a somewhat worser fit.

The iteration method to keep the group values of the transfered smooth

spectrum equal with the original data gave no clearly better results,

probably due to the quality of the data applied in these calculations.

The quality of the DETAN-74 library seems to be better taking into account

the smaller s-values and the larger number of reactions kept in the analysis

(the latter on the basis of our rather arbitrary criterium for deletion).

7. CONCLUSION

With the data considered not so many sharp conclusions can be obtained.

From the applied data the fission spectra, the ZS and the CFRMF seem to

be the only spectra with accurate experimental activities as well as

reasonably fitting spectrum data.

But the spectrum data need in most cases some extrapolation which can be

done rather arbitrarily, so that the results can vary dependent on the

chosen method,
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For the 2 52Cf and the ZE the list of available activities is rather short.

This method of comparing library data indicatesthat neither sufficiently

accurate spectrum data nor enough experimental activities are available

to make firm conclusions.
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Table 2: Ratio of measured and calculated activities

Case of fission neutron spectra and category I reactions.

DETAN-74

spectrum _

reaction z-'Cf modified 25U modified 235U

Maxwellian Maxwellian Maxwellian Maxwellian

27Al(n,a)24Na 0.893 (0.911) 0.958 (0.976) 1.014 0.915
46Ti(n,p)46Sc 0.980 (1.000) 0.983 (1.002) 1.024 1.037
58Ni(n,p)58Co 1.018 (1.039) 1.007 (1.026) 1.051 1.077
197Au(n,y)198Au 1.141 1.132 0.948 0.951
2 35U(n,f) 0.962 (0.982) 0.947 (0.965) 0.947 0.957
2 38U(n,f) 1.010 (1.031) 0.995 (1.014) 1.044 1.065
2 37Np(n,f) 1.012 (1.033) 0.996 (1.015) 1.009 1.022
2 3 9Pu(n,f) 0.984 (1.004) 0.982 (1.001) 0.964 0.976

n 8 (7) 8 (7) 8 8
s (in %) 6.97 (4.42) 5.71 (2.20) 4.17 5.87

ENDF/B-IV

____'__spectrum
reaction 252Cf 252Cf modified 235U modified 235U

Maxwellian Maxwellian Maxwellian Maxwellian

2 7Al(n,a)24Na 0.857 0.921 (0.943) 0.970 (0.990) 0.886 (0.893)
4 6Ti(n,p)46Sc 1.057 (1.060) 1.067 (1.092) 1.142 1.164
58Ni(n,p)58Co 1.005 (1.008) 0.995 (1.018) 1.032 (1.053) 1.072 (1.080)
19 7Au(n,y)198Au 1.167 1.158 0.966 (0.986) 0.982 (0.990)
2 35U(n,f) 0.955 (0.958) 0.940 (0.962) 0.934 (0.953) 0.959 (0.966)
2 38U(n,f) 0.998 (1.001) 0.983 (1.006) 1.027 (1.048) 1.062 (1.070)
2 37Np(nf) 0.972 (0.975) 0.955 (0.977) 0.963 (0.983) 0.990 (0.998)
2 3 9Pu(n,f) 0.994 (0.997) 0.978 (1.001) 0.968 (0.988) 0.995 (1.003)

n 8 (6) 8 (7) 8 (7) 8 (7)
s (in %) 8.83 (3.48) 7.77 (4.84) 6.61 (3.67) 8.83 (6.33)

E (in MeV) 2.13 2.12 1.98 1.97
u 1.92 1.91 1.99 1.99
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Table 3: Ratio of measured and calculated activities

Case of fission neutron spectra and categories I and II reactions.

DETAN-74

spectrum
reaction 252Cf modified 252Cf 235U modified 235U

Maxwellian Maxwellian Maxwellian Maxwellian

1 97Au(ny)198Au 1.149 1.164 0.917 (0.935) 0.941
2 7Al(n,a) 2 4Na 0.972 (0.983) 0.911 (0.923) 0.980 (0.999) 0.905
4 6Ti(n,p)4 6Sc 0.997 (1.009) 1.000 (1.013) 0.991 (1.011) 1.027
5 8Ni(n,p) 58Co 1.022 (1.034) 1.039 (1.053) 1.016 (1.036) 1.066

2 35U(n,f) 0.961 (0.972) 0.982 (0.994) 0.916 (0.934) 0.948
2 38 ((n,f) 1.009 (1.021) 1.031 (1.044) 1.010 (1.030) 1.054
2 37Np(n,f) 1.011 (1.022) 1.033 (1.046) 0.976 (0.995) 1.012
2 39pu(n,f) 0.997 (1.008) 1.004 (1.017) 0.932 (0.951) 0.966

6 3Cu(n,y) 64Cu 0.837 (0.854) 0.857
1 15In(ny)l16Inm 0.877 (0.887) 0.893 (0.905) 0.905 (0.923) 0.930
2 4Mg(np) 24Na 0.913 (0.931) 0.857
2 7Al(n,p)2 7Mg 0.942 (0.961) 0.970
31p(n,p) 3 1Si 1.008 (1.028) 1.059
32 S(n,p) 32p 1.043 (1.064) 1.095
4 7Ti(n,p)47Sc 1.006 (1.018) 1.026 (1.039) 1.076 (1.097) 1.129
48Ti(n,p)48Sc 1.084 (1.096) 0.997 (1.010) 1.192 (1.216) 1.067
54Fe(n,p)54Mn 0.961 (0.972) 0.975 (0.988) 0.991 (1.011) 1.039
5 6Fe(np)5 6Mn 0.927 (0.937) 0.893 (0.904)
5 5Mn(n,2n)5 4Mn
5 9 Co(n,a) 5 61Mn
63Cu(n,a)6 0Co 0.950 (0.969) 0.910

1 15In(n,n')ll 5Inm 1.027 (1.039) 1.051 (1.065) 0.938 (0.957) 0.980
1 27I(n,2n)12 6I 1.390 1.066
2 3 2Th(n,f) 1.077 (1.098) 1.123

n 14 (13) 14 (13) 21 (20) 21
s (in %) 7.1 (5.15) 6.5 (5.59) 11.8 (7.96) 8.2

E (in MeV) 2.13 2.12 1.98 1.97
u 1.92 1.91 1.99 1.99
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Table 3 (continued):

ENDF/B-IV

reactio 25 sp ectrum
reaction 252cf 252Cf modified 235U modified 235U

Maxwellian Maxwellian Maxwellian Maxwellian

l9 7Au(n,y)19 8Au 1.159 1.142 0.941 (0.999) 0.975 (0.977)
27Al(n,.)24Na 0.851 0.908 (0.961) 0.945 (1.003) 0.880 (0.882)
46Ti(n,p) 46 Sc 1.050 (1.091) 1.052 (1.113) 1.112 1.156
5 8Ni(n,p)5 8Co 0.998 (1.037) 0.981 (1.038) 1.005 (1.067) 1.064 (1.066)
3 5U(n,f) 0.948 (0.985) 0.927 (0.981) 0.910 (0.966) 0.952 (0.954)
38U(n,f) 0.991 (1.030) 0.969 (1.025) 1.000 (1.062) 1.055 (1.057)
37Np(n,f) 0.965 (1.003) 0.942 (0.996) 0.938 (0.996) 0.983 (0.985)
39pu(n,f) 0.987 (1.026) 0.964 (1.020) 0.943 (1.001) 0.988 (0.990)

63Cu(n,y) 64 Cu 0.831 (0.882) 0.864 (0.866)
1 15In(n,y)l16Inm 0.938 (0.975) 0.919 (0.972) 0.973 (1.033) 1.011 (1.013)
24Mg(n,p)2 4Na
2 7Al(n,p)2 7Mg 0.877 (0.931) 0.911 (0.913)
3 1p(n,p) 3 1Si
3 2S(np)32p 0.973 (1.033) 1.032 (1.034)
4 7Ti(n,p)4 7Sc 0.771 (0.801) 0.758 (0.802) 0.844 (0.896) 0.892 (0.894)
4 8Ti(n,p)48 Sc 1.410 1.514 1.650 1.531
54Fe(n,p) 54Mn 0.922 (0.958) 0.907 (0.959) 0.959 (1.018) 1.016 (1.018)
56Fe(n,p)56Mn 0.907 (0.943) 0.939 (0.993)
55Mn(n,2n)54Mn 0.932 (0.989) 0.686
59Co(n,c)56Mn 0.955 (1.014) 0.906 (0.908)
6 3Cu(n,a)6 0 Co 1.283 1.225 (1.227)
1 5In(n,n')ll 5Inm 1.105 (1.149) 1.078 (1.140) 1.013 (1.075) 1.070 (1.072)
12 7I(n,2n)126I 0.830 (0.881) 0.656
Z3 2Th(n,f) 1.087 (1.154) 1.146 (1.148)

n 14 (11) 14 (12) 21 (18) 21 (17)
(in %) 15.3 (8.88) 17.3 (8.45) 18.0 (7.09) 18.3 (9.98)

(in MeV) 2.13 2.12 1.98 1.97
1.92 1.91 1.99 1.99



-2
8
4
 

-

--

J 
0

!I

o 
r-.cn 

I-td
 cM

o 
0

o 
*-<o 

\
0
 L
 m

 
o 

co
0 

O
 

D
 

0 
C

 
00 

0a
o 

o
c
 

o -
o 
o
a

O
 

m
 

0 
%

X
 O

D
 00 

n 
--

o
c
e
e
.
 

e
e
.
.
e
e

-o- 
o
~
0
o
0
-
0

\0r .

o
c
i

00I

-r 
C

4 
\O

 
Q

 
_ 

\n 
O

c 
o

o 00a0 
o 0

 
0
 

0
 

0
0
0
~
0
-
0
-
~
-
0

0
 

0
 

r 
o 

r 
aoc o 

x

in
C

D
O

 
SO

 
O

 
°
0
 

° 
°
0
0
o

o 
o 

-o_ 
_ 

o 
-

-
o

00a_ o
 
M

'0

r 
o 

cn
C., 
1

O
-

00

-
m

4.J

U
)

a.

'4 .r.0 C
u

3u11,4..i C
u

cU

'
U

c
u

0 m0o1-1
0 C
O

P
4(
d

0C
O

v 1 C
u

1-4

o H
 

H

0 
1

o 
n

4- 
F

H

C
u

(
C

4iC
-

Wrn(U

.*I 
r- 

O
 

r 
n

 
r

v
a
 

o
O

r 
o 

o 
n 

uo o 
) 

U
 

o

4 
C

O
 

0 
O

 
» 

O
 

.

m
 

1n 
o 
U

*) 
O

 
M

 
-a 

*n 
e

X
 .

.
.....

^ 
'
.
~
 

0
0
 

0
0

 
_
0
0
-
 

-
~
 

o 
-- 

-O
--00 

o
o
 

)

0
.
.
0
.W

 m
0
 

0
 0 

It 
c
0
 

-I 
0
 

0
 ......... 

.
O

 
,

-
oo--0 

--
o

-0
o

o
0

 
-o

-
0
 

-
0
.
 

O
 

O
 -

-
O

 
-

0
 

o 
-

O
D

r0 
m
o
'
o
o
'
 c 

r 
oo

-a
 

i 
0
 
0
 
0
 
0
 

L
 

C
O

 
*
 

_ 
#r,4: 

a 
r 

O
 

It

0
 

0
C
 

X
 

cO

m
0
 

o 
ooo 

o

V
 

_ 
-o 

--
o--oo00 

U
 

v 
u

 
d
 -0

>
 

o
o

 
oO

.o 
<

 
i 

o 
4.4

_
I o

r
 

_3 
oo 
_ 

_ 
O

-O
 

O
 

-

C
 

o
 

o 
44a 

a 
_o

c 
o 

ccL
A

- 
c 

-.
oM

, 
\

0'. 
.... .

L
W

m
m

_ 
o 

a 
(
 

u

_ 
-- 

c. _
o
 

o 
o 

o 

0" 
v
 

itM
 

·d- 
rooocoro

C
9 

C
9 

(N
 

C
M

 
<

M
 

C
O

-It
r-Iz1

IM

O
 

-
v
0
 
--

3
.1 

<
T

 
m

 e 
C

M
 oo 

ao

U
 

0
 

.-
 

5
-' 

5
-... 

.
-

-
-
 

-.
r4

 
o

- 
oD

 
o 

o 
o 

e'.n 
(

4J 
0'. 

0
 

o o
 

-
0
'
*
 

'
 

o 
n 

c
.
-

\

x 
.

.

C
 -

<
 

C
) 

r^ 
M

o 
i 

Jfr) 
, 

n
c 

c 
r- , 
J
J
J

U
 00 

000 
000 

r
o
c
 

cooooo-oo' 
c
 

O
o----O

--O
 

O
 

^> o
-

0 00aoooo0 
0o

0
r-

0
 

-oD
 

00 
0 

·socoD
 

o 
n 

1 
_
e
O
 

o 
_

oo0---_ 
o-- 

o 
oo 0 

n

-
k

p
p

 
*j 

X
- 

4 
)
 

z 
hn 
Z

0 
_ 

v
 

r~
 

-
n 

n 
n 

M
 

m
 
m

.
-

-
-

-0 
-

U
i 

l_
 

n 
P

- 
o 

n 
o 

rt 
*1 

1

C
 

o 
o 

o 
o<

 
o 

I 
o-r 

1a

O
_ 

-___ 
-_- 

-
-

0 
O

 
_ 

q
: 

O
 

n

_ ' 
.-~ c ~ L ~ 

m
 0 ' c 

n 
.

*i-i 
II 

c 
I 

t_
 

nC

n
) 

r 
g 

««· 
>

i4W
 

ri_ 
_ 

__ 
_)

t 
D

 
o 

_ 
o
o
 

o 
sinC

o 
o ar 

X
 

r
X

 
~ ~ 

~ 
~ 

r~
 

a 
¢^^¢ 



-
285 -

,o

O
--O

O
-0-O

O
-

-
o~ _

: 
_- 

o~ o 
-

_ 
c;

_ 
\ 

s 
_ 

>
 

_· 
·

0 
-C

S 
N

 
00 

00* 
OD \0

o 
-

o 
0_

*
 

00 
00* 

im
. 

.

O
 

O
 r 

<
t 

o 
o 

0o %
 

0o 
-

0 
o0 

* 
.

.
.

*
0-00-

C
O.

5-o
0%o .-
0

0'
^ 

L
n

C
4 m

\.0
r- 

0
c
 

=
h
r'-L

f

c
'.J

0
 

M

o 
m

 
N

 
co

 
L 

.o 
-

00 
0 

C
%

 0 
-

0%
0M

o 
-

o 
-

-
oo

O
~
 

~O
~D

C
O

I 
~
r
O
\
D

Q
O

O
Q

\O
~O

j~
0
-j-.jj

000 o 
M

o 
o 
C

aC

'.4
4
-

.
,
.

41C
J

C
O

-4rc:

0U
n

E
4 014.4
00-4,0C

u
E

-I

.,0.4i
4.0 (Uo 0C

u

a 00C
u

C
-

a4iUW0W00cd
U

d-.1
r.9Mi

o 
C

 
n 

rU
 

o 
L

n
 

'o 
C

c 
o 

oasL
 

-s
 

.*1 
0 r 

-
-- 

o 
0o 

C
m

 
0%

 r- 
o 

Ln 
-

L
n

41 
0 

000 
0 

C
 

0 00 
O

O
O

 
r

C
 

l 
... 

.
.. 

.. 
.

C
 
.
1

4 
_ 

_ 
0 

-
-

-
0 

0 
-_ 

S 
O U

0 
-r 

-r 
c
s
 

.
c
; 

o 
_ 

_ 
o

 
-0 

n 
o 

> 
C

:"

W
 
i
0
 

C
M

 
0
0
 

0
~
 

m
 

0
-
 

W
 

o 
rm

. sM
 

C
O

 
>

 C
M

 
m

 
M

0
0
 

V
 

*
 

_
o
 

oo 
o0 

0 
0- 

0 
-

C
 

00 
0 

-0 
a 

-

X
 

c 
5 

.
'. 

I. 
.

.
.

.
.

.
'. 

I 
In 

o 

41 
0 

_
L

a
c
O

 
s
c
C

L
0

 
_ 

O
-O

 
_ 

C
 

0 
%

O
 

O
O

-O
 

0 
_0 

a 
a 

u00r00l 
oo0 

x
 

o0 
-

o 
C

o
-a

o
o
o
 

t» O. 
sm

h
4 

rV
................ 

... 
*
 

*.. 
.

o 
C

 t ----
oo--o 

_
_

 
-

O
 

O
- 

O
 

-O
- 

-0 
0 

-

0
u

 
-

>
ecs' -t 

c 
o 
%

r 
n
 

ccM
 

o 
-

n 
o 

o 
n r 

o 
t 

L 
-o- 

d 
-

-
_0

cc 
n 

0
 

c 
0m

 
o-*cfr 

toS
D

 
0 

0 
0 

A
O

 %
'C

O
O

C
 

0%
'. 

J 
o

%
 

C
 

C
 

C
 

L
o 

c OO
 

O
 

O
O

O
aT

o 
o 

a 
m

 
o 

oo 
o 

(\ 
-

o
o
 

N
 

r_0%
 

*CO 
rn

O
---- 

-
--

o0 
0 

0----- 
m

 m
 

o 
0 4-o

 c

4000 
%

 0 
C

O
0-o0 

00 C
; 

-
' 

0 
t cm

O
 

0 
-

o 
s 

cd 
O

 
O

8
O

a
m

 
0 

oo 
0
 

o 
o- 

ooo 
-x o 

o 
ro 

o
L

l4 
v
l 

......... 
... 

.
..... 

.
0
 

-

0re- ---
oo- 

-O
 

0----- 
0-000 

0 
-o

O
-

uC
 

-_ 
0- 

O
 

0
0
 

0 
o 

in 
C

S
v
D

 
uM

 
( 

-
o

_ 
o
o
 

m 
o 
It 

c
-

.......... 
..... 

..... 
.

_ 
CS 

*
 

-
O

- 
-

-
-

O
 

O
--O

o 
-

-
-

-
O

-O
 

O
 

O
 

O
N

 
-

O
 cn

0 
O

U
 

A
X

ooom
 

CS 
\0 

'U
 

U
O

 
o 

n
 L 

-_
n 

_ 
n 

oC
%

 
%

m
 

-
C

O
 

O
 

N
c 

U
 

aW
 

c
 

-o
 

o 
O

 
o- 

W
 

0 
000-0 

-
.

-

U
. 

.c 0 
-
.
 

.
.

.
.

4- 
s
. 

.
.

.. 
.

.
.

o 
7 

rv 
C

 
C

 
X

o 
X

 
<

 
cr 

g7 
P

 
ocf- 

P
'_

C
cs 

ar1 
a2 

a 
0 

0C
 a 

a 
a
 

a
 

aQ
) 

.
0 

C
:

_ 
_ 

_ 
O

 
O

 
-

O
 

-_ 
o 

O
O

O
-o 

-
O

 
_ 

_

0 
0 o

3
 

u0 
a 

-
0000 

0 
Q

0o 
H

m
0 

o
 n

 
U

am
 

M
 

m
 

-
m

 
M

 
E

- 
U

 
U

' 
H

 
.

O
 

Pc 
,1 

t, 
D

 
oD

 
r 

D
 

a 
aC

O
 

tn
 

00n 
0 

)
 

_IC
 

O
*rlt 

G
n 

M
 

U
1 en 

cs 
M

, 
N

 
t 

L
t-In 

In 
(o

 
Ln 

)

u 
ah 

a 
-

a 
a 

s 
a 

p 
N

 
a 

* 
a 

-
a 

t 
a 

N
 

r 
r -

? 
^ 

N
 

:

<
u e 

r 
0 e 

e-4cN
N

 
N

 
.- 

c 
c-i 

C
N

 
0a 

IB
g1

^ -
fi_»t)n 

cn roco 
i -o 

IcV
 

f 
'f 

io 
m

 m
 in 

rir-ir-ico
c~

n
,

.- 
cM

lcM
L
c^C

h
 

Irl 
c-i<

M
 

M
 

! 
01 

1



- 286 -

1
e4
0I

'000
0- '

- j
V'-.J

0 ~ --

-- 00--00
o - o o- y 

- 0- 0 -0 O mo

- - 0 o - o f

CO 0T 0 -

I - 00 0

0-0 -

CT - .o . .
o - Co - -

0'-0·400-0z~--

0 e r -
ran - It N C-

'o - cr M -

0-00·-

: .- 0 . . .

0 - 0 0 0-

~-

r-

0 

r~

o;

VI
C
0

4J
a)

H

0

cc

0

0

u

4-i
Cd

U

0

c:

h
U

4<-
0

U

CO

I1
%.0

CO 
-a'

\0

CM3 - 0 

- -:t c'3
eq oM 00cMoo0

0C000

o-o

H

~-5M
pq
r=

t

o 0o oc c'L ' m t C -N s c o C
.F am o , cm \y 0 °o c o In ri Ln' o a%41 or-ao a' 0 a 
u4. 0 -a-O ' - a00 0 0 *

=an . ..... . ...... cjd 

*r/ o 0 C-- m m 0 m-- O - -
B 0C M -O- CS '-t< o o -<0 o --L C

w i rS - -Ito x m ro D oo cr ir 'r on 0 C c4o cs

4 o - o r, * o a oi c, ooo o oD L o oo0 Co .0

0 W -_ m- c, m 0r m 0 0- 0 n - es 00 - 0 4c C''0 0 0 m mo C mo a oo0 m-Mo 0o vo ^o o o oorOc'C f -o o o 'a c,-o c cs

o, - - -o-0ooo o-o - o - oo- o -a 

W U co-N,0co-r-'.0Cm M 0 C'JIt'.0 0 0 00-c -~c0 r-

4J 3 ~ C3 ^w' 13^ lo^ 0- ^ a* 0- C
s
-^ CJC ^n D 0 C) 8 g 0 Os -ae -s o 0 0 C) N o 0 M _ °_

II 0 O ' 0 o 0o o o 'o m o O C _Ja - 0 

Oco a *- ' - -Oa O ' O - O O -CO-O a ' O tS OD 

000- -00 0 0 CO h 0 ) X 0 0 00 0 '00

mu u o C m4 0o tQ o Ln en 0 N .

0 - a'a'aa0 0 0 0 0aC 0 O O C
· W CO .... . . . .. .. l.

X p . - - 0 0O - O - O0 O -O - O a'0 

FN. o0 -t n n ) 0 0

nO o im -o o ocS £i- A oo _ - cs Mo cUr o rr Q) o : 0 - O

o - o rOo- - 0'

o o oo W oo

_ a O. O - ea _o o a O O o s
1 .d S. S ^d 5 . S. . S. d . . . . . _ s

O -- oooo - oo--o -~ Cy o O

·_.. C S CS CS~ SC X



- 287 -

Table 6: Ratio of measured and calculated activities

Case of STEK-2000 spectrum and category I reactions

DETAN-74

STEK-2000
reaction original po va s correctedpoint values

histogramnu=C point values
19 7Au(n,y) 19 8Au 0.894 0.865 0.841

7Al(n,c) 2 4Na 0.789 0.831 0.964 (1.012)
46Ti(n,p)4 6Sc 1.102 (1.049) 1.144 1.146
58Ni(np) 58Co 1.165 1.179 1.153

2 35U(n,f) 0.961 (0.915) 0.902 (0.893) 0.870 (0.913)
2 3 8U(n,f) 1.089 (1.036) 1.080 (1.069) 1.025 (1.075)

n 6 (3) 6 (2) 6 (3)
s (in %) 14.4 (7.39) 15.2 (12.3) 13.3 (8.19)

ENDF/B-IV

STEK-2000
reaction original corrected

histogram u=C nt values point values
1 9 7 Au(n,y) 1 98 0.914 (0.935) 0.878 (0.992) 0.852 (0.946)
27Al(na)24Na 0.739 0.778 0.902 (1.001)
4 6Ti(n,p)4 6Sc 1.211 1.280 1.297
58Ni(np)58Co 1.115 1.127 1.100

2 35 U(n,f) 0.958 (0.979) 0.892 (1.008) 0.859 (0.954)
2 38U(n,f) 1.063 (1.086) 1.046 0.991 (1.100)

n 6 (3) 6 (2) 6 (4)
s (in %) 16.7 (7.98) 18.6 (1.15) 17.3 (7.08)
E (in MeV)
u
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Table 7: Ratio of measured and calculated activities

Case of STEK-2000 spectrum and categories I

DETAN-74

and II reactions

_____S___TEK-2000____

reaction original corrected
histogram *u=C_____ point values

19 7Au(ny)1 98Au 0.903 0.888 0.868
2 7Al(n,a) 24Na 0.797 0.854 0.995 (0.981)
46 Ti(n,p)4 6Sc 1.113 (1.045) 1.175 1.182
58Ni(n,p) 5 8Co 1.177 1.211 1.190

2 35U(n,f) 0.971 (0.911) 0.926 (0.878) 0.898 (0.886)
2 38U(n,f) 1.099 (1.032) 1.109 (1.051) 1.057 (1.043)

2 3Na(n,y)2 4Na 0.780 0.756 0.734
4 5 Sc(n,y)46 Sc 1.251 (1.175) 1.181 1.149 (1.133)
55Mn(n,y)5 6Mn 0.752 0.710 0.690
58Fe(n,y)59 Fe 1.036 (0.973) 0.956 (0.906) 0.930 (0.917)
59Co(n,y) 60Co 0.452 0.471 0.454
6 3Cu(n,y)64Cu 0.539 0.513 0.497

1 15 In(n,y)1 16In 0.890 (0.835) 0.845 (0.800) 0.806 (0.795)
2 38U(n,y) 2 39U 0.937 (0.880) 0.856 (0.811) 0.834 (0.822)
4 7Ti(n,p)4 7Sc 1.348 1.394 1.362
4 8Ti(n,p)4 8Sc 1.213 (1.139) 1.252 (1.186) 1.473
54Fe(n,p)5 1Mn 1.148 (1.078) 1.192 (1.130) 1.175 (1.159)
5 6Fe(n,p)5 6Mn 0.919 (0.863) 1.033 (0.979) 1.145 (1.129)
59 Co(n,a) 56Mn

115 In(n,n')1 5I1nm 1.204 (1.130) 1.205 (1.141) 1.151 (1.135)
2 32Th(n,f) 1.471 1.474 1.412

n 20 (11) 20 (10) 20 (10)
s (in %) 25.8 (12.6) 27.0 (14.5) 28.2 (13.9)
E (in MeV)
U
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Table 7 (continued): Case of STEK-2000 spectrum and categories- I and II
reactio°nSENs/B-IV

ENDF/B-IV

STEK-2000
reaction original correctedpoint values

histogram Cu=C point values

19 7Au(ny)198Au 0.933 (0.980) 0.905 (0.974) 0.880 (0.855)
2 7 Al(n,a)24Na 0.754 0.802 0.932 (0.905)
4 6 Ti(n,p)46 Sc 1.236 1.319 1.340
5 8Ni(np)5 8C o 1.138 1.162 1.137

2 3 5U(n,f) 0.978 (1.026) 0.920 (0.989) 0.888 (0.862)
2 3 8U(n,f) 1.085 (1.139) 1.078 1.024 (0.994)

2 3Na(n,y)24Na 0.502 0.479 0.464
4 5Sc(n,y)4 6Sc 1.351 1.239 1.200 (1.165)
5 5Mn(n,y) 56Mn
5 8Fe(n,y)5 9Fe 0.918 (0.964) 0.914 (0.983) 0.884 (0.858)
5 9Co(n,y)60 Co 0.467 0.486 0.466
6 3Cu(n,y)6 4Cu 0.559 0.550 0.528

1 1 5In(n,y) 116In 0.783 (0.822) 0.733 (0.789) 0.696
2 38U(ny)239U 0.794 (0.834) 0.731 (0.787) 0.708
47Ti(n,p)4 7Sc 1.026 (1.078) 1.050 (1.129) 1.018 (0.988)
4 8Ti(n,p)4 8 Sc 1.661 1.728 1.968
5 4Fe(n,p) 54Mn 1.104 (1.159) 1.133 (1.219) 1.117 (1.085)
5 6Fe(np)5 6Mn 0.951 (0.999) 1.050 (1.130) 1.156 (1.123)
6 9Co(na)56Mn

1151n(n,n')115 Inm 1.282 1.262 1.200 (1.161)
2 3 2Th(n,f) 1.479 1.461 1.394

n 19 (9) 19 (8) 19 (10)
s (in %) 32.1 (11.3) 33.1 (17.3) 36.2 (12.7)
E (in MeV)
u
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Table 8: Ratio of measured and calculated activities

Case of other spectra and category I reactions (smooth spectra)

DETAN-74

spectrumreaction ... LFR STEK-500 STEK-4000
19 7Au(n,y)1 9 8Au 0.984 (1.008) 0.920 (1.018) 0.666
9 7Au(n,y)1 98Au 0.933*(0.955)
2 7Al(n,a) 24Na 0.927 (0.949) 1.103 0.778
4 6Ti(n,p)4 6Sc 1.096 1.308
58Ni(n,p) 5 8Co 0.982 (1.005) 1.091 1.249 (1.049)
5 8Ni(n,p)58C6 1.002 (1.026)

2 3 U(n,f) 1.141 0.828 (0.916) 0.867
2 38U(n,f) 1.032 (1.057) 0.963 (1.066) 1.133 (0.952)

n 7 (6) 6 (3) 6 (2)
s (in %) 7.22 (4.15) 11.5 (6.90) 26.6 (6.86)

ENDF/B-IV

._reaction spectrum __
reactionLFR STEK-500 STEK-4000

1 97Au(n,) 19 8Au 0.995 (1.019)* 0.957 (0.970) 0.661
1 9 7Au(n,) 1 9 Au * 0.956*(0980)*
27Al(n,a) 2 4Na 0.901 (0.923) 1.026 (1.040) 0.727
46Ti(n,p) 46 Sc 1.237 1.479
5 8Ni(np)58Co 0.973 (0.997) 1.037 (1.052) 1.191 (1.042)
5 8Ni(np)58Co 0.994 (1.018)

2 3 5U(n,f) 1.143 0.818 0.847
2 38U(nf) 1.039 (1.064) 0.925 (0.938) 1.096 (0.958)

n 7 (6) 6 (4) 6 (2)
s (in %) 7.58 (4.72) 14.1 (5.50) 31.2 (5.88)
E (in MeV) 0.0897 0.810 0.544
u 15.6 3.74 5.24

Cd cover.
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Table 9: Ratio of measured and calculated activities

Case of other spectra and categories I and II reactions (smooth
spectra having 620 energy groups)

DETAN-74

_reaction spectrum
LFR STEK-500 STEK-4000

1 97Au(n,y) 198Au 0.975 (0.959) 0.994 (0.944) 0.706
19 7Au(ny)198Au 0.924 (0.908)
2 7Al(n,a)2 4Na 0.918 (0.903) 0.983 0.710
46Ti(np) 46Sc 1.143 1.375
58Ni(n,p)58Co 0.972 (0.956) 1.168 1.346 (1.057)
58Ni(n,p)58Co 0.993 (0.976)

2 3 5U(n,f) 1.130 0.895 (0.849) 0.946
2 3 8U(n,f) 1.022 (1.005) 1.055 (1.001) 1.263 (0.991)

2 3Na(n,y)24Na 1.038 (1.020) 0.855 (0.812) 0.987 (0.775)
4 5Sc(n,y)4 6Sc 1.324* 1.091 (1.036) 1.332 (1.046)
5 5Mn(ny)56Mn 1.105 (1.086) 0.999 (0.948) 0.734
5 8Fe(n,y) 59Fe 0.842
5 9Co(n,y)60Co 1.042 (1.025) 0.459 0.518
5 9Co(ny)60Co 1.074 (1.056)
6 3Cu(n,y) 64C1 0.555 0.703

115In(n,y)1 16 In 0.258 0.937 (0.890) 0.398
2 3 8U(n,y)2 3 9U 1.029 (0.977) 0.605
4 7Ti(n,p)47Sc 1.090 (1.072) 1.262 (1.198) 1.368 (1.074)
48Ti(n,p)48 Sc 1.137*(1.118) 1.152 (1.094) 1.295 (1.017)
5 4Fe(n,p) 54Mn 0.808 (0.795) 1.191 (1.131) 1.406 (1.104)
5 6Fe(np)56Mn 1.020 (0.969) 1.167 (0.916)

11 5In(nn')l15Inm 0.941*(0.925) 1.213 (1.152) 1.301 ($'.021)
11 5In(n,n')ll 5In 1001 (0.984)
2 3 2Th(ny)23 3Th 1.185 (1.166)
2 3 2Th(n,y) 2 3 3 Th 1.065 (1.047)

n 20 417) 18 (13) 19 (9)
s (in %) 20.7 (9.03) 21.2 (11.8) 33.8 (10.0)
E (in MeV) 0.0897 0.810 0.544
u 15.6 3.74 5.24

Cd cover.
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Table 9 (continued): Case of other spectra and categories I and II reactions
(smooth spectra. having 620 energy groups)

ENDF/B-IV

.reaction spectrum
reacton..._ LFR STEK-500 STEK-4000

1 97Au(n,y)1 98Au 0.992 (0.990) 1.025 (0.995) 0.706
1 97Au(n,y) 1 98Au 0.953 (0.951)
2 7Al(n,) 2 4Na 0.898 (0.896) 0.904 (0.879) 0.668
4 6Ti(n,p)4 6Sc 1.259 1.549
58Ni(n,p)58Co 0.970 (0.968) 1.099 (1.068) 1.294 (1.045)
58Ni(np)58Co 0.991 (0.988)

2 3 5U(n,f) 1.140 0.877 0.932
23 8U(n,f) 1.036 (1.033) 1.004 (0.975) 1.230 (0.994)

2 3Na(n,y)24Na 0.909*(0.906) 0.548 0.642
45Sc(ny)46Sc 1.253 (1.250) 1.109 (1.078) 1.363 (1.102)
58Fe(n,y) 59Fe 0.751
5 9Coin,y)60 Co 1.039 (1.036) 0.711 0.503
59Co(ny)60Co 1.039 (1.036)
6 3Cu(n,y)6 4Cu 0.730 0.677

1 15In(n,y)1 1 6In 0.229 0.905 (0.879) 0.333
23 8 (n,y) 2 39U *0.971 (0.943) 0.543
4 7Ti(n,p)4 7Sc 0.809 (0.807) 0.936 (0.909) 1.032 (0.834)
48Ti(n,p)4 8Sc 1.591 1.554 1.794
54Fe(n,p)54hMn 0.829 (0.827) 1.107 (1.075) 1.340 (1.083)
56Fe(n,p)5 6Mn 1.016 (0.987) 1.189 (0.961)
59Co(n,a) 56Mn 1.089 (0.880)

115In(n,n')ll5Inm 1.018 (1.015) 1.247 (1.212) 1.365 (1.103)
115In(n,n')115Inm 1.083 (1.080)
232Th(n,y)233Th 1.121 (1.118)
2 32Th(n,y)2 33 Th 1.101(1.099)

n 19 (16) 17 (11) 19 (8)
s (in %) 25.3 (11.2) 23.29 (10.1) 40.1 (10.3)
E (in MeV) 0.0897 0.810 0.544
u 15.6 3.74 5.24

Cd cover.Cd cover.
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111.3. Status of Fission Product Yields Required

for Fast Reactor Dosimetry

G. Lammer and M. Lammer

ABSTRACT

The results of recent fast fission yield measurements of
Br-95, Zr-97, Ru-103, 1-131, Te-132, Cs-137, Ba-140 and Nd-148
from fissions of U-235, U-238, Pu-239 and Np-237 are compared.
The dependence of these yields on the flux shape in fast reactors
is investigated by associating the measured values with the
median neutron energy of the spectrum.

From this comparison, no evidence is found for an energy
dependence of the yields, within the energy range of fast reactor
neutrons. This allows to combine different yield data taken in
fast reactor spectra to give evaluated "fast reactor yields".
For the fission products considered, such evaluated data are given
at the end of this paper.

1. Introduction

In high power FBRs, the determination of absolute fission rates
is most suitably carried out by the fission foil activation
technique /1/. This method, which can also be used for flux-
monitoring, involves the irradiation of foils of fissionable
material and subsequent gamma-activity analysis of the fission
products. The fission rate is then obtained from: Fi=R./Yij'

F fission rate of the fissionable isotope i

R. production rate of fission product j

Yij spectrum averaged yield of isotope j from fissions
of isotope i.

For the analysis of the measured data, the knowledge of the values
and accuracies of the yields of the measured fission products from the
fissionable isotopes under consideration is essential. The most commonly
used fission products - because of suitable lifetimes and prominent
gamma-rays - are: Zr-95, Zr-97, Ru-103, 1-131, Te-132, Cs-137, Ba-140 /2/.
In addition, the stable isotope Nd-148 is very often used as burnup
monitor. The fissionable isotopes which are most important in neutron
dosimetry are: U-235, U-238, Pu-239 and Np-237.
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The currently available large fission yield data files (/3/,/4/,/5/)
in general only discern between thermal and "fast" neutron fission
yields. These recommended "fast" yields are obtained from averaging
over results from measurements performed in a variety of fast reactor
spectra as well as different fission neutron spectra.

For higher accuracy requirements (for dosimetry purposes in FBRs
they are typically about 2%), such an averaging procedure may, however,
- for some fission products - no more be adequate. Furthermore, the
fact that differences in neutron energies have not been taken into
account, may be one of the reasons for observed discrepancies among
evaluated data /6/ (e.g., the yields of 1-131 and Cs-137 from Pu-239
show discrepancies of about 5%). Therefore, it has been recommended
at the FPND Panel /6/ that experimenters associate their neutron
spectrum with some kind of spectral parameter, and that the energy
dependence of yield data be evaluated. All information on fast yields
available up to 1973 has been compiled by J.G. Cuninghame for this
Panel /7/.

In this paper, an attempt is made to associate the available fast
yield data for the above-mentioned fission products with a spectral
parameter, so as to find out whether there exists a significant variation
of yields with shapes of fast reactor spectra.

2. Spectral parameters

The following parameters are currently in use to characterize the
fast neutron spectra:

10 MeV

- - ^0 E.i() dE
Mean energy E : E = - ; (E)... differential neutron

Otot flux (n/cm2 sec MeV)

X ...total neutron flux

(n/cm2 sec)

Em 10 MeV
Median energyEm: lE (E) dE =f E (E) dE

m ->0 E
^Em

Median fission energy, e.g. for U-235, Em5:

EM5 10 MeV

0 f5 YE (E) dE = | °f5 OE (E) dE

m5

Ratio of capture to fission reaction rate, e.g. for U-238, 8:

a8 = y8 / 0f8

"Spectral index" s:

= 0f8 / f5
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From a comparison of these parameters in different reactor spectra,
it appears that the spectral index s is the parameter which is most
sensitive to changes in flux shapes. It can be interpreted as an
indicator of the ratio of the part of flux above about 1.3 MeV to the
part below this energy. The median energy is less sensitive to changes
in the flux spectrum, but has the advantage of being approximately
equal to the median U-235 fission energy, and of being easily determined
from a given flux spectrum. Still less sensitive are the mean energy
and also c (e.g. for U-238) as defined above.

3. Fast fission yields as a function of neutron energy

For a study of the dependence of fission yields on neutron energy
in the range of fast reactor neutrons, it would be necessary to relate
all the published yield data to one single parameter. Unfortunately,
in some publications no information about the neutron spectrum in which
the measurements were made is given; in some,the spectrum is shown in
a figure - from which the median energy may be roughly derived; or in
others any, but in general only one,of the parameters defined in Sect.2
is used. Different parameters can however only be reliably converted
into each other if the shape of the neutron spectrum is known.

For the present comparison, the median (U-235-fission) energy Em(5)

(Em and Em5 were assumed to be equal) was used as energy coordinate,
as this was the parameter which could be obtained from the majority of
publications. In those cases where only other parameters were available,
they had to be converted to E , assuming an approximately linear relation-
ship between spectral parameters.

In order to avoid systematic differences arising from normalization
procedures, the comparison was in most cases carried out for relative
fission yield data. Ratios of yields to a chosen "standard" yield were
calculated from measurements wherever this was possible without loss of
information. The criteria for the selection of the "standard" nuclide
were:

- that the yield of this nuclide had been determined in most of the
experiments considered;

- that the measured absolute values did not change considerably with
the median energy.

Table 1 shows a list of experiments considered for this review.
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Table 1

Author,yearref. facility spectral param.
in original
publication

Em(5) (MeV)

4 4

Maeck 75, /8/

Davies 69, /9/

Cuninghame 72,/10/

Rajagopalan 75,/11/

Scholtyssek 72,/12/

Dudey 75, /1/

Dudey 75, /13/

Larsen 74, /15/

Zimmer 75,/16/

Cottone 75,/17/

Robin 71,/18/

Lisman 70,/19/

EBR-II

DFR

DFR

PROTEUS

SNEAK-7b

EMC
CFRMF

BIG-TEN

ZPR-3

EBR-II

Rapsodie

Osiris

EBR-I

E =0.12-0.16 MeV
m

f (u)

E =0.18 MeVm
5=0.021,0.033

0(u) /14/

E =0.29-0.44 MeV
m

E= 0.83-0.96 MeV

Ia(U5)= 0.213

[s = 0.073 /18/

s = 0.089

Em= 0.5 MeV

0.12-0.16

0.15 /12/

-0.15, -0.25

0.18

0.17, 0.23 /2/

0.19 /2/
0.34 /2/

~0.28

0.29-0.44

0.38-0.45 /2/

- 0.45

0.54

~0.7 /2/

*

The results of the comparison are shown in figures 1 to 25.
Also included in these figures are the thermal yield-values or ratios
and fast yields as evaluated by M.E. Meek and B.F. Rider /4/.

a) U-235 fast fission

Absolute yields of Zr-95 and Ba-140 are shown in figs. 1 and 2.
As can be seen, the data for Zr-95 agree much better, and therefore,
with the exception of Cs-137 and Nd-148, published yield data were
normalized to the Zr-95 yields. For Cs-137 and Nd-148, the absolute
yields are compared,as in many experiments the Zr-95 yields had not
been measured together with these data.

For none of these fission products a consistent variation of the
yield with the median energy can be observed. With, perhaps, the ex-
ception of Ba-140, the fast yield data shown here agree within 1-2%.
As expected, the weighted average of all experiments considered is
less than the thermal yield value for Zr-95, Zr-97, Cs-137 (by ~1%)
and Ba-140 (by 3.5 %), i.e. fission products which are in the peaks
of the mass-curve, and higher than the thermal values for Ru-103
(by 3%) and for 1-131 and Te-132 (by 8-10%). These differences
between thermal and fast values are too small to make any variation
with fast reactor spectra apparent.
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The need for investigating the energy dependence of the yield of
Nd-148, which is a very important burnup monitor, has been particularly
emphasized /6/. An interesting contribution to this question was
provided by W.J. Maeck, /8/, /20/, who calculated the yield ratios of
stable Nd isotopes, 150/143, 150/145 and 148/143, of all available
fast yield values that were related to a spectral index of the neutron
spectrum. As a result, he found a clear variation of all these ratios
with the spectral parameter. In the present comparison however, neither
the absolute Nd-148 yields (fig. 9) nor the ratios Nd-148/Cs-137
(fig. 10) indicate any consistent energy dependence within the energy
range considered. This means that the yields of the Nd-143, 145 and
150 isotopes vary with fast reactor spectra rather than the Nd-148
yield.

b) Pu-239

For Pu-239, Ba-140 was chosen as standard. From figs. 11 to 19,
the following can be deduced:

Within the experimental errors, the yields of those nuclides
which are in the peaks of the mass yield curve, namely Ba-140, Zr-95,
Zr-97, and Cs-137, do not vary within the energy range of fast reactor
spectra. For Ru-103, 1-131, and Nd-148, however, a slight increase
of the yield with energy is observed, whereas relative and absolute
yields of mass 132 do not show this tendency.

In view of the fact that the relative variation of these yields
with energy is, within the energy range investigated, comparable to the
experimental errors of individual values, no definite conclusion should
be drawn. In order to get a more reliable answer to the question of
energy dependence, new measurements should be performed in different
reactor spectra, under similar conditions, preferably in a single
experiment.

c) U-238

Only neutrons with energies above the U-238 fission threshold
( 1.3 MeV) contribute to the measured integral yields. It is there-
fore to be expected that the effect of varying the neutron spectrum
is still less distinct for U-238 than for U-235 and Pu-239.

Relative or absolute yield values versus median energy are shown
for those nuclides for which more than three different experimental
data were available (figs. 20 to 24). Indeed, no consistent variation
with energy is apparent. - It should also be noted that the individual
experimental errors, as given by the authors, are about twice as high
as those for U-235 and Pu-239.
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d) Np-237

Data for the fission product yields of Np-237 are so scarce,
that no attempt was made to relate them to a spectral parameter.
Table 2 shows the more recent yield data that could be found for
the fission products under consideration. For those fission pro-
ducts with more than one yield value, no real discrepancies exist,
but the experimental errors are partly rather high.

Table 2

Measured yields from fast neutron fission of Np-237

Zr-95

6.05+0.23

5.64+0.21

5.98±0.26

/1/
/2/

/13/

Ru-103

5.75+0.24

5.77+0.28

1-131

/1/
/13/

3.25+0.16

3.63+0.18

/17/

/21/

Te-132

4.86+0.24 /17/

Cs-137 Ba-140 Nd-148

I I

6.67+0.22

6.38_o.32

/2/

/17/

5.79±0.12

5.41+0.20

5.53+0.22

/1/
/22/

/13/

1.69+0.14 /2/

1.84+0.09 /17/

Conclusions

Within the uncertainties of existing experimental data, a dependence
of the integral fission yields of Zr-95, Zr-97, Ru-103, 1-131, Te-132,
Cs-137, Ba-140, and Nd-148 from fissions of U-235, 238, Pu-239 and Np-237,
on the median energy of fast reactor spectra, is either not observed or
doubtful.

Therefore, it was considered to be justified to average all the avail-
able yield data measured in fast reactor spectra (not the fission spectrum
or epithermal datal) in order to give a recommended "fast fission product
yield".
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The following averaging procedure was applied:

- The weighted averages (w.a.) of the absolute yield-values and
- where applicable - of the yield ratios as described above,
were calculated. In general the experimental errors as given
in the publications were taken as uncertainties; only in some
cases higher uncertainties were assigned in order to account
for discrepancies between experimental data.

- The w.a. of absolute yields and the values resulting from the
w.a. of ratios were compared. In all but one (Te-132 from Pu-239)
cases the difference between these two values was less than 1.5%.

- For U-235 and Pu-239, the yields resulting from ratios were adopted.
In the case of U-238, either the w.a. of absolute yields or the
yield ratios were used, depending on the agreement among data.

- "Recommended" Np-237 yields were obtained from absolute data.

The adopted yields are given in Table 3. Values which were derived
from only 3 or less experimental data, are shown in brackets. For
comparison, the recommended yields of Meek and Rider (/4/) are included
in the table.

The uncertainties of the w.a. and the agreement between the present
evaluated data and those from Meek and Rider, indicate that, for the
fission products of interest in fast reactor dosimetry, the following
precisions in fast yields can be assumed:

- 2% for U-235;

- 1.5% to 3% for Pu-239;

- 2 to 4% for U-238; and

- 5 to 10% for Np-237.
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IV.1. REMARKS CONCERNING THE ACCURATE MEASUREMENT
OF DIFFERENTIAL CROSS SECTIONS
FOR THRESHOLD REACTIONS USED IN 

FAST-NEUTRON DOSIMETRY FOR FISSION REACTORS

Donald L. Smith

Applied Physics Division
Argonne National Laboratory
Argonne, Illinois 60439

U.S.A.

ABSTRACT

Some remarks are submitted concerning the measurement of
differential cross sections for threshold reactions which are used
in fast-neutron dosimetry for fission reactors. The objective is
to familiarize the reader with some of the problems associated
with these measurements and, in the process, to explain why the
existence of large discrepancies in the data sets for many of
these reactions is not surprising. Limits to the accuracy which
can be expected for these cross sections in the near future-
using current technology and available resources--are examined
in a general way and recommendations for improving the accuracy of
the differential data base for dosimetry reactions are presented.

I. Introduction

Apparently the only reliable way to quantitatively predict macroscopic
phenomena (such as radiation damage) which will be observed for commercial
power reactors--on the basis of test results from low-power critical
facilities or from high-fluence materials test reactors--is to possess a
knowledge of the neutron spectra and relative power or fluence levels of
these facilities as well as an understanding of the neutron-energy depend-
ence of the phenomena of interest. Neutron dosimetry is the term applied
to that technology which is used for the purpose of defining the intensities
and spectral properties of neutron fields in nuclear reactors. Detailed
quantitative knowledge about a variety of selected nuclear reactions is
basic to the application of current neutron dosimetry techniques.

The development of consistent sets of cross section data for a
selected group of favorable dosimetry reactions has not turned out to be an

This work has been supported by the U.S. Energy Research and
Development Administration.
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easy task. The current accuracy goal of better than 5% (1 a) has not
been achieved with the possible exception of a few so-called "Category I"
reactions. At an early stage, it became clear that an international effort
would be desirable in order to achieve the stated goal and that it would
have to involve investigation of decay schemes and a variety of "benchmark"
integral measurements as well as differential (monoenergetic) measurements.

Considerable progress has been made in recent years towards improving
the knowledge of decay data for the radioactive products from fast-neutron
reactions for dosimetry monitors. The development of the Ge(Li) detector
for gamma-ray spectrometry is largely responsible for this progress since
most dosimetry reactions produce gamma-ray active daughters which can be
investigated using this method. However, the importance of some careful
evaluations [e.g. Ref. 1] should not be depreciated.

Similarly, a great deal of effort has been expended in the development
of benchmark and standard neutron fields for integral testing of differen-
tial cross sections for dosimetry reactions [e.g. Ref. 2]. There has been
a generally well considered effort to measure the integral cross sections
for selected dosimetry reactions using the available facilities. While the
agreement of various integral data is generally not within the stated ac-
curacy goal, the situation is steadily improving [e.g. Ref. 2].

Sophisticated numerical procedures for unfolding reactor-neutron
spectra from the results of integral measurements have evolved in the last
few years [e.g. Ref. 3]. However, these procedures do not yield unique
results. Therefore, the need for accurate, direct measurement of differ-
ential cross sections remains undiminished [e.g. Ref. 4].

The accuracies to which differential cross section data for most
dosimetry reactions are known are far short of the requirements. In fact,
this area is currently a weak aspect of neutron dosimetry. There are both
historical and technical reasons why this condition exists.

Differential cross section data is obtained from measurements per-
formed at "monoenergetic" accelerator facilities. Although there are
notable exceptions, the main emphasis at the majority of these laboratories
has been on basic-nuclear-structure research rather than on development of a
data base for nuclear applications. The accumulation of detailed, accurate
data for quantitative applications requires redundancy of measurements and
an attention to numerous details which are unnecessary for the realization
of many basic research objectives. Traditionally, this sort of quantitative
activity has been generally considered unappealing by members of the basic-

research community. Finally, most basic nuclear research has centered on

charged-particle reactions rather than neutron reactions.

The neutron energy region from 8 - 14 MeV has traditionally been a
difficult one for monoenergetic measurements, and will probably continue to
be a source of problems, because of the lack of a good monoenergetic neutron-

source reaction to cover it. The scarcity and uncertainty of data in this
region reflects this problem [5]. It will be seen in Section IV.F that this
handicap will most probably be overcome by brute force. That is, that the

characteristics of secondary reactions associated with proton bombardment
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of triton and deuteron bombardment of deuterium will have to be studied in
sufficient detail to permit accurate corrections to the data to be deter-
mined for measurements made in this region. Progress in this energy region
will be strongly dependent upon the availability of large accelerators with
the requisite beam energy and intensity capabilities.

Most monoenergetic measurements are ratio measurements, and there has
been little consistency in the selection of standards. Many of the avail-
able data sets are reported only as cross sections with no published ratios.
Thus, without knowledge of the exact values used for the standard cross
sections, it is difficult to renormalize old results to account for re-
visions of the standard cross sections. The alternative is probably to re-
ject them.

With the exception of certain fission cross sections and some other
standards such as the 6Li(n,a) 3H, 3He(n,p) 3H and 10B(n,a) 7Li reactions,
there has been little coordinated effort to improve the accuracy of differ-
ential cross sections for reactions relevant to dosimetry applications.
Until just recently, the major contribution to improving the knowledge of
these cross sections has come from compilation and evaluation efforts [e.g.
Refs. 4-6]. Careful evaluation of the existing data base [6] has led to the
rejection of some data sets which are greatly discrepant with respect to
other corresponding sets. However, the uncertainties in many of the evalu-
ated cross sections are still large-especially in energy intervals where the
available data are sparse [4]. Evaluation cannot generate a reliable set of
cross sections from a poor data base.

The remainder of this paper is concerned with a description of some
details associated with differential cross section measurements. The objec-
tive is to indicate several potential sources of random and systematic error
associated with these measurements. Estimates of reasonable accuracy goals
are made on the basis of current technology and available resources for the
measurements. Although the treatment is general, details from specific
reactions are presented as examples. The experimental techniques used in
differential measurements are diverse. No attempt is made to treat all of
these thoroughly. As the title of the paper suggests, only threshold re-
actions of interest for fast-neutron dosimetry are considered. Measurement
of reactions with no clearly defined thresholds-such as the (n,y) reaction-
involves different techniques than those to be discussed here. Furthermore,
emphasis is placed on measurement of cross sections for reactions producing
gamma-ray active daughters and for which detection of the gamma radiation
forms a part of the measurement. In recent years, beta-particle
detection techniques have declined in importance for dosimetry applications.
This subject is not treated in this paper. Measurement of fission cross
sections by detection of the fragments with an ion chamber or track
recorder is described elsewhere [e.g. Refs. 7 and 8]. Detection of
fission fragments is an attractive method since the fragment energies are
large and their range in matter is short. The quantity of sample material
used is generally about two-orders-of-magnitude smaller than is the case for
gamma-ray measurements; however, the detection efficiency is commensurately
larger so the sensitivities of differential measurements are similar for
both techniques. In principle, (n,p) and (n,a) cross sections could be
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measured by charged-particle detection. Presently, these cross sections can
be measured with greater accuracy by the activation method whenever that is
applicable. It must be kept in mind that comments made concerning various
experimental techniques relate only to their application in differential
dosimetry measurements. The capabilities and limitations of these techniques
may very well be quite different in other contexts.

II. Concept of Differential Cross Section Measurements

In a broad sense, there are similarities between integral and differ-
ential cross section measurements for dosimetry reactions. Both involve
determination of the neutron dose received over a specified time interval,
characterization of the neutron spectrum, measurement of the induced
activity in the sample, conversion of the observed activity to a reaction
rate based on a knowledge of the decay properties of the daughter, and
finally, computation of a cross section after the application of relevant
corrections. The major differences are:

i) Geometry: In differential measurements, most of the neutrons in-
cident upon the sample originate from a small region of space (the
target). This is also usually the case in 25 2Cf irradiations.
However in reactors, the neutrons impinge on the sample from all
directions in space with less spatial bias.

ii) Neutron spectrum: In differential measurements one strives to ob-
tain a neutron source which is nearly monoenergetic. In integral
measurements, the neutrons are continuously distributed over wide
energy ranges.

iii) Neutron intensity: The intensity of accelerator neutron sources is
generally much lower than for integral facilities (often by orders
of magnitude). This leads to poorer statistics in the measurement
of small cross sections. The necessity for larger samples leads to
additional uncertainties caused by absorption and scattering of
radiation as well as geometrical effects.

iv) Fluence stability: Standard and reference neutron fields utilized
for integral measurements are generally quite stable and reproduc-
ible (usually to within X 1%), whereas accelerator sources can be
quite unstable and are not easy to reproduce with high accuracy.

To a large extent, these differences are responsible for the generally
poorer accuracy of differential data in comparison with integral data.
However, there are procedures for dealing with these problems, and it ap-
pears possible to obtain differential data which are nearly as accurate as
integral data except at energies for which the cross sections are very small
(microbarns) or for reaction products with long half lives (years).

The general relationship between the differential cross section, the
reaction rate and the observed detector counts for a simple irradiation
with a steady source of monoenergetic neutrons is given by the formulas
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R =F N G n a (1)n n

C = b e G n R (l-e -E) ·
r r

. e-(t + t) (2)

where

R = reaction rate,

F = neutron fluence,

N = total number of sample atoms,

G = geometric factor for neutron irradiation,

nn = neutron absorption and scattering factor,

a = differential cross section,

C = detector count rate (detection of daughter gamma-ray
activity) at time t after the start of a count,

b = factor to account for mass yields (of fission products),
decay branching, isotopic abundance, etc.

E = gamma-ray detection efficiency,

G = geometric factor for measurement of decay radiation,

nr = decay radiation absorption and scattering factor,

X = decay time constant,

tE = irradiation time (assumed constant fluence level),

tW = wait time between end of irradiation and start of daughter
activity measurement.

III. Sensitivity of Differential Cross Section Measurements

There are limits to the sensitivity of differential cross section
measurements which are imposed by various experimental considerations.
These limits are important because they define minimum values for measurable
cross sections. Measurements attempted below these limits are not likely to
yield very accurate results. Experimental factors to consider in estimating
the sensitivity of conventional differential measurements are:

i) Neutron intensity: Neutron generators which are designed to yield
14-MeV neutrons are generally capable of producing as many as two-
orders-of-magnitude higher intensity neutron fluences than are
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accelerators used to produce neutrons over a wider range of lower
energies. The present discussion excludes neutron generators since
neutrons with energies < 14 MeV are the main concern for fission
reactors. Considering such factors as target stability, neutron
yield from conventional source reactions, resolution and geometry,
the neutron fluence available for differential-cross-section meas-
urements cannot be expected to exceed F X 109 neutrons /sec/sr on
a sample using presently available accelerators.

ii) Sample size: The size of samples to be used for differential meas-
urements is limited by consideration of geometry and the absorption
and scattering of radiation. In the present discussion it is as-
sumed that gamma-ray activity is measured. A practical limit for
the size of a sample (all atoms) is N < 2 x 1023 atoms. This limit
must be lowered if the gamma-ray energy is relatively low or if the
atomic number is large so that gamma-ray absorption effects are
significant.

iii) Detector count rate: If the full-energy-peak yield of a particular
gamma ray emitted from an irradiated sample is less than C X 1
count/sec, experience has shown that the effects of background are
troublesome and it is difficult to make yield measurements with the
accuracy desired.

iv) Detector efficiency: Unless the decay gamma-ray spectrum is quite
simple, accurate measurement of decay yields has to be made using a
Ge(Li) detector. The absolute gamma-ray detection efficiency E in
standard counting geometries ultimately depends upon gamma-ray
energy and detector size, but E % 0.05 is a reasonable upper limit
for gamma rays with E % 1 MeV detected by a Ge(Li) detector.

v) Irradiation time: Because of the inherent tendency of accelerator
beam intensities to drift with time, neutron fluence is rarely con-
stant. It: is feasible to make a correction for this effect by
recording the neutron fluence level as a function of time. When
possible, it is desirable to limit irradiation times so that
At < 0.1. Under these conditions, the measurement of reaction
rates will not be severely influenced by the stability of the
neutron fluence. Experience with accelerator operation has shown
that tE % 105 sec is a practical upper limit for the irradiation
time.

vi) Wait time: It is possible to adhere to the requirement Atw<< 1 for
all useful dosimetry reactions. This avoids waste of activity ac-
quired from the irradiation.

vii) Count time: There is little to be gained from counting samples for
much longer than the half life of the daughter activity (tc t ).
However achievement of the desired accuracies for measured differ-
ential cross sections requires that the statistical uncertainties
in the detector counts be kept as small as possible. The uncertain-
ty due to statistics should certainly not exceed X 3% which requires
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that C tC > 103.

These considerations provide constraints on Eqs. (1) and (2). It is
possible to derive an order-of-magnitude formula based on Eqs. (1) and (2),
as well as other considerations mentioned above, which is useful in esti-
mating the smallest cross section values which can be measured with reason-
able accuracy using available facilities and experimental techniques which
are discussed in later sections of this paper.

The formula is

min= 10 7 b f (t/tE)(

where b and tE are defined in Section II and

t½ = half life for daughter activity,

1 if C t - 103 sec

C= 1(103/t½ ) otherwise.

The factor f is included to permit consideration of counting limitations
expressed in Item (vii) above (f > 1 implies that counting limitations
reduce the sensitivity). 

Table I provides examples of the application of this formula over a
wide range of half lives. It is interesting to compare the estimated limits
with the current minimum cross section values reported in the literature.
In general, it is the region from threshold up to % 6-8 MeV excitation (the
approximate nucleon binding energy) which is of greatest importance for
dosimetry monitor reactions.

It would require a separate study to ascertain whether these limita-
tions to differential measurements will present any significant problems
with regard to the establishment of a data base for dosimetry reactions
which is adequate to meet the needs for reactor applications. Clearly,
such a study should be made so that necessary and sufficient accuracy levels
can be established for specific reactions. Otherwise, the risk exists that
important measurements will not be undertaken, or that resources will be
wasted on achieving high accuracy where it is not required.

IV. Characteristics of Monoenergetic Accelerator Neutron Sources

Neutrons are produced at "monoenergetic" accelerator facilities by
means of nuclear reactions induced by the bombardment of targets with
charged-particle beams. If the neutrons produced were truly monoenergetic,
with precisely known energies, and emanated isotropically from an idealized
point source, then the only tasks facing the experimenter would be to
measure the fluence and correct for minor geometric effects. However, since
the neutron sources are not ideal in this regard, it is necessary for the
experimenter to correct cross section data for the effects of the departure
from ideality. Factors which have to be considered are:
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i) Neutron energy resolution: Even if the neutrons are produced en-
tirely by a single reaction process with a well-defined Q value,
the energies of neutrons incident on the sample will be spread
somewhat owing to finite target thickness, kinematics and finite
charged-particle-beam-energy resolution. The consequences are
important.

ii) Neutron-energy definition: Methods utilized in definition of
neutron energy are subject to uncertainty.

iii) Angular-distribution effects: Neutron emission is not isotropic.
This can lead to uncertainties in determination of the neutron
fluence at the sample.

iv) Secondary-neutron reactions in the target: There are often several
neutron-producing reaction channels open for a given incident
charged-particle energy.

v) Background from target assemblies: At higher energies, all target
assemblies produce background neutrons. The background can be
variable if it is due to build up of contaminants in the vacuum
system or to variations in the beam optics during an irradiation.

These particular factors will be examined to determine how they can
influence the measurement of accurate differential cross sections and the
generation of recommended cross section values by means of evaluation of the
existing data base. Following this, the characteristics of the most common-
ly used "monoenergetic" neutron-producing reactions will be reviewed briefly.

A. Neutron-Energy Resolution

At low energies, neutron-energy resolution is dominated by charged-
particle energy loss in the targets. Here yield considerations establish a
lower practical limit for target thickness. However, at higher energies,
particularly for neutron-producing reactions involving deuterium and tritium
targets, the resolution is dominated by kinematic effects. At all energies,
the energy resolution of the charged particle beam-normally a few kilovolts-
contributes to the neutron-energy resolution. All factors considered, the
practical limit of neutron-energy resolution is ' 20 - 100 keV for E < 5
MeV, ~ 100 - 200 keV for E < 10 MeV and > 200 keV for E > 10 MeV in the
measurement of differential cross sections.

There are two important consequences of finite resolution in differ-
ential cross section measurements. One is that significant uncertainties
can exist in determination of the effective reaction thresholds and of the
magnitudes of cross section values for energies just above these thresholds.
Evaluators are familiar with situations where cross section data sets for
some reactions are in disagreement by factors of two or more near threshold.
Faced with data bases such as these, it is unrealistic to expect evaluators
to produce sets of numbers which are reliable. Threshold uncertainties can
be very significant if the threshold falls in a region of a reactor spec-
trum where the neutron intensity changes rapidly with energy. A second
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consequence of finite resolution is experienced in reactions where the cross
section fluctuates considerably with energy. Examples are the 2 7Ai(n,p)2 7Mg
and 3 2S(n,p) 32P reactions. Data sets measured with different resolutions
are practically incomparable for such reactions unless the energy scales
and resolutions are precisely determined. Historically, this requirement
has rarely been met and evaluators have had to deal with conditions which
discouraged the production of reliable evaluated numbers.

With present technology, it is possible to determine the energy
resolution of specific measurements to within a few kilovolts for targets
less than 100-keV thick. By utilizing available range-energy data for
analyzing the passage of heavy charged particles in matter, and by includ-
ing detailed analysis of the effects of kinematics in computation of cross
sections from raw data, measurers of differential data could progress a
long way towards elimination of the deleterious effects of resolution un-
certainty in their experimental data. It is impossible to select a
universal number which will represent a lower limit to the uncertainty which
is likely to persist in differential data due to resolution uncertainties.
The effects depend too critically on reaction details. However, a compari-
son has been made of the results of two recent measurements of the neutron
inleastic-scattering cross section for iron-a reaction which is notoriously
susceptible to resolution uncertainties. The agreement of the coarse (' 50
keV) resolution data with the fine (4 1-2 keV) resolution data is excellent
(within a few percent over a 1-MeV neutron-energy range) when the latter
data set is energy-averaged to X 50 keV resolution [10].

Both measurers and evaluators must share in the responsibility of
minimizing resolution uncertainties so as to improve the differential data
base for dosimetry reactions. Measurers need to accurately determine the
resolution of their measurements and report and properly document their
values. Evaluators need to energy-average all data for individual reactions
to equivalent resolution, and reject data sets which do not report experi-
mental resolutions or which are poorly documented, prior to performing their
evaluations. While such a procedure may seem harsh and undemocratic, it
appears to be the only practical way to establish the standards of quality
in the data base for dosimetry reactions which will be required to meet the
stated objectives.

B. Neutron-Energy Definition

Much of what was said in the preceding section about the effects of
resolution uncertainty applies to energy definition. By utilizing recent
Q-value and nuclear mass data, carefully calibrated electro-magnetic beam
analysis and, in certain instances, time-of-flight techniques, it now
appears possible to determine fast-neutron energies to better than X 5 keV
as long as the resolution is < 100 keV. This accuracy should be sufficient
for dosimetry applications.

However, complications arise when several samples are irradiated
simultaneously by placing them at several angles relative to the incident
charged-particle beam. Accurate definition of the neutron energy then
involves careful determination of the geometry as well as the calibration
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procedures mentioned previously. Although this procedure has been utilized
by competent researchers who very carefully attended to the requisite de-
tails, it is apparent that the method has a large potential for systematic
error and should be avoided when possible. Unfortunately, this is about
the only way researchers at small accelerator facilities can enlarge their
range of accessible neutron energies. The problem is one of economics as
well as technology. However, achievement of the goal of a better-than-
5-keV accuracy for routine neutron energy definition is predicated on the
assumption that irradiations will be performed with neutrons emitted near
zero degrees.

C. Angular Distribution Effects

Neutron emission from charged-particle-induced reactions is not iso-
tropic. Neutron yield at back angles can be an order-of-magnitude smaller
than at zero degrees for some of these reactions. While some very careful
experiments which took this effect into consideration have been performed,
it is evident from some other data sets in compilations of differential
dosimetry data that large systematic errors exist because samples were ex-
posed at angles other than near zero degrees, while the neutron fluence was
measured in the forward direction, and incorrect angular-distribution data
for the neutron source reactions were used in analysis of the experimental
results.

Even if care is taken to correct the activation data from multiple-
sample exposures for the source-reaction angular distribution, it is likely
that the uncertainty in the final results will be at least X 5% due to this
effect alone since the angular distributions are usually not known any more
accurately than this. Therefore, it is recommended that multiple-angle
measurements be avoided if the uncertainties in the differential data base
are to be reduced below the present level. Measurements of neutron fluence
and sample irradiations should both be performed in the vicinity of zero
degrees. Then, small corrections for neutron-emission anisotropy can be
made with considerable reliability.

D. Secondary-Neutron Reactions

The principal neutron-source reactions used for monoenergetic measure-
ments on reactions of interest for fast-reactor dosimetry are the
7Li(p,n)7Be, T(p,n) 3He, D(d,n)3He and T(d,n)4He reactions. The latter
reaction is primarily a source of neutrons with energies above 14 MeV, how-
ever it has been used for measurements at energies as low as % 12 MeV by
means of back-angle irradiations. Each of these reactions yields a single
neutron-energy group over a limited range of proton or deuteron energy.
However, these reactions are commonly used at higher energies where other
neutron-producing-reaction channels are open. Under these conditions, the
neutron sources can no longer be considered monoenergetic. These secondary
reactions will be discussed in Section IV.F. In practice, for lithium,
deuterium and tritium targets, the secondary reactions yield lower-intensity
and lower-ehergy neutrons by comparison with the primary reactions. For
some reactions which have been used in activation measurements, the yield of
lower-energy neutrons exceeds that of the highest-energy neutrons [e.g. Ref.
11].
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The effect of secondary neutrons on measurement of differential cross
sections depends upon two major factors:

i) The intensity of these neutrons relative to the primary neutrons
and the magnitude of the energy gap between primary and secondary
neutrons.

ii) The relative shapes of the excitation functions for the standard
and "unknown" reactions in a particular measurement.

If the secondary neutrons form a significant fraction (say > 30%) of the
total fluence, if the standard or "unknown" cross section is changing rapid-
ly in energy, or if the thresholds for the standard and "unknown" reaction
are quite different, then the presence of secondary neutrons can produce a
significant error in the measured "unknown" cross section unless accurate
corrections are made. For example, in a measurement of the differential
cross section for the 27AZ(n,p)27Mg reaction at X 10 MeV, relative to 238U
fission, failure to correct for neutrons from the D(d;n,p)D reaction would
lead to an error of X 13% [12]. There is need for improved knowledge of the
neutron spectra from secondary reactions. There should be no fundamental
problems encountered in doing this, and the contribution to the overall
uncertainty in measurements of dosimetry cross sections resulting from
secondary neutrons can probably be limited to < 1% for primary neutron ener-
gies below X 10 MeV. The relative yield of secondary neutrons at higher
energies is presently not well-enough known to permit any quantitative pre-
dictions to be made; however, the situation is certain to be less favorable
than at lower energies.

E. Background Neutrons

Background neutrons are produced when charged particle beams collide
with components of the flight tube and target assemblies. Background
usually varies with time and can be a significant problem at higher bombard-
ing energies. Use of high -Z materials in fabrication of the flight tube
and target assemblies is essential, especially for slits, collimators and
target beam stops. The use of clean components and well-trapped high vacuum
systems is desirable. In any event, the effects of background neutrons can
be measured directly with good accuracy. If this is done carefully, the
uncertainty in the measured cross sections due to this effect will generally
be negligible. An example of the relative importance of background is seen
from the results of a measurement of the cross section for 58Ni(n,p) 58Co
relative to 2 38U fission using the 7Li(n,p) 7Be reaction as a neutron source.
For 7.5-MeV protons and a 50-keV lithium target, X 7% of all fissions and 4%
of all sample activations were produced by background neutrons-predominantly
from (p,n) reactions with the tantalum beam stop. If no correction for this
background were made, the measured ratio would be in error ' 3% [13].

F. Details of Specific Neutron Source Reactions

It is unfortunate that there are very few satisfactory neutron-source
reactions which can be used for routine monoenergetic measurements at neutron
energies up to ' 20 MeV. The requirements for a useful source reaction
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are [11]:

i) Relatively-intense neutron yield with a dominant fraction-preferably
all-of the neutrons belonging to the discrete group with the highest
energy.

ii) It must be possible to fabricate targets which will survive extended
charged-particle bombardment without severe reduction in yield.

iii) The targets should be relatively convenient to use and not excess-
ively expensive or hazardous to laboratory personnel.

iv) The source reaction should be useful over a significant range of
neutron energies.

The 7Li(p,n) 7Be, D(d,n) 3He, T(p,n) 3He and T(d,n)4He reactions generally
satisfy these requirements to varying degrees and they are the most widely
used source reactions. Other less common reactions have been used from
time-to-time for special applications.

F.1 The 7Li(p,n)7Be Reaction

This reaction has been a popular neutron source at accelerator
laboratories for many years. Target preparation is simple, inexpensive and
not hazardous. The targets are generally fabricated by vacuum evaporation
of lithium metal on high-Z backings. With proper cooling, these targets can
dissipate several hundred watts/cm2 of beam power and provide relatively
stable yield for more than 100 hours continuous operation. The neutron
reactions produced by proton bombardment of natural lithium are listed in
Table II. This neutron source is monoenergetic over a relatively narrow
energy range (Fig. 1). However, the 7Li(p,n)7Be reaction remains dominant
over a larger energy range and this source has been used for precision cross-
section measurements at neutron energies up to X 6 MeV at the Argonne
National Laboratory Fast-Neutron Generator [13,14]. The characteristics of
the 2nd neutron group are well known in this energy range [14-16]. There is
some information available on the continuous group of neutrons from the
7Li(p,n 3He)4He breakup reaction which yields significant numbers of neutrons
for E > 6 MeV [14]. As a result of this breakup reaction, the useful range
of the lithium neutron source is E < 7 MeV.

n

F.2 The T(p,n) 3He Reaction

This reaction has been adopted at many laboratories as a substi-
tute for the 7Li(p,n)7Be reaction. It has been evaluated for proton ener-
gies below X 10 MeV [17]. It is a monoenergetic source over a much wider
energy range (Table II and Fig. 1) and, if a gas target is used, it is a
more intense source of neutrons above ' 1 MeV than the 7Li(p,n)7Be reaction
(Table III and Fig. 2). The main drawback to this reaction is that it is
inherently hazardous to laboratory personnel. Extensive precautions are
required to insure that tritium is not released in the laboratory environ-
ment. Metal tritium (predominantly Ti-T) targets are safer to use, but they
offer lower yield and are subject to background problems at higher energies
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(Table III).

Breakup neutrons are produced at proton energies above % 8.5 MeV
from the T(p,np)D reaction (Table II). There is little quantitative infor-
mation on this reaction. The T(p,d)D reaction competes strongly with the
T(p,n) 3He reaction at proton energies above % 10 MeV [18] and this is re-
flected in the steady decrease with energy of the T(p,n)3He reaction at
higher energies (Fig. 2). More measurements are needed to determine the
detailed characteristics of secondary neutron production from protons or
tritium. However, because of the anticipated increase of this secondary
production with energy and the apparent decline of the T(p,n) 3He reaction
cross section, this neutron source appears to be relatively unfavorable for
the production of high-energy neutrons. A practical limit of % 10-11 MeV is
estimated, though this is speculation based on limited information (Fig. 1).

F.3 The D(d,n)3He Reaction

This reaction appears to satisfy most requirements for a desirable
source of neutrons with energies above % 4 MeV (Table II and Figs. 1 and 2).
Metal deuterium targets are impractical-except for low-energy measurements-
because of (d,n)-reaction background. Gas targets can be fabricated readily
and are safe (though sometimes troublesome) to use [12]. The D(d,n)3He
reaction has been evaluated for deuteron energies below X 10 MeV [17].
Breakup neutrons from the D(d,np)D reaction are produced for deuteron ener-
gies above % 5 MeV (Table II). There is a fair amount of quantitative in-
formation available about the breakup neutrons [12,19]. While the breakup
cross section increases rapidly with energy above threshold, the D(d,n) 3He
reaction also increases with energy so that the relative yields change much
less rapidly. For deuteron energies of % 7 MeV, the breakup neutrons con-
stitute % 25% of all zero-degree neutrons [12]. At % 10-MeV deuteron energy
the corresponding figure is % 35-40%. There is a large energy gap between
the D(d,n) He and D(d,np)D neutrons.

It was previously mentioned that the neutron-energy range 8-14 MeV
is a difficult region for measurements because of the lack of a suitable
monoenergetic neutron source reaction (Fig. 1). A case can be made for
using the D(d,n) 3He reaction to cover this entire energy region, and this
has been done by Santry and Butler using the Chalk River Tandem Van de
Graaff accelerator [e.g. Ref. 20]. Unfortunately, 10-11 MeV deuteron beams
are not available at most of the laboratories currently involved in active-
tion cross section measurements. Also, if this reaction is to be used for
accurate cross section measurements up to % 14 MeV, it appears necessary to
obtain more accurate and detailed information on the D(d,np)D reaction than
is currently available.

F.4 The T(d,n)4He Reaction

This reaction is predominantly a source of high-energy neutrons
(> 14 MeV) and is of less importance for fission-reactor applications (Table
II and Figs. 1 and 2). It will not be treated in this paper.
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F.5 Other Reactions

There are a number of neutron-source reactions, other than those
mentioned above, which are used from time-to-time in fast-neutron differ-
ential measurements. Invariably, these suffer from one or more defects such
as low relative yield of the high-energy group, overall low-intensity
neutron production, target fabrication difficulties, limited useful range,
high cost, etc. For example, the 1 4C(d,n)1 5N, 15N(d,n)160 and the
9Be(d,n)1 2C reactions have been used with considerable success by researchers
at Geel in some selected activation cross section measurements over the
neutron-energy range 6-12 MeV using a small Van de Graaff accelerator [11,
21]. The common feature of these measurements was that they were made for
reactions with high thresholds so that only the highest-energy neutron group
produced the observed reactions.

V. Treatment of the Effects of Non-Ideal Neutron Sources in
Determination of Differential Cross Sections

Eqs. (1) and (2) assume that an ideal monoenergetic neutron source is
utilized for a cross section measurement. The properties of realistic
sources were reviewed in Section IV. Detailed knowledge of the character-
istic of the source is of little value unless it is integrated into the data
processing procedures.

Symbolically, this is accomplished by substituting the equation

R = F1 N G L nll 1 1 + F Gni ni i (4)
i=2 F Gnlnl 

for the reaction rate R in the place of Eq. (1). The sum is over the groups
of secondary neutrons from the target. In fact, individual groups corre-
sponding to a particular reaction can be further subdivided if they are
broad in energy owing to resolution or breakup effects.

The fluence ratios (Fi/F1) can be computed if the detailed properties
of the source reaction are known. Computation of the factors G and n is
often tedious but usually straightforward. If the factors (F /F1 ) arennot
too large, then the determination of the ratios (o/ol ) is not critical.
The ratios (ai/l1) can generally be estimated with sufficient accuracy from
systematics or previously available data. If need be, an iterative process
can be used to improve the accuracy. This method is exhibited in detail in
available reports [12,13].

Practical integration of these detailed corrections into routine data
processing requires utilization of digital computers. Fortunately, adequate
computational capability exists at most of the laboratories where such meas-
urements are being made.
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VI. Determination of Neutron Fluence

Determination of neutron fluence F and the gamma-ray detection ef-
ficiency e are the dominant elements of a cross section measurement. The
former is usually the most difficult task and is one of the most controver-
sial areas of fast-neutron physics.

There are two general methods for deducing neutron fluence. One in-
volves a direct count of the incident neutrons passing through the sample.
The second involves measurement of the ratio of the unknown cross section
to some standard cross section. In the latter case, the absolute fluence
need not be known, but the accuracy to which the unknown cross section can
be determined is limited by the accuracy of the standard cross section as
well as by the precision of the ratio measurement. Two rather precise ratio
measurements can lead to discrepant cross sections if the standard cross
sections are inconsistent. This is an important point which should always
be taken into consideration by evaluators.

A. Measurements Involving Absolute Fluence Determination

Some neutron cross section measurements at neutron energies up to a few
MeV have been made using "black" neutron detectors with very high efficien-
cies (nearly 100%) for detection of incident neutrons (e.g. Ref. 22). This
method requires extensive shielding in order to form well-collimated neutron
beams and pulsed-beam time-of-flight techniques to reduce background.
Furthermore, there is a limitation on fluence levels which can be measured
due to electronic considerations. Generally, these conditions can be met
in practice. Although this method has been utilized extensively for meas-
urement of fast-neutron capture cross sections (e.g. Ref. 23), it has not
been used often in threshold-dosimetry-reaction measurements. Although
limited in energy range, this method appears capable of yielding good ac-
curacy (< 3%) in the measurement of neutron fluence up to a few MeV.

Calibrated flat-response detectors-predominantly long counters-have
been used extensively in activation measurements for neutron energies up to
several MeV (e.g. Ref. 20). The efficiency of these detectors is flat to
within ~ 10% from ~ 0.1 - 5 MeV [24]. They are generally calibrated using
a standardized radioactive neutron source. It is essential that care be
taken to determine the response of a long counter to scattered neutrons for
each new experimental configuration. While these detectors possess the
advantage of high stability of response when laboratory conditions are con-
stant, the possibilities for systematic error are many owing to the sensi-
tivity of the response to changes in these laboratory conditions. Here it
is to be understood that laboratory conditions comprise not only the
physical layout of the target area but also the characteristics of the
neutron-source reaction used for the measurements. If great care is taken
in measurements using a long counter, it appears that the neutron fluence
can be determined to within 3-5% [25].

Associated-particle detection is a method of absolute neutron fluence
determination which has been used in fast-neutron studies [e.g. Refs. 26 and
27]. In this method, recoil 4He particles from the T(d,n) 4He reaction or
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3He particles from the T(p,n) 3He or D(d,n)3He reaction are detected. There
is a one-to-one relationship between the charged-particle emission and
neutron emission. This method suffers from two serious defects. First, due
to kinematic considerations there are limited ranges of neutron energies for
which the method can be applied. Secondly, there are numerous technical
problems-associated mainly with electronic and geometric considerations-
which can lead to serious errors in fluence determination. While the method
can probably be used to measure neutron fluence to X 3% accuracy [26], great
care has to be taken to avoid systematic errors.

A fundamental problem associated with measurement of absolute neutron
fluence by all the methods described above is that generally what is being
determined is the absolute fluence within a particular solid angle which is
strongly correlated with the monitor detector, but not necessarily with the
sample being irradiated. In short, there is room for additional systematic
error in determination of the true fluence at the sample. Furthermore,
absolute fluence measurements have to be made each time a cross section is
measured. This requires extensive duplication of effort which can be par-
tially avoided if the ratio method is used.

B. Ratio Measurements

In ratio measurements the absolute neutron fluence is not measured each
time which results in an economy of effort. However, one has to either make
an absolute fluence determination at some point in the program, or transfer
the responsibility to others by relying solely on the use of "standards".
The ratio method is the most widely used approach in fast-neutron measure-
ments and should be fully discussed. All of the problems related to this
method can be grouped into two categories which are described by the follow-
ing questions:

i) "How accurately are the "standard" cross sections known?"

ii) "What are the experimental limitations which govern the extent
to which accuracy in the knowledge of a standard cross section
can be fully utilized in measurements of the cross section
ratio for an unknown relative to that standard?"

It is apparent that a crucial issue is the selection of a practical
standard for use in differential dosimetry reaction measurements by the
ratio method. It is suggested that the choice of this standard is not a
foregone conclusion at this time, but one which should be carefully examined.

B.1 Use of Several Dosimetry Threshold Reactions as Standards

Unfortunately, there has been rather indiscriminate use of several
threshold reactions-the more common of which are the 2 7AZ(n,p)27Mg,
2 7AZ(n,c) 2 4Na, 32S(n,p) 32p, 56Fe(n,p)5 6Mn and 58Ni(n,p)5 8Co reactions-as
"standards" for measurement of less-well-known cross sections. This is un-
acceptable practice in development of a consistent data base for dosimetry.
Not one of these reactions is well enough known at present to be used as a
standard in a program with a goal of 5% or better over all accuracy.
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Furthermore, the excitation functions for some of these reactions exhibit
fine structure which guarantees that they will remain unsuitable for use as
standards.

Much of the data resulting from measurements of this sort should be
rejected in critical evaluations of dosimetry reactions. Otherwise, there
will remain many hidden, convoluted normalization factors in the evaluated
cross sections and progress toward development of a consistent set of dosi-
metry reaction cross section values will be severely hampered.

B.2 Use of The Hydrogen Standard

It has generally been contended with axiomatic certainty that the
H(n,n)p reaction is the ultimate standard for differential measurements on
dosimetry reactions. There is a good basis in fact for this contention.
This reaction possesses almost all the desired features for a standard. The
cross section is large and varies smoothly with energy. Cross-section values
can actually be computed theoretically with an accuracy which may exceed
experimental capabilities. The reaction can be used over a wide range of
neutron energies. Furthermore, the cross section appears to be very well
known (a 1-2%) for neutron energies of interest for fast-neutron dosimetry.
For a number of years, there were no changes in the accepted cross section
values for this reaction. A few years ago, there were some minor revisions
which altered the accepted values by X 1-2% at certain energies [28,29].

However, the problem with the hydrogen standard is not that the cross
section itself is uncertain, but rather that it is very difficult experi-
mentally to achieve accuracies approaching the cross section accuracy in
routine measurements which in one way or another are based on this standard.
There is considerable potential for systematic error in measurements with
hydrogeneous proportional counters, hydrogeneous scintillators or proton
recoil counters. Errors can result from uncertainties in determining the
hydrogen content of detectors and stabilizing this content. Spectra from
hydrogeneous detectors are often difficult to analyze and there is always
unwanted background which must be subtracted. Because of the large energy
loss generally experienced by neutrons which scatter from hydrogen, recoil
proton spectra are broad and overlap the background spectra. Proportional
counters and scintillators are also gamma-ray sensitive which increases the
background. Each type of hydrogeneous detector has its own characteristic
features. These are worthwhile reviewing briefly.

Gas proportional counters have low efficiency, require extensive
geometric corrections and suffer from wall effects at higher energies [30].
The proton recoil spectra extend to zero pulse height and suffer from noise
and background interference. Efficiency calibration is critically depend-
ent upon gas pressure. Gamma-ray interference is a problem. If care is
taken, fluence can be measured with an accuracy of X 3% at energies up to
X 1 MeV [26,30].

Organic scintillators offer the advantages of well-defined geometry and
hydrogen content, large efficiency and a wider energy range for applications
when compared with a gas proportional counter. However, the proton-recoil
pulse-height spectra also extend to zero, there is a strong gamma-ray
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sensitivity, and the pulse-height response is nonlinear [31,32]. The ac-
curacies claimed for the calibration of these detectors are rarely better
than % 5%.

Proton recoil detectors, which detect protons emitted in the forward
direction by means of surface barrier detectors, have low efficiency, but
offer the desirable features of gamma-ray insensitivity and improved capa-
bility for discrimination of proton events from the background [33].
Accurate calibration of these detectors entails careful determinations of
the geometry and of hydrogen content in the thin radiators. The latter is
by no means trivial. The thin radiators in these detectors are known to be
vulnerable to changes in hydrogen content with time. Furthermore, it is
very difficult to monitor these radiators for such effects. However, these
detectors can probably be routinely calibrated to an accuracy of X 5% or
better [33].

So, the attractiveness of the hydrogen standard is somewhat diminished
by the difficulties involved in trying to use it in cross section measure-
ments for dosimetry reactions. This does not imply that it should be
abandoned. On the contrary, the technology for utilizing the hydrogen
standard will probably develop in due time to the point where most of the
current problems associated with its use are satisfactorily overcome.

B.3 Use of Fission Standards

There has been extensive experimental and evaluative effort devoted to
improving the accuracy of fast-neutron fission cross sections which are con-
sidered important for fission-reactor applications [34]. As a result of
this effort, the cross sections for some of these reactions, especially
235U(n,f), are known with sufficient accuracy to merit consideration as
standards. Recent estimates of the uncertainty in 23 5U, 23 8U and 23 7Np
fast-neutron fission are reproduced in Table IV. Most of the data on 238U
and 23 7Np has been obtained from ratio measurements relative to 235U fission.
Therefore the accuracy of these cross sections is tied to 235U. The uncer-
tainties in the 2 38U and 2 37Np fission cross sections near threshold appear
to be largely due to discrepancies in energy scales for various measurements.
When these are resolved, the accuracy will undoubtedly improve. Progress in
improving the accuracy of the 2 37Np fission cross section has been limited
since this reaction does not play a major role in current fission reactor
technology. However, this reaction has merits for use as a standard and
effort should be made to improve the accuracy of its cross section.

2 35U fission is sensitive to low-energy neutrons. At higher bombarding
energies, where lower-energy neutron groups and background neutrons are
present, threshold reactions such as 2 38U and 23 7Np fission are more practi-
cal standards than 235U. As indicated in Table IV, 2 35U and 23 8U fission
can be used as standards in differential dosimetry measurements below 15 MeV
with the expectation that the uncertainty in the results attributable to the
standard cross section will not exceed 5-6%. Furthermore, the accuracy of
the 235U and 23 8U cross section is likely to continue to improve as the re-
sult of sustained research effort in support of fission-reactor technology.
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Although the cross sections for standard fission reactions are present-
ly not known as accurately as the hydrogen standard, it is much easier to
perform accurate measurements relative to the fission standards than it is
to use the hydrogen standard. At present, it seems that measurements
relative to the fission standards are likely to produce differential cross
section values which are as accurate as the corresponding measurements rela-
tive to the hydrogen standard. Improvement of the accuracy of measurements
relative to the hydrogen standard will require perfection of measurement
techniques, whereas in the case of the fission standards it is an improve-
ment in cross section accuracies which is required. At present, it does not
seem likely that accuracies of much better than X 5% in fluence determination
can be achieved routinely regardless of which method is selected.

It is worthwhile to review briefly some of the desirable features of
measurements relative to fission standards. There are two ways in which
fission can be utilized as a standard. One involves measurement of induced
gamma-ray activity from irradiated samples of fissionable material. This
is the less desirable method since the uncertainties in the mass ratios and
decay characteristics must be added to the cross section uncertainty. Direct
detection of fission-fragments with an ionization chamber is preferable.
Low-mass chambers (Fig. 3) can be constructed to minimize scattering [e.g.
Ref. 13]. The unknown sample and fissionable deposit can be placed back-to-
back to minimize systematic errors in fluence determination. The background
pulses from noise and alpha activity are easily distinguished from the
larger fission fragment pulses. The calibration of fission detectors is
almost entirely governed by the mass and isotopic abundances of the fission-
able material used. A well-developed technology exists for determining
these parameters for fissionable deposits to X 1% accuracy [8.35]. Further-
more, the calibrated fissionable deposits can be accurately and conveniently
monitored thereafter using alpha counting techniques. In principle, it
would be possible to calibrate a set of standard fissionable deposits for
use in some integral measurements [7] as well as differential measurements.
This procedure would be very desirable in development of an accurate cross-
section data base for dosimetry applications.

B.4 Other Standards

Other reactions which are widely used as standards in other types of
fast-neutron measurements are 1 97Au(n,y)1 9 8Au, 1 6Li(n,a)3H, 3He(n,p)3H and
1 0B(n,a)7Li. These standards are not particularly useful for differential
dosimetry reaction measurements, so they will not be treated in this paper.

VII. Calibration of Gamma-Ray Detectors

This paper is concerned with the measurement of differential cross
sections for threshold dosimetry reactions which produce gamma-ray active
daughters. Careful calibration of the gamma-ray detectors used in these
measurements is essential if high accuracy is to be achieved. The tech-
niques used in calibration of gamma-ray detectors are widely known and
present no special problems. They will be mentioned briefly in this paper.

There are few differences, in this regard, between integral and differ-
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ential measurements. Activity measurements in differential studies are
likely to be less accurate than their integral counter parts (excluding
25 2Cf measurements). The reasons are:

i) The activity in samples irradiated at accelerator facilities is
distributed less uniformly than for reactor irradiations because
of the differences in the neutron environments.

ii) The activity in samples irradiated at accelerator facilities is
often considerably lower than is obtained in integral measurements.
Statistics can limit accuracy.

iii) Generally, larger samples are used in differential measurements than
in integral measurements, so absorption corrections are larger.

iv) The lower activities of samples irradiated at accelerator facilities,
by comparison with integral measurements, necessitates the placement
of samples close to the detector and introduces uncertainties due to
geometric and coincidence summing effects.

It seems likely that Ge(Li) detectors will eventually replace all other
types of detectors for gamma-counting applications. Furthermore, mixed
calibration standards are now available from centers such as the National
Bureau of Standards (U.S.A.), the IAEA (Vienna, Austria) and the National
Physical Laboratory (U.K.) which facilitate the task of calibrating these
detectors. Assuming an accuracy of X 1-2% in the standard reference
materials used for calibration of gamma-ray detectors, it appears that a
practical limit of attainable accuracy in calibration is X 2-3% for differ-
ential measurements.

VIII.The Role of Radioactivity Data in Differential Cross Section
Measurements

Here, there are no differences between the requirements for integral
and differential measurements. The status of the decay data for several
radioactive species has been evaluated by Helmer and Greenwood [1]. Similar
compilation and evaluation effort is also in progress elsewhere, e.g. the
Nuclear Data Group at Oak Ridge National Laboratory and the Table of the
Isotopes Project at Lawrence Radiation Laboratory (Berkeley) in the U.S.A.

The effects of uncertainty in radioactive-decay data vary from one re-
action to another and must be analyzed in each separate case. This is
beyond the scope of the present paper. However, it does not appear that this
aspect will be a limiting factor in development of a dosimetry cross section
data set which is accurate to X 5%.

IX. Corrections for Geometric Effects and the Absorption and Scattering
of Radiation

It is difficult to make any quantitative statements concerning the un-
certainties in differential data which result from the application of cor-
rections for geometric effects and the absorption and scattering of radiation.
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So much depends on the particular experimental details. What is clear is
that these corrections need to be made carefully in order to avoid signifi-
cant systematic errors which are very difficult to trace. This involves the
application of adequate techniques (e.g. Monte Carlo analysis) and utiliza-
tion of consistent supplementary nuclear data (e.g. neutron total and
scattering cross sections). There is a great need for improved standards in
reporting of quantitative data so that evaluators can honestly compare
various data sets during the process of selecting the best possible values
for reaction cross sections. There should be available a detailed descrip-
tion of the data analysis procedures and documentation of the origins of all
supplementary nuclear data used in the analysis. Magnitudes of various
estimated sources of error in the measurements and the method used to calcu-
late the overall error should be reported. It would be useful if researchers
could agree upon sets of supplementary nuclear data, which are readily avail-
able from data centers or widely circulated compilations, to use in analysis
of their results.

If the corrections are properly treated, the uncertainties due to
geometrical considerations can be negligible. It is possible to limit
neutron absorption and scattering effects to X 10%. These can be calculated
with an accuracy of X 10% which leads to an uncertainty of %1% in the cross
section. Similarly, uncertainties in gamma-ray absorption can be minimized
so that the net uncertainty in the cross section from this effect can be
limited to < 1%.

X. Conclusions

At this point it is possible to draw some conclusions concerning the
best accuracy which can be expected in the measurement of differential cross
sections for threshold dosimetry reactions within the framework of present
technology. Optimistically, it appears that the uncertainty cannot be ex-
pected to fall much below the 4-7% range (Table V) for measurements within
the limits which can be computed using Eq. (3). The major source of uncer-
tainty comes from neutron fluence determination. At present, certain
standard fission cross sections appear to be more convenient to use in
practice than the hydrogen standard for routine measurements. The cross
sections obtained from measurements using fission standards appear to be as
reliable as those measured using the hydrogen standard.

The prognosis is that some improvements in experimental techniques and
in the knowledge of standard cross sections will be required to meet the
5% accuracy goal; however, the requirements are not excessively stringent
measured against present capabilities and the 5% accuracy goal is not un-
realistic in this context.
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Table I

Approximate Sensitivity Limits in the
Measurement of Differential Cross Sections

for Several Dosimetry Reactions

Reaction

7(n,p)27Mg

5Fe(n,p) Mn

A2(n,c) 2Na

48Ti(n,p)48Sc

58Ni(n,p)58Co

Fe(n,p) 54Mn

Cu(n,a) 6Co

t2

9.5 m

2.58 h

15 h

44 h

71 d

312 d

5.24 y

tE

1-2 m

%20 m

%2 h

%7 h

%1 d

%1 d

%1 d

b

1

1

1

.1.5

%1.5

%20

%1.5

fc

x2

1

1

1

1

1

1

a
min

r2pb

Ulpb

%lpb

%lOpb

%0.5 mb

40.3 mb

Current
Status

% 0.1 mb

% 5pbc

% 0.1 mb

% 30 pbc

3 pbc

V 10 mb

% 1 mbb

a Computed using Eq.(3) from the text.

b Ref. 5.

c Ref. 9 (special techniques were used to measure the lowest-energy points
for the 5 8Ni reaction).
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Table II

Neutron Sources : Energetics

1. Li + p

Reaction

7Li + p - n + 7Be
(gnd. state)

7 7 *
7Li + p - n + Be
(lst state)

7 7 **
Li + p - n + Be

Li + p nn + 3He + He

6Li + p n + 6Be

6Li + p n + p + 5Li

Q-Value (MeV) Threshold (MeV)

1.881-1.644

-2.079 2.380

-6.18 7.06

-3.23

-5.07

3.68

5.92

-5.67 6.62

2. D+d

Reaction

D + d n + He

D+d n+p+D

d + d - 2n + 2p

3. T+p

Reaction

T + p n + He

T+p n+p+D

T + p + 2n + 2p

4. T+d

Reaction

T + d -n + He

T + d + 2n + 3He

T + d 2n + p + D

T + d > 3n + 2p

Q-Value (MeV)

+3.268

-2.225

-4.45

Q-Value (MeV)

-0.765

-6.258

-8.483

Q-Value (MeV)

+17.639

-2.990

-4.653

-10.708

Threshold (MeV)

0

4.45

8.90

Threshold (MeV)

1.020

8.342

11.31

Threshold (MeV)

0

4.98

7.75

17.84
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Table IV

Estimated Uncertainties in Current
Knowledge of the Fast-Fission Cross
Sections for 23 5U, 23 8U and 23 7Np

Energy
RangeReaction

235U(n,f) 200-400 keV

All other energies
in range 25 keV-
20 MeV

Percent
Uncertainty

5

3

10

4

6

10

28U(n,f) < 2 MeV

2 - 6 MeV

6 - 15 MeV

> 15 MeV

2Np(n,f) 0.51 - 1 MeV 10

1 - 5.4 MeV

5.4 - 14.1 MeV

14.1

> 14.1

3

10

4

10

a

b

Values derived from the report of a working group on absolute fission
cross sections (Ref. 34). These uncertainties are considerably smaller
than the assigned uncertainties in the ENDF/B-IV Dosimetry File (Ref.6).

Values derived from the report of a working group on fission cross
section ratios (Ref.34).

c Ref. 6.
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Table V

Estimates for Major Sources of
Error in Measurements

of Differential Dosimetry Cross Sections

1. Neutron fluence determination

2. Gamma-ray detector calibration

3. Statistics

4. Gamma-ray absorption

5. Neutron absorption and multiple scattering

6. Secondary neutrons

7. Isotopic properties and decay data

3 - 5%

2 - 3%

1 - 3%

< 1%

1%

< 1%

Variable

a
Total error >4 - 7%

aPartial errors combined in quadrature to yield the total error.

FIGURE CAPTIONS

Fig. 1. Probable useful ranges of neutron-source reactions commonly
used for monoenergetic cross section measurements in the
range E = 0 - 20 MeV.

Fig. 2. Zero-degree laboratory differential cross sections for
neutron source reactions used for monoenergetic cross sec-
tion measurements in the range E = 0 - 20 MeV.

Fig. 3. Apparatus used for ratio measurements of activation cross
sections relative to uranium fission (Ref. 13).
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IV.2. Comments on Excitation Functions of Threshold

Reactions Used in Reactor Neutron Dosimetry.

M.F. Vlasov
Nuclear Data Section
IAEA, A-1011 Vienna.

Abstract:

A status of neutron cross sections for some reactions used in reactor
dosimetry has been reported at the Lowell Conference [1]. Only some points
related to this subject: i.e. the need for new measurements for some 'old'
but important reactions, the 10-14 MeV energy gap problem, integral test-
ing of high threshold reactions, long-term neutron fluence detectors, and
new reactions for reactor dosimetry, will be discussed here.

No new measurements are available for some important 'old' reactions.

As example, two reactions may be considered: 3 1P(n,p)31 Si and
32S(n,p)32p. WRENDA 76/77* contains requests for measurements of both
reactions with an accuracy of 5 % from 2.2 to 7 MeV and from 2.5 to
7.5 MeV respectively, and 10% above.

Both reactions are used for neutron spectrum unfolding by the acti-
vation technique; 3 2 S(n,p) 3 2 p is also a standard for neutron flux measure-
ments. The status of 31p(n,p)31Si cross section is presented in
Figures 1 and 2. The detailed resonance structure of the excitation
function above threshold is determined by very old relative measurements
of Luscher 50, Ricamo 51, and Cuzzocrea 60. The first two are normalized
to the absolute measurement of Metzger 481 As can be seen from the three
available evaluations, a need exists for better establishment of the
energy scale, especially near threshold. Large discrepancies in the cross
section value above 6 MeV and a classical gap between 10-14 MeV, where no
data are available, require new measurements in the whole energy range from
threshold to 20 MeV. This need is also confirmed by serious discrepancies
between integral and differential results: up to 10% for the energy re-
sponse range of the reaction in 25** [1].

A similar situation but with better integral-differential data agree-
ment exists for 32S(n,p)52p. This reaction is a component of practically
every activation set used for neutron spectra unfolding, and the accurate
knowledge of the excitation function in the energy range mentioned above
is important. On the other hand the 3 2S(np)32P cross section above 4.8 MeV,
where it varies smoothly with the energy, is often used as a reference for the
measurement of other reactions [2]. However, only very old measurements of
this cross section from threshold to 11 MeV are available: Klema 47,
Luscher 50, Huerlimann 55, and Allen 57 (excluding a few points between
2.17 and 2.88 MeV by Rago 68).

* WRENDA: WORLD REQUEST LIST for Nuclear Data; IAEA publication WRENDA 76/77
is available on request from the IAEA Nuclear Data Section as
report INDC(SEC)-55/URSF, Vienna, August 1976.

X25: 2 35U thermal neutron induced fission neutron spectrum.
25
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Between 11 and 13 MeV, in the maximum of the excitation function, there
are only 3 widely scattered results by Santry 63 (Fig. 3, 4). We agree
to the following conclusion of the evaluators of this reaction for
ENDF/B-IV Dosimetry File [3]: "The cross section is not satisfactorily
well known to use it as a standard and additional measurements from
threshold up to 20 MeV are required".

10 - 14 MeV energy gap: no data near threshold for reactions with high
threshold.

The importance of high threshold reactions is much increased due to
the radiation damage problem investigations for fast reactors and future
fusion reactors. However, difficulties with neutron sources, which can
provide monoenergetic neutrons in 10 - 14 MeV energy range make the pro-
gress in the measurement of the excitation functions of such reactions
very slow. Two reactions are given as examples: 55Mn(n,2n) 54 Mn and
90Zr(n,2n)89Zr. The present status of 55Mn(n,2n)54Mn is given in Fig. 5.
The excitation function within the wide energy range from 13 to 18 + 20 MeV
has been measured by Paulsen 65, Menlove 67 and Bormann 69; however,
there are no measurements between threshold and v13 MeV, where the request
in WRENDA demands 5 % accuracy. Extrapolations based on theoretical con-
siderations cannot provide such accuracy.

A similar situation exists with 90Zr(n,2n)89Zr, see Fig. 6. It would
be of great help if the laboratories, equipped with Tandem-Van de Graaff
neutron generators could perform measurements in the 10 - 14 MeV energy
range for some important reactions to meet requests in WRENDA.

Integral testing of high-threshold reactions.

The integral testing of cross sections for dosimetry reactions
proved to be very important for the improvement of the evaluated cross
section data files usually based on differential data obtained with
monoenergetic neutrons only (ENDF/B Dosimetry File). The most recent and
impressive example is the 48Ti(n,p)48Sc reaction. However t the testing
of high threshold reactions in fundamental fission neutron spectra of
235U and 25 2Cf is difficult due to insufficient knowledge of the high
energy tail of the spectra and very low intensity of neutrons in this
energy range. The fission neutron spectra ( 2 52 Cf spontaneous and 235U
thermal neutron induced) have recently been evaluated at the National
Bureau of Standards, USA, but only up to 8 MeV [4]; above this energy
the uncertainty is + 30%. The 2 35U fission spectrum "SAND-2 adjusted"
[5] obtained, using well known neutron cross sections and the SAND-2
technique, is much harder at higher energies than the NBS recommendation
[Figures 9, 10]. The application of these two proposed 2 35U spectra to
the same high threshold reaction yields results (cross section averaged
over the spectrum) which quite often differ by a factor of 2 while the
uncertainty in the neutron cross section itself is only 15 - 20 %
(example: 58Ni(n,2n)57Ni [1]).

Therefore the application of accelerator-based neutron fields for
integral testing of neutron data should be encouraged: 9Be (d,n) reaction
on thick targets with time-of-flight technique for neutron spectrum de-
termination [6], and 3T(d,n) reaction with a spectrum determined by com-
position and geometry of the blanket surrounding the target, similar to
that described in [7].
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Long-term neutron fluence detectors.

The importance of the reliable fast neutron fluence detector for
long-term irradiations required by radiation damage studies is well known.
Two reactions are of special interest: 6 3Cu(n,c) 60Co and 9 3Nb(n,n')9 3Nbm.
For the first reaction [Fig. 7] the excitation function is known in the
whole energy range up to 20 MeV, but systematic disagreement exists between
integral and differential data. Therefore it is important to confirm
available differential data by new measurements. A few laboratories have
agreed to perform them. The first results came from Prof. Vonach's
Laboratory, Radiumforschungsinstitut, Vienna, see Fig. 7.

9 3Nb(n,n')93Nbm, [Fig. 8], is in the focus of radiation dosimetry of
materials now, because of its uniqueness. However, no direct measurement
of this cross section with monoenergetic neutrons is available. Figure 8
is taken from our previous Review Report [8]. A solid line step function
is the result of cross section unfolding in different reactor spectra, performed
by HegedUs 71, and point data are reconstructed from inelastic scattering
y-ray spectra using a known decay scheme. This second way looks quite pro-
mising and new measurements would be welcome.

New reactions.

The 19 9Hg(n,n')l 9 9Hgm reaction is often used in the USSR. It has a
rather low energy threshold ( ~ 500 keV), and a convenient half-life of
199Hgm equal to 43 min. The decay cascade y-rays ( 158 and 375 keV) may
be detected much easier than in the case of 103Rh(n,n') or 9 3Nb(n,n').
Oeff = 480mb + 11% and Eeff = 1.9 MeV have been determined using the method
described in r9]. The mercury activation detector is used together with
1 39 Ce calibration source (T 1/2 = 132.5 days). This reaction permits to
measure integral neutron flux density above 1l.9 MeV. At present there
are practically no measurements of the excitation function.
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IV.3. Status of some Activation Cross Sections for Reactor

Neutron Dosimetry in the Range 13 - 15 MeV.

H. Vonach

Institut fur Radiumforschung und Kernphysik, Vienna.

In this contribution the following aspects of the problem

are to be discussed:

A) The accuracy obtainable at present in activation cross

section measurement around 14 MeV neutron energy.

B) The present status of the activation cross sections in

general and as specific examples the status of the

following reactions: 27Al (n,a ), Fe (n,p). Cn (n,2n)
64.
Cu.

C) What should be done to further improve the situation.

A) Accuracy of activation cross section measurements in the

13 - 15 MeV neutron range.

In the energy range 13 - 15 MeV conditions for accurate

measurements of activation cross sections are especially

favourable. Neutrons in this energy range can be pro-

duced by the T(d,n)4He reaction at low bombarding energies

with high intensity. This reaction has the further advan-

tage that the absolute flux can be measured very accurately-

(to better 1 %) by means of the associate particle method

that is by counting the 4He recoils emitted into a definite

solid angle /1-2/. In addition neutron emission is known to

be isotropic in the c.m. system at the usual bombarding

energies of some 100 keV /3-4/. Thus it is sufficient to

determine the absolute neutron flux at one particular

neutron energy (corresponding to one particular emission

angle) and from this one can calculate accurately the flux
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at all other energies corresponding to whole angular

range according to the kinematics of the reaction /5/. Thus

the situation can be summarized as follows: In the n-energy

range 13 - 15 MeV it is possible to produce neutron fluences

known to about 1 % with a relatively modest effort.

Concerning the second problem of cross section measurement

the determination of the absolute activities formed by the

various reactions is of course not different from that at

other neutron energies apart from the fact that the high

fluxes available allow the use of smaller samples which

results in smaller problems with scattering,absorption and

self-absorption corrections.

The problem of activity measurement has always been the

simplerproblem relative to the fluence measurement and

so it is even here.

The standard methods developed for accurate absolute

determinations of decay rates can be used. In some

cases the most accurate method,the 4r, #-r coincidence
27

method /6/ can be applied directly (e.g. for the Al (n,A)

4Na or 56Fe (n,p)56Mn reactions) in other cases one can

use NaJ scintillation detectors, the efficiency of which is

determined as a function of B-ray energy by means of 4'ifP-'

calibrated sources /7/,or as shown recently very accurate

measurements of decay rates are possible if a large well

type NaJ crystal is used and the investigated decay leads

to emission of several c-rays resulting in a detection

efficiency close to unity /8-9/. (These conditions are ful-

filled e.g. for all positron emitters, the reaction 48Ti

(n,p)48S, 27Al (n,)24Na, 63Cu (n, o)60Co and others.)

In this way it is possible to do absolute activity measure-

ments with an overall accuracy in the range 0.5 - 1 % for

most of the reactions important in reactor dosimetry.

This sounds considerably more optimistic than the

figures quoted by D. Smith /10/ for the standard GeLi-

detector technique. This technique,however, does not appear
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to me to be the most favourable one for accurate measure-

ments of decay rates. By using the mentioned NaJ crystals

especially of the well type much higher efficiencies can be

obtained with corresponding better counting statistics if

integral counting above a low threshold is used.Moreover,

such systems are considerably more stable and reproducible

in time than GeLi detectors at present. The main advantage

of the GeLi detector to discrminate against interfering

activities from competing reactions within the sample itself

is not needed in most cases, especially if the contributions

from interfering activities are minimized by proper choice

of initiating and waiting times. Of course, a check for

radiochemical purity with a GeLi detector in addition to

the main measurement with the NaJ crystal might be advisable

in many cases.

Thus it appears to me that the present state of the art

does allow measurements of activation cross sections for

most of the dosimetry reactors with accuracies of 1 - 2 %

at a 95 % coefficience level.

B) Present status of activation cross sections in the 13 -15

MeV region.

Actually the discussed accuracy has not been reached

except for a very small number of cases.

In general, the situation is the following: A relatively

large number of rather reliable measurements in the 5 - 10 %

accuracy range have been performed, mainly by groups at Hamburg,

Geel, Chalk River and various places in the US /11/ in the

early sixties and cross sections accurate to about 5 % can

be derived by evaluation of this body of data for most

reactions.

A much better status has been achieved for the 27Al(n,,)
2 4Na reaction as shown in fig. 1. This figure shows all the

absolute cross section determinations based on either the
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associate particle method of the hydrogen or the fission

standard which have been formed to date /12-24/ and in

addition an excitation function derived by my coworkers

and myself based on a precision cross section measurement

at'14.43 MeV /2/ and a relative measurement based on the

known angular dependence of the neutrons emitted in the

DT-reaction /5/. As the figure shows our precision data are

in good agreement with most of the other data, although

there is some discrepancy (~ 4 %) with the most recent

precision measurement of Robertson /13/. However, this

measurement relies on the differential n-p scattering cross

section at zero degree, which is much less well known than

the total n-p cross section.

In addition several other precision measurements un
27

the relative value of the 27Al(n,o- ) cross section exist,

e.g. from Bormann et al /34/, Paulsen et al /23/ and most

recently from Gardjner et al /35/, which agree well within

a few % as shown in fig. 2. Thus it appears to me that an

evaluation of all the existing relative and absolute cross

section data will give a result rather close to the curve

drawn in fig. 1 with errors of about 1 - 1,5 % and thus

this reaction at present seems to be the best choice for

a secondary standard in the discussed energy region. There

is only one problem left which is not quite solved and that

is the question of cross section fluctuations. Earlier /36,37/

claims concerning the existence of cross section fluctuations

in the 10 % range had shown to be in error by several care-

ful measurements /9,34,38/. However, recent measurements of Gar-

dner /35Claim the existence of such fluctuations in the

order of 1.5 %. To me the evidence still appears somewhat

marginal. However if confirmed fluctuations of this ampli-

tude and period would not be very detrimental for the further

use of this reaction as secondary standard.

It should however be emphasized that cross-section fluc-

tuations even this small can be completely avoided if a

+) even



- 365 -

reaction on some nuclides with A> 50 is used and perhaps

a secondary cross section standard of this kind should

eventually replace the 7Al(n,v ).

One possible candidate for this purpose is shown in

fig. 3 the 5 6 Fe(n,p) reaction /9, 12-15, 17, 20, 22, 39-42/.

Here the situation is still somewhat worse. There are no

single measurements more accurate than 3 % and most measure-

ments in the 5 - 10 % range, however data are in general

(with some obvious exceptions) mutually consistent (again

Robertson gives some trouble) and proper evaluation should

give adopted values with errors in the two % range.

As the last case to be discussed in detail fig. 4 shows

the very strange strange situation which exists for the 65Cu

(n,2n) reaction, which puzzles me for many years.

There are a large number of measurements from experienced

experimenters /13-15, 19, 22-23, 27-28, 41 - 43/ all

the 900 - 1000 mb range and there is my own precision measure-

ment /9/ which is about 10 % below. When I first got such

result in 1968 /5/ I was very unhappy and asked my collegues

in Vienna to check this cross section. The check performed

by Dr. Tagesen confirmed my value /45/ and thus I presented

the result at the Washington Cross Section Conference. Five

years later, Dr. Mannhart after improving the techniques

further made another precision measurement /9/ which also

confirmed within 1.5 % the earlier low value. In addition,

such low values have also been found by Nagel /46/, a co-

worker of Prof. Aten at Amsterdam, who did rather careful

measurements of the 65Cu(n,2n) cross sections relative to

the 56Fe(n,p) value. At present I do not have any explanation

for this discrepancy. Thus at present the situation can be

summarized as follows: For a large fraction of cross sections impor-

tant for reactor neutron dosimetry cross sections accurate

to better 5 % can probably be derived from the existing data

by careful evaluation for most of the others such evaluations

will probably result in errors of 5 - 10 %.
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C) Possibilities of improvement of the present state.

As discussed in part A the present state of the art de-

finitely allows the goal of 5 % accuracy for all cross

sections interesting for reactor neutron dosimetry to be

achieved in the 13 - 15 MeV energy range and it appears

to me that this needs only a relatively small effort. A

possible approach might be the following.
27 24

1) Careful evaluation of the 27Al(n,o, ) Na data in order

to establish this as a cross section standard. This

could be done in two steps; at first calculate a weighted

average of the form of the excitation function from the

data given in fig. 2, then use this relative cross section

curve to reduce all absolute measurements to one common

excitation energy, e.g. 14.4 MeV, and derive a weighted

mean of the absolute cross section for this reference

energy.

27
2) New cross section measurements relative to the Al(n,j )

reaction (which can be done very simply by the sandwich-

technique) for those reactions, which at present do not

yet fulfill the accuracy demands, whereby the enormous

experience of the verious standardisation laboratories

engaged in absolute activity measurements (NBS, PTB, NPL,

IAEA and so on) should be utilized for the absolute

activity measurements and the methods for the activity

measurements should be chosen individually according to

the specific decay schemes of the nuclides to be measured.

Especially in the case of the 65Cu(n,2n) reaction the

existing discrepancies should be removed in this way,

preferably by measurements of both the 24Na and 64Cu

activities checked at different laboratories.
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Figure Captions:

Fig. 1: Comparison of absolute cross section measurement
27 24

for the Al (n,).) Na reaction.

Fig. 2: Comparison of different measurements of the relative

cross sections for the Al(n,o24) Na reaction in the

13 - 15 MeV range. All cross section curves are

normalized to a value 117 mb /2/ at 14.4 MeV.

Fig. 3: Absolute cross section measurements for the 56Fe(n,p)

5 Mn reaction.

Fig. 4: Absolute cross section measurements for the Cu(n,2n)

64 reaction.
Cu reaction.
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IV.4. ENDF/B Dosimetry File for Version V

B.A. Magurno
Brookhaven National Laboratory

Upton, New York

Abstract:

The Cross Section Evaluation Working Group (CSEWG) effort to supply
differential energy dependent cross sections for the Inter-Laboratory LMFBR
Reaction Rate Program (ILRR)1) culminated with thpepreparation and distri-
bution of the ENDF/B-IV dosimetry tape (tape 412).' The release of the
above tape fulfilled the primary commitment of the 1972 Task Force.( ) The
data library which evolved was tested in reference neutron fields and compared
with experimental integral numbers. The first sets of results were presented
at the 1973 winter meeting of the American Nuclear Society (ANS) in San
Francisco 4 ) by Magurno and Ozer.

Version V will include updates to the majority of isotopes in the
dosimetry file. Table I is divided into three parts; part one shows reactions
to be carried over; part two, the reactions to be updated; and part three, the
reactions that remain unassigned (may be dropped). It is too soon to give a
complete report on all reactions to be updated for version V, but all the work
done at Brookhaven National Laboratory will be reported here. The status of
all updated reactions can be seen in the Table.

* Research supported by the U.S. Energy Research and Development Administration.

A complete set of results including contributions from all laboratories
involved in integral testing can be found in ENDF-230. The above results
pointed to apparent discrepancies that when solved could strengthen the
program. Non-consistent use of standards, lack of cross section information
in the energy region of excitation functions that includes thresholds, and
different interpretations of reference spectra all contributed to the dis-
crepancies.

Of all the materials listed in the Table the most important are the
primary standards, since they effect both the differential cross sections and
the spectra. Special effort has been placed on the inter-relations of these
standards by(CSEWG. The Normalization and Standards Subcommittee organized
a task force to obtain a consistent set of standards for use in all ENDF
files. As a result of the evaluation of 6Li(n,a) 10B(n,s), 97Au(,), and

2Ufnf), of Hale and Dodder,( ) Hale and Arthur (9) Mughabghab ) and
Bhat ) were adopted along with (n,p) of Stewart 1 )(already accepted for
ENDF/B-V). The two to be discussed here as standards are 235U(n,f) and
Au(n,y).

The 2U(n,f) cross section for Version V (preliminary to date) from
100 eV to 20 MeV was a two part evaluation by the Task Force. The first
part, (100 eV - 200 keV), used input that indicated structure and the second
part (200 keV - 20 MeV) was represented by a smooth curve and is a primary
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ENDF/B standard. The results of this evaluation were presented by M. Bhat(e )

at a recent NEANDC meeting. <Cf tabulated as a function of energy (in energy

bins) to 200 keV and of (E) 200 keV-20 MeV are presented in the above paper,

along with the evaluation methods used. Since the paper by Bhat is available
I will not go into detail but will show the resultant fission cross evaluation.

Fig. 1: 0-100 keV shows the data considered and the ENDF/B-IV curve.

Fig. 2: 0-100 keV is the <of for ENDF/B-V and an overlay of both shows

the fit.

Fig. 3: 100-250 keV data considered and ENDF/B-IV curve.

Fig. 4: 100-250 keV <o> for ENDF/B-V and again an overlay of both shows

the fit.

Fig. 5: 0.1-1 MeV shows the comparison between ENDF/B-IV and ENDF/B-V.
This lowering of the cross section (~5%) should help solve the
spectral distortions in 5 and '2 described in a paper by

Vlasov et al.

Fig. 6,7: The cross sections from 1 to 20 MeV. The Version IV and Version V
cross sections inter-weave but the changes should have little

import for integral tests.

Because of observed structure in the capture cross section of Au below
200 keV and the lack of data above 3.5 MeV, the use of Au as a standard
outside the energy range 200 keV-3.5 MeV is de-emphasized (excluding thermal).
This evaluation differs from its predecessors in that the input data measured
relative to a standard were renormalized to other approved primary standards
to give a consistent set. A description of the evaluation, comparisons of
ENDF/B-V vs. ENDF/B-IV evaluated curves and a comparison of the calculated
fission spectrum average cross section vs. published experimental values
are given in Appendix I, an informal report by S. F. Mughabghab.

While 1°B(n,a) and Li(n,cr) have been adopted as standards, the dosimetry
10a

requirements call for B(n,total He) and Li(n,total He). These are Los
Alamos evaluations and are underway at the present time. There will be a
description change in these files, i.e. MT=107 (ENDF description of (n,a))
will become MT=207 (n,total He). This nomenclature change is necessitated
by the outcome of a special meeting of Normalization and Standards Sub-
committee 1chaired by L. Stewart at Los Alamos. Special catagories for
ENDF files were discussed and three files, Dosimetry, Neutron Induced Gas

Production, and Activation evolved. The minutes of this meeting were reported
to and will be included in the Normalization and Standards Subcommittee report.
The production and maintenance of these files was deemed an unnecessary burden
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for the Normalization and Standards Subcommittee and a new subcommittee
was formed; Special Applications File (SAFE) Subcommittee, The nucleus of
this subcommittee was formed with B. Magurno (BNL) chairman and in charge
of Dosimetry, L. Stewart (LASL) in charge of Neutron Induced Gas Production,
R. Schenter (HEDL) in charge of Activation, and W. McElroy (HEDL) in charge
of User Needs and Test Recommendations. In addition the radioactive decay
file was transferred from the Fission Product Subcommittee to SAFE and will
be in the charge of C. Reich (EG & G, Idaho, Inc.). As was the case in
dosimetry, a reaction that appears in any or all of the special applications
files and the General Purpose File must be consistent. An example of the
above is Fe. The General Purpose Elemental File is being generated by
P. Fu (ORNL). 64Fe(n,p), 68Fe(n,p) and 68Fe(n,Y) are being evaluated by
R. Schenter (HEDL); Fu and Schenter are cooperating to be sure that the
partial reaction cross sections sum to the elemental reactions.

23Na, 23Th, 238U, 237Np, and 239Pu will come directly from the
General Purpose File.

Cobalt and manganese are being evaluated for the General Purpose File
by S. F. Mughabghab. The (n,Y) and the (n,O) for cobalt and the (n,2n)
for both isotopes will be added to the dosimetry file. The Co(n,O) is
essentially the same as MAT 6199 by J. D. Jenkins in Version IV library.
Co(n,y) and (n,2n) are in process.

Fig. 8: shows a model calculation normalized to existing data and
compared to the Version IV evaluation. The threshold area
contains the upper limit of the Version V (n,2n) and indicates
that fission spectrum average cross section will be equal to
or slightly larger than 0.262 mb (the Version IV value of the
cross section).

Fig. 9: The preliminary Mn(n,2n) curve Version IV compared to Version V
The new curve in the threshold area is lower than the Version IV
curve and joins the Version IV curve at 15 MeV. This will yield
a fission spectrum average cross section of about 0.30 mb. The
Version IV value was 0.37 while the reported experimental value
of Fabry(1 ) was 0.25 mb.

The elemental evaluation of Ti for the General Purpose File is a joint
effort by C. Philis of Bruyeres-le-Chatel and D. L. Smith and A. B. Smith
of ANL. To construct the reaction cross section of elemental Ti they evalu-
ated each of the isotopes separately.

Fig. 10: Since the work is not complete no graphs are available for publi-
cation. A comparison of several evaluations of the Ti(n,p) is
taken from Vlasov(l3 ) for demonstration. The new data of Smith
does not change the ENDF/B-IV fission spectrum average cross
section (10.24 mb) significantly but an anticipated energy shift
in the threshold will raise <Cf> about 77%.
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Fig. 11: 47Ti an exoergic reaction with an effective threshold at
approximately 0.5 MeV. This graph shows several evaluations
including ENDF/B-IV and experimental data. There are differ-
ences expected in the ANL evaluation but not in the threshold
region and the ENDF/B-IV <of> is not expected to change by

more than a percent. The argument put forth by Vlasov( 13 )

about ~ branching ratio (68.5% by ANL vs 73% recommended by
Lederer) can only be settled by the authors of the ENDF/B-V
evaluation.

Fig. 12: The graph shows a series of evaluations, none of which were
accurate in threshold region. The dotted line going through
the Smith data is approximately the same as the new ANL evalu-
ation and the change in <Of> is about 55% bringing it into

agreement with the integral number.

Nickel reaction cross sections, part of the nickel evaluation for the
General Purpose File, are being evaluated at BNL under the auspices of
M. Divadeenam. He is also supplying the isotopic reaction cross sections
required by the dosimetry file and by extending the evaluations to 40 MeV
is supplying the isotopic nickel reactions for the neutron-induced gas
production file. However, for our purposes only up to 20 MeV will be
considered. An extensive description of the Ni(n,p), Ni(n,2n) and
s0Ni(n,p) is reported by M. Divadeenam in Appendix II of this report. The
fission spectrum average cross sections of the nickel isotopes are listed
in Table II.



- 379 -

TABLE I

1. Reactions to be

Isotope/Reaction
2 A1 (n,p)

2 A1 (n,a)

5Co (n,u)

115In (n,Y)

232Th (n,f)

232Th (n,Y)

carried

MAT

6156

6156

6199

6416

6296

6296

over to Version V.

LAB

LASL P.G.

LASL P.G.

BNL J.D.

HEDL F. Si

B&W W.A.

B&W W.A.

Author Comment

Young & D

Young & D

Jenkins

chmittroth

Wittkopf

Wittkopf

.G.

.G.

Foster

Foster

(> 50 keV)

2. Reactions to be

Isotope/Reaction

Li (n, TOTAL He)

B (n, TOTAL He)

2 3 Na (n,Y)

4 Sc (n,Y)

4 Ti (n,p)

updated

MAT

for Version V.

LAB

LASL

LASL

ORNL

BNL

BNL
ANL

Author

Hale

Hale

Larson

Magurno

Magurno |
D.L. Smith |

4 7Ti

4 8Ti

55Mn

54Fe

5 6 Fe

5 8 Fe

59Co

59Co

58Ni

58Ni

(n,p)+(n,np)

(n,p)+(n,np)

(n, 2n)

(n,p)

As Above

As Above

BNL

JORNLtHEDL
(n,p)

(n,Y)

As Above

As Above

Mughabghab

Perey (Fu) 
Schenter (Mann) j

As Above

Perey (Fu)
Schenter (Schmittroth)

Mughabghab

Mughabghab

Divadeenam

Divadeenam}

Comment

(> 20 keV)

in conjunction with
ANL-elemental
evaluation

As Above

As Above

in conjunction with
elemental evaluation
of iron

in conjunction with
elemental evaluation
of Ni

(n, 2n)

(n,Y)

(n, 2n)

(n,p)

BNL

BNL

BNL

BNL
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TABLE I (Cont'd)

Isotope/Reaction
6 Ni (n,p)

115In (n,n')

127I (n, 2n)

19 7Au (n,Y)

232Th (n,Y)

235 (n,f)

U (n,f)

238 (n,Y)

p (n,f)2 3 7Np (n,f)

239Pu (n,f)

MAT LAB

BNL

HEDL

Stanford

BNL & Task Force

BNW

BNL & Task Force

ANL & Task Force

As Above

HEDL
t LASL
GE & Task Force

Author

Divadeenam

Schmittroth

Sher

Mughabghab

Leonard

Bhat

Pennington

As Above

Mann
Stein

Kujawski

Comment

As Above

(< 50 keV)

3. Unassigned

S (n,p)

Cu6 3 (n,Y)

Cu6 (n,()

Cu6 (n, 2n)

Reactions (may be dropped).
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Table it

A Maxwellian Cranberg Watt Maxwellian Expt.
T-1.29 TT1.321

58 103.765 107.762 109.758 108.029 98.70d4.60a

60 2.469 2.344 2.500 2.722 95 tb
t2.3±.3 

61 3.699 3.772 3.899 3.934

,5 62 0.040 0.0379 0.035 0.047

64 0.0028 0.0022 0.002 0.0034

Ni 71.55 74.25 75.65 74.53 67.8=2 c

58 103.910 107.851 109.864 108.203

: 60 2.472 2.346 2.502 2.725

' 61 3.830 3.862 4.005 4.091
0.I 62 0.041 0.031 0.0356 0.049

5 64 0.0032 0.0022 0.0026 0.0038

Ni 71.66 74.31 75.69 74.66

, 58 6.072 6.036 6.315 6.549 6.06d

60 1.155 1.137 1.194 1.251 1.12d

61 1.909 1.925 1.962 1.977 1.83d

62 0.105 0.094 0.102 0.119 0.097d

64 0.069 0.048 0.056 0.083 0.108d

Ni 4.473 4.441 4.652 4.827 4.76. 54

4.7 f

All cross sections in mb.

a) Weighted average of exptl data KAPL-M-7291.

b) Liskien and Paulsen Nucleonic 8,(1966).

c) ENDF/III.

d) Weighted average of exptl data.

e) H. Farrar IV (unpublished); experimental error is -5%.

f) Lippincott, Nuclear Cross Sections and Technology, 375 (1975).
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EVALUATION OF THE CAPTURE CROSS SECTION OF 19AU

S.F. Mughabghab

Brookhaven National Laboratory
Upton, L.I., N.Y. 11973

ABSTRACT

197
Evaluation of the capture cross section of 1Au is described

with emphasis on its use as a standard in the energy region 200-
3500 keV where the cross section appears to vary smoothly with
energy. In this energy region, the capture cross section is pre-
sented in graphical and tabular forms.

A INTRODUCTION

Because of its monoisotopic nature, its chemical purity, its large ther-
mal neutron capture cross section and absorption resonance integral [1], and
the simple decay scheme of the product nucleus formed by neutron capture, the
capture cross section of gold has become one of the primary basic standards.
For these reasons, and the fact that several recent measurements appeared in
the literature and became available through private communications, it became
evident and essential that a new evaluation of the capture cross section of
gold is warranted. An additional reason is the requirement for a consistent
set of primary standards on (n,p), 6Li(n,c), 1 0 B(n,c) and 23 5U(n,f) for ENDF/B-
V. This evaluation was carried out in conjunction with the Standards and Nor-
malization Subcommittee of CSEWG and its Task Force 

As indicated by the data of Macklin, et.al., [2] and Le Rigoleur,
[3], substantial structure possibly attributable to doorway states, is ob-
served in the gold capture cross section up to about 200 keV. Above this
energy, the capture cross section seems to vary smoothly with energy. Because
of this situation, and with the exception of the thermal energy region, the
point-wise capture cross section of 19 7Au is de-emphasized as a standard below
200 keV. In the present note, we primarily describe the ENDF/B-V evaluation
of the gold capture cross section in the energy range from 200 keV-3500 keV
and outline the procedures followed in'the resonance region and high energy re-
gion (3.5 - 20.0 MeV).

aThe Au Task Force Members are: B.R. Leonard, Jr., (BNW) (Chairman); M.R. Bhat,
(BNL) A.D. Carlson (NBS), M.S. Moore (LASL) S.F. Mughabghab (BNL), R.W. Peelle
(ORNL), W.P. Poenitz (ANL), L. Stewart (LASL).
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Although the presently described gold capture cross section (200 - 3500 keV)
has been approved by the Standards and Normalization Subcommittee of CSEWG,
it should be considered preliminary until approved by CSEWG. This evaluation
differs from its predecessor [4] in that the input data measured relative to
a standard cross section, were renormalized to other approved primary standards
to give a consistent set of standard cross sections. Because of the various
inter-relations between the primary standard cross sections, (n,p) 6Li(n,a),
°1 B(n,a), 197Au(n,y), 23 5U(n,f), an attempt was made by various evaluators to

obtain a consistent set of standard cross sections. As a result, the evalu-
ations of 6Li(n,o), l°B(n,a), and 2 3SU(n,f) cross sections by Hale and Dodder
Sa], Hale and Arthur ib] and Bhat [6] were adopted here. In addition, the
evaluation of the (n,p) cross section carried out by Stewart, et.al., [7],
(approved for ENDF/B-V), and which is essentially based on the analysis of
Hopkins and Breit [8] was considered in this evaluation. For details of the
6Li(n,0) and '0B(na) cross section analysis in terms of R matrix analysis,
the reader is referred to reference [ 9].

197
B Au Capture Cross Section Between 200-3500 keV

The first step in this evaluation is to assemble the input data from the
NNCSC data files, CSISRS (Cross Section Information Storage and Retrieval
System) from the literature, and through private communications with the ex-
perimenters. A brief summary of the recent data since the last evaluation of
gold capture cross section (1972 vintage) is shown in Table 1 which repre-
sents the leading author, adopted standard, relative to which gold capture
cross sections is measured, the neutron energy range, method (activation or
prompt Yray measurement), monitor and sample detectors, and reported accu-
racy. The data can be found in references 2,3 and 10-27 or in the NNCSC data
files, CSISRS. Data prior to 1972 can be found in reference 4. At first, the
totality of the old and recent data were divided into two groups depending on
whether the measurement is designated as absolute or relative. Subsequently,
the relative gold capture cross sections were separated into four groups cor-
responding to one of the adopted standards (n,p), 6Li(n,c), '0B(n,Y) or 23SU
(n,f). In those cases where the ratio values were not reported by the authors,
these were reconstructed whenever enough information was provided by the
authors. As an example, the 6Li(n,a) cross section adopted by Macklin, et.al.,
[2] in his flux measurements, was derived here from the reported prescrip-
tion and the ratio values of the gold capture cross section to the 6Li(n,c) cross
section were obtained. Then various ratio values corresponding to each
standard were plotted separately and were initially compared with the ratio
values derived from ENDF/B-IV. Such a procedure is helpful in discerning any
systematic trends in the data as may be indicated by high or low values or
possible changes in the shape of the relative cross sections. Ratio values
which deviated by more than two standard deviations from ENDF/B-IV or the
average of the experimental values were rejected.

Figs 1 and 2 show the renormalized recent data in the energy ranges 100-
1000 keV and 1.0-3.5 MeV respectively. For comparison ENDF/B-IV and ENDF/B-V
(preliminary) evaluations are shown. At the abscissa, thresholds of the in-
elastic channels and their spins are indicated by vertical lines.

The following observations could be made regarding these data:



- 397 -

(1) data of Macklin, et.al., [2], Lindner, et.al., [10] and Le Rigoleur [3]
are generally in very good agreement.

(2) as shown by Fort and Le Rigoleur [3] the activation and non-activation
measurements are in reasonable agreement with each other particularly in
the energy region 400 - 500 keV where the deviation is only about 2%.

(3) data of Paulsen, et.al., [12] Fricke, et.al., [23] and Barry, et.al., [24]
measured relative to the (n,p) cross section are consistently high with
respect to the ENDF/B-IV evaluation and with the data of Macklin, et.al.,
[2], Lindner, et.al., [10], Poenitz [11], and Fort and Le Rigoleur [3].
This may have to do with response of the hydrogen proportional counter.

(4) in the energy range 1000 - 3500 keV, the data of Paulsen, et.al., [12]
appears to converge, particularly at the high energy end, with that of
Poenitz [11] and Lindner, et.al., [10].

(5) the Robertson, et.al., [25] cross section value at 966 keV is about 12%
high with respect to Poenitz [11], Lindner, et.al., [10] and ENDF/B-IV
evaluation but somehow in agreement with the data point of Paulsen, et.al.,
[12]. Since it is believed that there is no structure in the gold capture
cross section at this energy, the result of Robertson, et.al., [25] was
down-graded.

(6) the apparent structure in Macklin, et.al.'s renormalized data at about
250 keV is partially due to a lack of a precise knowledge of the peak
position of the resonance at about this energy.

(7) the data of Czirr and Stelts [17] is high when compared with other data,
and with the ENDF/B-IV evaluation. It is to be noted that the data points
at 319, 412, and 532 keV were withdrawn by the authors.

On the basis of these observations, it was decided to base the ENDF/B-V
evaluation on the data sets of Macklin, et.al., [2] Fort and Le Rigoleur [3],
Poenitz [11], and Lindner, et.al., [10] in the energy range 100 - 1000 keV.
Above 1000 keV, the ENDF/B-IV evaluation is based on the Poenitz [11] and
Lindner's, et.al.'s [10] data. The result of this is essentially to decrease
the capture cross section of gold by not more than about 4%. This is about
the magnitude of uncertainty of the gold capture cross section in this energy
range. The ENDF/B-V capture cross section in the energy range 200 - 3500 keV
is given in Table II. A detailed analysis of the variance-covariance estimates
of the 19 7Au capture cross section will be carried out.

197
C Au Capture Cross Section in the Resolved and Unresolved Energy Regions.

Because of the presence of structure in the gold capture cross section,
it was decided by the Standards and Normalization Subcommittee of CSEWG to
extend the resolved energy region from 2.0 to 4.8 keV. Unfortunately, individ-
ual resonance parameters ( , Ir J, values) are not available as yet. The
g r /r values of Macklin, et. al., [2] are combined with renormalized gF 2/

values of Hoffman, et.al., [28] to obtain J, F , r values for the individual
resonances.
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A comparison of the gr 2/ values of Hoffman, et.al., [28] with those derived
from BNL 325, [1] shows that the values of these authors are under-estimated
by about a factor of 3.5 for the strong resonances. As a result correction
factors have been applied to the data [28] before combining them with those
of Macklin, et.al., [2].

In the unresolved energy region, 5 - 200 keV, the point-wise cross section
as supplied by Macklin, et.al., [2] will be adopted. In addition s- and p-
wave and Yray strength functions which describe the capture cross section in
this energy range will be specified.

197
D Au Capture Cross Section in Energy Range 3.5-20 MeV

In this energy region, experimental data is sparse. These include the
data of Johnsrud, et.al., [29] and Miskel, et.al., [30] both of which used the
activation technique and measured the flux with a fission counter. Between
4 MeV and 20 MeV, only 14 MeV data by Drake, et.al., [20] and Schwerer, et.al.,
[21] are available, which indicate that the capture cross section of gold at
14 MeV is about 1mb. As a result, the ENDF/B-V evaluation between 3.5-20 MeV
is based on COMNUC calculations which are normalized to a value of 14 mb at

4.8 MeV (renormalized Johsrud, et.al., [29] data point), and 1mb at 14 MeV.

E Comparison With Integral Measurements

It is of interest to calculate the fission spectrum average of the
capture cross section and compare it with experimental measurements. Absolute
capture cross section measurements for 19 7Au for 252Cf spontaneous fission
neutrons was carried out recently by Green [31] who reported a value of 79.9*2.9
mb. In addition, Fabry, et.al., [32] reported an integral cross section ratio
measurements of 1 9 7Au(n,Y) relative to 2 38U(n,f) for a thermal-neutron induced
23 5U fission neutron spectrum. Adopting a value of 295.4 mb for 23 8U(n,f)
fission spectrum average from the ENDF/B-IV dosimetry file [33], one obtains
a value of 85 i 4 mb for 1 98Au(n,Y).

A Maxwellian fission spectrum of characteristic temperature T and re-
presented by:

(E) = C E e T (1)
< (E) = C E e(1)

was employed (C is a normalizing constant). Values for T of 1.32 MeV (ENDF/B-

IV) and 1.39 MeV were used in the calculations for 23 5U and 252Cf fission
spectra respectively.

235 252
The U and Cf fission spectrum averages of the ENDF/B-V gold capture

cross section are calculated with aid of Eq 1, and are shown in Table III.
The evaluated values are compared with experimental numbers [31, 32, 34].

F Comparison With ENDF/B-IV

Since the last evaluation of gold, two measurements of the thermal absorp-
tion cross section of Au at 2200 m/sec by Dilg, et.al., [35] and Steyerl, et.al.,
[36] were reported. Both of these authors used the transmission method in
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their measurements and they reported a = 98.68 ± 0.12 b and 99.3 ± 0.5 b
for Au respectively. The recommended value in this evaluation will be the
same as in its predecessor.

The resonance region in this evaluation will be extended to 4.9 keV
to include the Macklin, et.al., [2] and Hoffman, et.al., [28] measurements.
The unresolved region up to 200 keV will be represented by point-wise data
of Macklin, et.al., [2]to describe the structure observed in the capture cross
section. In addition, s-, p- wave neutron and Y ray strength functions will
be specified. In the previous evaluation the unresolved region was described
only by strength functions. Furthermore, data measured relative to the fis-
sion cross section of 23SU were disregarded in the previous evaluation in the
energy region 100 - 1000 MeV. In the present evaluation such data were in-
corporated in the analysis. Between 300 - 3500 keV the present evaluation
is 3 - 4% lower than ENDF/B-IV. Above 3.5 MeV, the present evaluation is
based on model calculations and normalized to experimental values of 1 mb at
14 MeV and 14 mb at 4.8 MeV. In contrast, the ENDF/B-IV evaluation was based
on ENDF-III which in turn was essentially based on the Vaughn and Grench [37]
and Bogart [38] evaluations.

CONCLUSION

Gold capture cross section in the energy region 200 - 3500 keV is em-
phasized as a primary standard. The uncertainty in the evaluated curve is
about 4%. The datum point of Robertson, et.al., [25] needs additional study
and confirmation. In addition, the high data points of Paulsen, et.al., [12]
measured relative to the (n,p) scattering cross section calls for further
investigations. It is suggested perhaps the same authors carry simultaneous
measurements relative to (n,p) and some other standard, or perhaps a study
of the response of the hydrogen proportional counter is warranted.

Comparison of integral measurements with the present evaluation yields
good agreements.
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Table II

ENDF/B-V AU Capture Cross Section 200 - 3500 KeV

E (keV)
n
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
520
540

Co(mb)

257.5
251.0
245.0
240.0
234.0
229.0
224.0
219.0
214.8
210.0
206.5
201.0
195.0
191.0
186.0
180.5
175.0
171.0
167.0
163.0
159.5
156.0
152.8
150.0
147.0
144.8
142.5
140.2
138.0
136.0
134.0
130.0
126.5

En(keV)

560
580
600
650
700
750
800
850
900
950

1000
1100
1200
1300
1400
1500
1550
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000
3500

ay(mb)

122.8
119.5
116.2
108.0
101.0
95.2
90.8
87.2
85.5
84.2
83.0
79.2
76.0
73.5
72.0
71.5
71.0
69.0
65.0
61.5
57.8
54.0
50.0
46.0
43.0
40.0
37.5
34.2
32.0
29.5
27.5
26.0
20.5
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Table III Comparison With Integral Measurements

Fission Spectrum Experimental Values (mb) Present Evaluation. (mb) Reference

23 5U(T=1.32 MeV) 84.8 + 4.1 82.1 Fabry [32]

25 2Cf(T=l.39 MeV) 79.9 + 2.9 78.9 Green [31]

95.5 + 2.3 Pauw [34]
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Figure I. Capture cross section of gold in the energy range 200-1000
keV. The vertical lines represent the thresholds for the
inelastic channels.
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APPENDIX II*

58 t 58 60
Ni(n,p) , Ni(n,2n) and Ni(n,p) Evaluation for ENDF/B-V

M. Divadeenam

58Ni(n,p) reaction Q = .3947 MeV

58 1)
The previous Ni(n,p) evaluation was done by Schenter . In the low

energy region, his evaluation closely follows the experimentally measured

values of Smith and Meadows' , in that local fluctuations of the cross

section are retained in the evaluated curve. In addition, the 6-13 MeV

range had only four measured points. However, for the present evaluation,

extended measurements by Smith and Meadows3 ) are available.

The data on Ni(n,p) cross section is extensive, and of reliable

quality. This reaction is used in dosimetry applications, and also treated

as a secondary standard for measuring other neutron induced reactions.

The most extensive sets of data on 5 8Ni(n,p) reaction are:

1) Smith and Meadows2' ) 0.44 - 10 MeV

2) Meadows and Whalen4 ) 1.04 - 2.67 MeV

3) Barry, et.al., 8 1.6 MeV - 15 MeV

4) Paulsen and Widera 6 1-2 and 12.7 - 16.4 MeV

5) Okumura 15 13.4 - 15 MeV

6) Borman9 ) 13 - 19.6 MeV

In addition, there are other measured data sets at few energy points

ranging from 2 - 15 MeV.

For the purpose of evaluation, we have looked at the entire experimental

data in detail in the following energy ranges:

0.4 - 1.0 MeV
1.0 - 2.0 MeV
2.0 - 4.0 MeV
4.0 - 6.0 MeV

6.0 - 10. MeV
10.0 - 12.7 MeV Gap - no data
12.7 - 15.0 MeV
15.0 - 20.0 MeV

* This Report is extracted from a Report on the evaluation of Nickel for the
ENDF/B-V General Purpose File to be published. tFor the sake of brevity
all the figures referred to in the text are suppressed. Instead one figure
( ) giving the entire energy range of evaluation is included.
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0.4 - 1.0 MeV:

In this low energy region, only the data of Smith and Meadows3) is

available. There are some deviations from the expected( smooth energy

dependence of the low energy (n,p) cross section. The 0.5 MeV and 1 MeV

cross section values were determined from the simple prescription (given

in Fermi's book) for exothermic neutron-induced and outgoing charge-

particle reactions. Most of the experimental points at these low energies

follow this prescription. Our evaluation vs Schenter's evaluation1) is

shown in fig. 1.

1.0 - 2.0 MeV

In this energy range, Smith-Meadows , Meadows-Whalen , Paulsen-Widera )

Temperley5 ) and Nakai ) data are shown. Temperley points are too high com-

pared to the general trend of the Smith-Meadows and Meadows-Whalen data.

Furthermore, Natai's points have very large errors. Temperley's and Nakai's

data were not considered in the evaluation.

As in figure 1, our evaluated curve is shown along with the ENDF/B-IV

evaluation in fig. 2.

2.0 - 4.0 MeV

There are several data sets in this energy range. Smith-Meadows data

covers most of the range Gonzalez's20 ) points, and some of the Konijn's9)

points are high and a few of the latter ones are low beyond 3.5 MeV from

the general trend of most of the data points, while Nakai's points are low.

Some structure(fluctuation)is evident in the 2.5-4 MeV range especially

around 3.0 MeV, and 3.25 MeV in the Smith-Meadows data. For the purpose of

evaluation, it was decided to draw a smooth curve to indicate the increasing

trend of the experimental points. Schenter's evaluation retained all of the

details of local fluctuations. Our evaluated curve and Schenter's is shown

for comparison in fig. 3.

4 - 6 MeV

Three data sets cover this energy range - there is some paucity of the

data which suggests some fluctuations, however, a smooth curve indicating

the increasing trend of the data is drawn as an evaluated curve. As in the

other energy regions considered, the ENDF/B-IV evaluation retains most of

observed structure in the evaluated curve (cf fig. 4).
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6 - 10 MeV

As in the previous energy region, the curve data sets span this energy

range Barry's points are higher than that of Smith-Meadows, where as Smith-

Meadows has same point scatter. For the evaluation purpose a smooth curve

(fig. 5)with a value of 600 mb at 8.5 MeV is suggested as the evaluated

curve. Notice Schenter's curve is higher than the present evaluation.

10 - 12.7 MeV

Unfortunately no experimental data exists in this energy region.

12.7 - 15 MeV

From fig. (6) we note that there are plenty of experimentally measured

a cross sections in the 14-15 MeV range. Point scatter is very large in
np
the measured cross sections. Decowski's points are way high - above the

general trend of the other points in this energy region. Curve through most

of the points in the 14-15 MeV range is drawn in this region. The choice to

draw an evaluated curve is not unique.

15 - 20 MeV

Two data sets cover this energy range, that of Paulsen-Widera and Borman
9 )

extending only up to 18 MeV. A curve through mid-way between these two sets

is drawn. This is justified as the ground that HF calculations with 0.3 pre-

compound fraction predicts a similar trend.

Errors:

5 Ni(n,p) errors

0-1 MeV 25%
1-2 MeV 10%
2-4 MeV 9%
4-6 MeV 5%
6 -10 MeV 5%

10 - 12.7 MeV - (10%)

12.7 - 15 MeV 15%
15 - 20 MeV 13%
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(n,2n) at 14.5 MeV was used.

15) R.W. Fink, BAP 15, 1372 (19

E = 14.4 MeV, no standard information.

16) W. Cross, R.L. Clark, K. Morin, G. Slinn, N.M. Ahmed & K. Beg, AECL 1542
(1962), and BAP 7, 335 (1962).

E = 14.5 MeV, standard 2 7A2(n,o), Renormalized.
n

17) S. Okumura, Nucl. Phys. A93, 74 (1967).

Okumura measured a /o for 13.4-15 MeV neutrons. Associated
np np

particle counting was done. Measurements are absolute and the

errors < 5%.

18) J. Dresler, et.al., INR 1464, 12 (1973).

E = 14.6 MeV, with respect to Fe(n,p). Renormalized.
n

19) I.L. Preiss and R.W. Fink, BAP 15, 1372 (19

E = 14.8 MeV. Measurements with respect to Cu(n,2n) and
n

27 A£(n,ac). Cross section renormalized.
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58 Ni(n,2n) Q = 12.415 MeV
58

Since the last evaluation of Ni(n,2n) reaction only one set of new

measurements were done by Bayhurst, et.al. ) They used radio chemical

method for measuring the cross section. 27AL(n,Q) reaction cross section
58

was measured to determine the fluency. 5Ni(n,2n) measured cross sections

were renormalized to the ENDF-IV 2 7A2(n,a) cross section.

There are extensive measurements (in addition to the one referred to

58
above) on the Ni(n,2n) cross section. Paulsen an Liskien and Borman,

et.al., measured over a wide energy range. Details of their data and other
18)

data has been discussed by Bhat ) in his evaluation.

We like to point out that some of the cross sections which required

renormalization have been corrected for the ENDF-IV cross sections. The

exception being that of Prestwood and Bayhurst who measured with respect to

U(n,f). The U(n,f) cross sections are not listed in their paper for

use in renormalization.

Paulsen and Liskien and Borman's data are in good agreement with each

other below 16 MeV, they diverge above this energy with the Paulsen data

being larger than the other set.

There are three other sets that extend up to 20 MeV: one by Prestwood

and Bayhurst, the second by Bayhurst, et.al., and the third one by Jeronymo,

et.al. These data agree with the general trend up to 14 MeV; above this

energy they are very high. Particularly that Bayhurst, et.al., which are

recent measurements from their paper it is not clear whether they had done

any multiple scattering corrections, etc.

Jeronymo data (not shown in the figure) are too low to be considered

for evaluation. Similarly Lu and Finks, Ross, et.al., and Csikai, et.al.,

measure around 14 MeV. All of these three measured cross sections are higher

than the rest. They are not given any weight in the evaluation.

Glover and Weigold's measurement (not shown) follow the general trend

of other data.

The evaluated curve (cf, fig. b) was drawn following the general trend

of the Borman data at higher energies and lying in between Paulsen-Liskien

and Borman data. Near the threshold HF calculated values were used to draw

the curve. Essentially, the present evaluation is same as before, done by
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Bhat, except near the threshold. Bibliography of the data used in the

evaluation are given in the references.

One unreported measurements by Marcinkowski and collaborators confirms

the trend of the evaluation at higher energy end. The data is still awaited

from Marcinkowski.

E-range

16.2 - 20

12.9 - 19.6

12.9 - 19.6

Method

Radiochemical

Activation

Activation

Renormalized

yes

not required

Standard

27A(n,0)

Absolute

Hydrogen

Reference

Bayhurst

Paulsen-Liskien

Borman

13.7

13.5

- 14.8

- 19.8

Activation

Radiochemical

Activation

28 measured
U(n,f)

not available

Absolute

U(n,f)

Absolute

Temperley

Prestwood
Bayhurst

Glover-Weigold13.8 - 14.9

Errors:

58Ni(n,2n)

12. - 14
14. - 15

15 - 17
17 - 20

Errors

10%
10%
7%
12%
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6 Ni(n,p) Q = 2.0411 MeV

Extensive data for this reaction is measured by Paulsen and Liskien-

the covered energy range is 6-19.6 MeV. In addition to this set of data,

there are some spotty measurements around 14 MeV. Except Allan's the rest

of the 14 MeV data is high compared to the general trend indicated by the

Paulsen and Liskien data.

Bhat 1) has done the previous (ENDF/B-IV version) 60Ni(n,p) evaluation.

The present evaluation differs from that of Bhat's in two respects.

1) The low energy (< 6 MeV) part of the Ni(n,p) cross section

was extrapolated with the help of the HF predicted (n,p) cross

section from threshold to 6 MeV neutron energy.

2) The dominant structure suggested by Paulsen-Liskien set is retained

in the evaluated curve (fig. c). Justification for such a pro-

cedure is given below.

The data references are given at the end of the report.

To explain the Giant resonance phenomenon in 60Ni compound nucleus

( Ni+Y- n,Y- p) Ligensa and Greiner14 have performed lp-lh calculations

for J = 1 , T=l states in Ni. They predict five 1 states between 16-22

MeV excitation in Ni. In addition, they also calculated neutron and pro-

ton escape widths for these 1 states to the corresponding ground and ex-

cited states. Giant dipole energy position is a slowly varying function of

A. The 61Ni "2p-lh" states could be constructed by coupling the 61Ni ground

state to the predicted 60Ni 1 states. The excitation energies in 6Ni

would be the same as those in Ni. Now if we subtract the neutron binding

energy from the 61Ni "2p-lh" state energies, we get the "2p-lh" state ener-

gies with respect to neutron threshold. The "2p-lh" state energies

(J =- ---5/2 ) and their neutron, proton escape widths and the corresponding

resonance strengths are shown in Table 1. Resonance Strengths are shown both

for r a~ 0, and - .5 MeV. We would like to point out that all the numbers

quoted in this table are taken from Ligensa and Greiners' paper.

A comparison of the resonance strengths shown in the previous table

with the Ni(n,p) experimental cross section data is shown in figure (d).

The resonance strengths are shown as vertical bars. The cross hatched bar

refer to the resonance strength when r4 =.5 MeV and the full height of the
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bar corresponds to the situation when rl = 0. The smooth curve through the

experimental points is drawn merely to guide the eye. The sum of rt and

t are also shown in numbers adjacent to the resonance-strength bars. As
P

can be seen, the agreement between theory and experiment is remarkable;

both the relative, strength and the energy position of the predicted 2p-lh

doorways. Until the exact calculations for the 61Ni 2p-lh doorways is per-

formed this type of comparison should be considered as semi-quantitative

type. We are planning to do the calculations. One might ask: why the inter-

mediate structure is observed in Ni(n,p) and not in Ni(n,p)?

Two possible explanations are:

2) The peak cross section for Ni(n,p) is only 160 mb whereas it is about
58

650 mb in the case of Ni(n,p). It would be difficult to observe the
58

intermediate structure in Ni(n,p) with similar strength as observed in

Ni(n,p). i.e., the background cross section is too large for the fluctu-

ations to be discernible as resonances.

3) 60Ni ground state could be treated as the neutron sub-shell closed at
58

2p3/,. Whereas in the case of Ni there are two particles (holes) above
P3/2'

(in) lf7 12 (2 3 12).

Errors:

6 0Ni(n,p)

Range Error
Thresh - 6 MeV 5%

6-8 11%
8-9.5 9%

9.5 - 1.0 9%
10.0 -12.5 9%
12.5 - 15 7%

15 - 20 8%



- 418 -

References

1) M.R. Bhat, in ENDF/B-IV Dosimetry File, Edited by B. Magurno, BNL-NCS-
50446 (1975).

2) H. Liskien and A. Paulsen, Nucl. Phys. 63, 393 (1965).

3) H. Liskien and A. Paulsen, Nukleonik, 8, 315 (1966).

4) A. Paulsen, Nukleonik 10, 91 (1967).

5) A. Paulsen, Z. Physik 205, 226 (1967).

6) W.G. Cross, R.L. Clarke, K. Morin, G. Slinn, N.M. Ahmed and K. Beg,

EANDC (Can)-16 (1963).

7) D.L. Allan, Nucl. Phys. 24, 274 (1961).

8) R.S. Storey, W. Jack, and A. Ward, Proc. Phys. Soc. 75, 526, (1960).

9) J.D. Hemingway, Jour. Nucl. Energy 27, 241 (1973).

10) V.N. Levkovskii, G.P. Vinitskaya, G.E. Kovilskaya and V.M. Stepanov,

Sovt. Jour. Nucl. Phys. 10, 25 (1969).

11) I.L. Preiss and R.W. Fink, Nucl. Phys. 15, 326 (1960).

12) P.V. March and W.T. Morton, Phil. Mag. 3, 577 (1958).

13) D.L. Allan, Proc. Phys. Soc. A70, 195 (1957).

14) Ligensa and W. Greiner, Ann. of Physics 51,28 (1969).



- 419 -

01

0d

r.

a,ct
co
a-i

I

in
.W

11

0
1%1

i
i

1

1

1

,-« bO oo Un «-< MN in
0o ( 0 M o M o m e

U i

-4. - CN o 0 0

0 .. cm 0 . 0

1... .0 °0 J 0 U.

r -

5 3 o. 

h' . .** - 0
·' , ,cv e, co oo,

a o <U c cv m 

o 0~ 0 o 4-4 Co

h _

+0 Iz v - - v- -4
1- -,» S n ^ r- -i 0 N

· 4 , 0, c,- . .- .0 0

Z , (S . . . .

'0o cI v. C- - - o .4
_< V B oo tC
«r 3 m .l O

),_. a -h

W ̂

1WI

0 +

0 a 180 a

PS
a, h

0

4.I
0
4.

'n

o

4J

CA

et

-4

0 0.

I I

0u 

(4 (-4

.Z
4.W

10
0.
0

C,

a
Cd

0

U

"4-
a,
0

0
c4

' f

0m

0
0
4.
ci
&A

010

9
0

f- a
P-4



- 420 -
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Fig. (a)

The ENDF/B-IV evaluated structure below 5 MeV is omitted to avoid cluttering the figure.
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V. VALIDATION AND ADJUSTMENT OF DIFFERENTIAL CROSS

SECTIONS ON THE BASIS OF INTEGRAL DATA
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V.1. GENERAL PROPOSALS OF METHODOLOGY FOR CROSS-SECTION

VALIDATION AND ADJUSTMENT

Prof. U. Farinelli

(Revised transcription of the oral presentation)

A year ago at a meeting in Paris on Shielding Benchmarks I was
asked to review the same subject but concerning Benchmarks for Shielding
instead of Dosimetry. Incidentally I think that some information which
I collected then is of interest and it has been published in an OECD
paper [1]. I started by recalling an Italian proverb that says that
you should not sell the skin of the bear before you have killed the bear.
This means that you should not discuss on how to use integral experi-
ments before you have proven that you can make reliable and good
integral experiments in benchmark spectra. Then I observed that bear
hunters would not get around hunting bears if they did not have a
market. So they must do some marketing before and we must assess
whether there is a use for integral experiments in the dosimetry field
as well as in the shielding field. In principle the possibilities
opened to using the results of integral experiments are varied. One
could just look at them and see if the results are consistent with
those calculated with the cross sections one has available. If they
are consistent he is happy and that is a validation. If they are
not, if there are discrepancies between integral and differential in-
formation, then he may try different sets of cross sections and choose
the best from the point of view of the integral experiment. Or he may
go to some sort of adjustment which can be done in many ways. It can
be some sort of empirical procedure, in a broad group structure, to
force consistency according to some prescriptions, or.it may be a rather
sophisticated procedure. Probably the most sophisticated procedure
which could be employed (and I will come back to it in a moment) is
the one which is called consistent approach and in which the information
which comes from nuclear models is taken into account and only those
corrections which are consistent with the nuclear model calculations
are introduced [2].

Three years ago we took some steps in order to define what use
should be made of the integral experiments by defining two categories
of dosimetry reactions [3]. Essentially the idea was that category I
reactions should not be adjusted in the most common sense but it was
essential that if discrepancies showed up they should be solved by a
very detailed analysis of the differential evidence and in fact the
idea was that the responsibility for looking at category I reactions
should stay with the original evaluator who essentially takes into
account the differential evidence and the nuclear models, while category II
reactions were to be adjusted with respect to category I cross sections
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by using the results of the integral experiments, but of course taking
into account what was the evidence from differential measurements.
In other words, in this case the responsibility for the changes in the cross
sections should stay with the integral measurer rather than with the
differential evaluator. This was the basic idea and I think we will
have to come back to this to either confirm or modify this original
statement. Now let's come to the adjustment procedure itself.

When one wants to derive from an integral measurement of a
reaction rate some adjustment on the cross section of the detector,
one should take into account a number of information. The first one
is the sensitivity. Taking into account the sensitivity means applying
corrections only in those energy ranges where a small change in the
cross sections means an important change in the reaction rate and not
changing the cross sections where it has no effect on the reaction rate.
That means using the information where it is valuable. In the reaction
rate measurement we are in the fortunate position that the calculation
of the sensitivity is very simple because the sensitivity is simply the
energy flux. So this is very simple to know and to use. The second
information which we want to have in order to proceed to the adjustment
is the uncertainty in the original cross section, of course as a
function of energy. We want to correct cross sections where the un-
certainty is large and not where the uncertainty is small; we don't
want to correct good differential measurements, but we rather want to
correct within the limit of uncertainties as much as possible, and
especially where there are large uncertainties. But this is not enough.
There is also an uncertainty in the spectrum. So we must know how much
we can rely on the spectrum and we would not like to make corrections on
the cross sections when the actual cause of the discrepancy may be in
the spectrum rather than in the cross section. And then we have the
uncertainty in the reaction rates: these measurements too are of course
affected by an uncertainty and we don't want to force agreement by
assuming that the reaction rate is measured exactly. There will always
be a certain margin within which we should not force the agreement be-
cause of these uncertainties. Unfortunately this is not the end of
the list. If it were so it would be comparatively easy! But then we
also have to take into account, as we have seen, the correlations in
uncertainties, and so we have correlations in cross section uncertain-
ties which we have discussed to some length yesterday. Correlations
in cross section uncertainties mean correlations at different energies
of the same cross section; they also mean correlations between different
cross sections if they were measured with respect to the same standard
or by using methods which could be affected by the same systematical
errors. In a way correlations on cross sections also include some
information on the nuclear models. The fact that a certain curve is
used by the evaluator to interpolate the measured points reflects some
sort of a priori information that he may have either on the basis of
his own judgement or on the basis of a nuclear model calculation.
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And of course this kind of information, this kind of correlation should
possibly be taken into account and preserved when adjusting the cross
section. If this is an extremely difficult thing to do, the following
iAs even more difficult, which is taking into account the correlations
in the spectrum uncertainties. It is quite clear that we cannot just
arbitrarily change the flux if we want to adjust taking into account
the fact that the spectrum is not exactly known, we cannot adjust it
randomly. It depends very much on how it was measured or calculated
so that in principle we should also include this kind of information
in a complete adjustment procedure. Finally the correlations in the
uncertainties on reaction rate measurements: If we measure different
reaction rates for different detectors we do it with a certain method
which can be affected by some errors, for instance the sensitivity of
the detector is calibrated as a function of energy and perhaps there
is some systematic deviation which is probably a minor cause of concern
with respect to the others but, if you want to put down a complete list,
we should also consider that.

The message that I think is in these considerations, is that it
is not so important to find what is the best code to do all this. I
think we could find a code which performs all the corrections which
we want according to a specified prescription on the quantities and
uncertainties that I have mentioned; some linear programming code of
some complexity could probably be used more or less effectively to
correct cross sections while posing a certain minimization of a certain
function within certain limits. This can be done more or less effective-
ly but it is normal procedure. What is really at stake is the possi-
bility of having the information which is needed in order to make such
a correction. So while in line of principle it's very well to say we
must take into account the uncertainty of the cross sections in a certain
way, then in practice we have no idea of what the uncertainty of the
cross section is, not to speak of the correlations as we have seen
yesterday. I think that the main difficulty in adjustment procedures is
really the input data rather than the code itself, the mathematical
method in which to apply a certain prescription.

Finally I should like to point out just a few thoughts on a simpler
ground. There is a lot of symmetry between flux and cross sections as
we have seen. We are looking at reaction rates which are essentially
products of fluxes and cross sections and there is good symmetry between
the two, which I think has been enhanced by the decision to distinguish
between different kinds of benchmarks, just in the same way as we have
done for the cross sections. So, in a way we have category I and
category II cross sections and we have standard spectra, reference
spectra and controlled environments. Now, I think that one of the
points that we should try to arrive at is that category I cross sections
and standard spectra should have some more permanence than the others,
that we do not change category I cross sections every second day; but
we have some reference values that last for at least perhaps a couple
of years so that we think we know what has been used in some reference
calculations. And the same should be true for the spectra. We don't
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want standard spectra to vary from one day to another so that you are
really no longer in a position to know whether some cross sections are
consistent or inconsistent with some integral measurements etc., while
the category II cross sections and the other types of benchmarks can
be varied with less concern and they should be more open to discussion.
In other words, you could use measurements of category II detectors
in standard spectra to correct the cross sections; you could use
measurements of category I cross sections in reference or controlled
environments to correct the spectrum. You could use measurements of
category II detectors in reference end controlled environments to
correct both cross sections and spectra. And you could use measure-
ments of category I detectors in standard spectra to hope for the
best.

Finally, one point which is becoming increasingly clear is that
we should take into account the information on different cross section
measurements in different spectra simultaneously in order to arrive at
a better procedure.
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V.2. Foil Activation Detectors - Some Remarks on the Choice of Detectors,
the Adjustment of Cross-Sections and the Unfolding of Flux Spectra.

A.K. McCracken, A. Packwood

AEE Winfrith

Introduction

Neutron spectroscopy, when applied in a favourable environment by an
experienced experimenter, can yield without supporting calculations a wealth
of spectral detail which can not be approached by the multiple foil analysis
(MFA) method. There is nevertheless a well-known justification for using
foil detectors in controlled experiments, when advanced spectroscopic
techniques are available; in hostile environments only MFA methods are available
and they therefore require validation and/or improvement by exposing them to
comparison with other types of measurement and definitive calculation in
tightly controlled test neutron spectra. All experiments raise the following
questions in the mind of the interpreter:-

(i) Is the unfolding of the instrumental signal adequate in that all
energy ranges are satisfactorily covered and, of considerable
importance, can extrapolation from the position of measurement
to other points of interest be made with confidence?

(ii) Have systematic errors associated with the absolute calibration
of the instruments been minimised?

(iii) Can the knowledge of the energy-dependent response of the
instruments be improved?

(iv) Have the best instruments been chosen for the purpose of
this experiment, and can a limited number of instruments be
chosen which will be of maximum use in all environments of
current interest?

This paper considers in turn in the following sections the above problems
and suggests some answers.

2 MFA Unfolding

Reviews of MFA unfolding methods currently in use are given by Zijp (1) and
Stallmann (2) and comparisons of these methods have been presented by Fischer (3)
and Dierckx (4). These methods differ in some respects but they have many
features in common, and SAND II by McElroy (5) can be considered a typical,
successful MFA code - it has enjoyed widespread use and the confidence of users,
supplies its own cross-section library and has been the object of continuous
refinement over several years. Like all methods it is dependent on the
quality of the detector cross-sections used and Zijp (1) concludes that "the
physical quality of the solution responses . . . . are mainly determined by the
accuracy of the cross-section data and not by the mathematical quality of
unfolding procedures". We may suppose from this that small returns are to be
expected from work on the method of unfolding in comparison with the gains
available from a similar effort displayed on the improvement of detector cross-
sections. This supposition merits further examination and we may profitably
consider the way in which SAND II and similar codes work.

(i) There is a requirement for a starting spectrum. This
could be derived from a calculation (approximate if
necessary) which encompasses the whole reactor, or from
an intelligent guess of the spectral shape at the position
of measurement.
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(ii) An iterative procedure then pulls the starting spectrum
towards the spectrum implied by the reaction-rates of the
detectors. This spectral adjustment is only effective in
energy regions where detectors carry significant spectral
information; it is common to find little or no adjustment
taking place between a few keV and a few hundred keV due to
the lack of suitable activation detectors. If, therefore,
considerable adjustment is required outside this 'dead' region
an unrealistic spectral shape, with the likelihood of oscillations,
can be produced; there are, moreover, many situations where the
spectrum in the range 1 keV - 1 MeV is of great importance.

(iii) Sensible refinements to the starting spectrum can be made at
the point of measurement - if considerable adjustment of the
starting spectrum is required little confidence can be placed
in the calculation at other points in a reactor.

We suggest that, in some situations at least, a more complicated and expensive
method of unfolding could remove the difficulties listed above - the method
will only work in a medium which can be successfully modelled for a method of
calculation which has an adjoint capability. The modelling need not be exact
nor need the method of calculation - all that is required is the ability to
perform semi-realistic calculations in forward and adjoint mode and a
perturbation code to analyse the effect of cross-section changes. Consider
now a concrete example - the measurement of the reaction-rates of Rh103 (n,n )
Rh103m and of a tungsten sandwich detector with a near-singular response at
18.8 eV. Let a forward calculation be performed with ANISN, a transport code,
to predict these reaction-rates, say Rc and Sc, whose measured values are Rm,
Sm.

Using the respective detector cross-sections as sources the adjoint flux can
be determined appropriate to each reaction-rate. These adjoint fluxes together
with the forward fluxes already calculated can be supplied to a perturbation
code such as SWANLAKE (5) which determines the sensitivity of a reaction-rate to
changes in cross-sections used in the calculations. Thus,

SR- , - = SS SX ' ,

Re x, u Sj 5 x WX

ire the sensitivities of respectively Rhodium and Tungsten calculated reaction-
rates to an item X. of data used in SWANLAKE.

1

Let M be Rh(n,n ) group cross-sections of standard deviation a- (y)

f be the singular response of the sandwich detector with standard
deviation r- (f )

t be the original calculation of flux at the energy of the sandwich
detector response.

~j be the original group flux calculated at the point of measurement.
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It is now required to choose new values Rc ( Sx S) S[ (Si S )
to minimise )

(R- Ri ) (s.- M) +
- (_.) a-( ) -o- ) ( 3) -(f

, i^-Rjut ^fe 4-. St. + CS[St-st + SIJ
(,- RE il) C- S , 

7__ E:'v) + X

Differentiating with respect to .x,$tand Sfjand setting the differentials
to zero gives a set of linear equations in and f which are readily
solved.

The best adjusted spectrum is now determined by carrying out a new forward
ANISN calculation with revised data c= _- * . -t . The argument is clearly
valid for any number and type of detectors and for any reasonable method of
calculation. The disadvantages are obvious:-

(1) It can only be applied to measurements in positions which can
be aporoximately modelled for calculation.

(2) It is clearly much more expensive in both human and computer
time that a method like SAND II.

Despite this, there are special situations for which this method could have
important advantages over other methods. A completely realistic calculation
is carried out and modified, not by a partially arbitrary adjustment procedure,
but by statistically credible perturbations of basic data. These perturbations
produce a best fit to measured data at high and low energies. The high energy
perturbations transmit their effects, as it were, by physically realistic
processes across the energy range 1 keV - 1 MeV to low energies and perturbations
made in the 'dead' energy range will also contribute to the achievement of a
good fit at low energies. In these circumstances there is every reason to
expect an equally good unfolding at all energies spanned by the detectors. A
second important gain is that by means of this perturbed calculation we have at
once achieved good quality spectral predictions at positions other than the place
of measurement thus, partially at least, solving the problem of extrapolating
the results of measurements to another dose point. This method, programmed under
the name FOILAK, is now being tested on measurements made in the Winfrith iron
benchmark experiments (6).
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3 Systematic and Random Errors in Detector Measurements

The programme RDAK (7) can be regarded as a tool which requires adjustment
of detector responses to achieve maximum likelihood flux unfolding. An
alternative view - one we adopt here - is that it processes data and in so
doing produces a spectrum unfolding as a by-product.

Figure 1 shows schematically an arrangement of detectors used in the Winfrith
iron benchmark experiment. Partitions 1 to 5 represent hydrogen filled
proportional counters of various sensitivities, partitions 6, 7, 8 respectively
the threshold detectors S , p i, T d, ,Han and partition 9 an NE213 organic

liquid scintillator. Separate unfoldings and simultaneous multi-position
unfoldings with this arrangement of detectors have been carried out with RADAK at
four penetration depths in this experiment.

The factors f which appear on the left-handside of Figure 1 are allowed to
vary from their initial value of unity; they represent the systematic errors
in the instrument calibrations - for example in the case of the hydrogen - filled
counters the estimated number of hydrogen atoms present, and in the case of the
activation detectors the uncertainty in the absolute calibration of the
activation decay counters. Table 1 shows the final values of the f factors for
the gas-filled counters after a multi-position unfolding.

Counter Filling
Matrix (atm. at 150C) Adjusted f -(f)

Partition
Hz CH4 A

1 4.58 0.49 4.58 0.78

2 9.63 1.00

3 2.94 1.02 10/

4 0.94 1.00

5 0.488 1.08

Table 1 - Gas Counter Systematic Errors

The adjustment on counter 1 is remarkable; it confirmed in magnitude what the
the experimenters had long suspected - that the Hz pressure was about 1 atm less
than was claimed. This demonstrates clearly that systematic errors in
measurements can be removed to some extent by demanding single-valued flux
solutions which give maximum likelihood predictions of the reaction-rates of
all detectors. (No significant adjustments of the threshold detectors or NE213
calibrations was indicated in this exercise). The question of 'shape' adjustment
now arises and we consider from here onwards only possible adjustments to the
energy-dependent cross-sections of activation detectors paying particular attention
to the Rh1 03 (n,n') Rh103m reactions. Figure 2, taken from (8), shows the
spectra of some standard neutron fields; the high-energy part of the spectrum
measured in the Winfrith Fe Benchmark experiment at a penetration depth of
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76.2 cm has been added to the original. The Fe spectrum is startlingly
different from the others - (it is not greatly dissimilar to the spectrum
leaking from the breeder of a fast reactor) - and it is quite clear that, for
detectors with low threshold energies like Rh and In, almost the whole of the
reactions will take place at energies very near the threshold where the
activation cross-sections are relatively poorly known. In the TAPIRO spectrum,
by contrast, such detectors would be largely insensitive to detector cross-
sections in the energy region below the plateaux. This point is reinforced
by Figure 3 which shows energy-dependent fractional contributions to the reaction-
rate of Rh in three different spectra. The vertical line at 175 keV indicates
the lowest-energy differential measurement of the Rh (n,n') reaction cross-section.
At a PWR pressure vessel the threshold region is totally unimportant. At
100 cm of Fe and at the edge of a fast reactor core, however, the threshold
region is very important - in both cases a significant fraction of the reaction-
rate is caused by neutrons at energies where no measurements of the Rh cross-
section exist. Even where measurements do exist considerable uncertainty must
attach to cross-sections where they vary rapidly with energy. In energy regions
of plateaux where many measurements exist and where the cross-section shape is
rather well known the evaluators "best line" will be considerably more accurate
than the accuracy claimed for single measurements.

From the foregoing one may conclude that worthwhile refinements of threshold
cross-sections can only be achieved at energies near the threshold and, if this is
to be achieved by means of integral measurements very hard spectra will be of
limited use.

The multiple-position unfolding described earlier, and single position unfoldings
were repeated with the refinement that individual group cross-sections of Rh
were allowed to vary. A separate calculation was also carried out for three

measurements made in a simulated fast reactor radial shield in ASPIS. The
measurements were carried out at the front and rear of a 30 cm breeder containing
Na, natural U02 and Fe, and at a depth of 60 cm into the sodium following this
breeder. Again a multi-position simultaneous unfolding of these results was
carried out with the individual group cross-sections of Rh being allowed to vary.
Table 2 shows the group structure and three schemes of allotted standard deviations

on the Rh group cross-sections.

Standard
<PROU PPEKR Deviation % Table 2

k^V AA B C Energy Structure

------ l__ - - -~ and Rh Error
18 52.5 500 100 100 Allocation
19 59.5 405 81 87
20 67.4 328 65 76
21 76.4 266 53 67
22 86.5 215 43 58
23 90.0 174 35 51
24 111.1 141 28 44
25 125.9 114 23 39
26 142.6 93 19 34
27 161.6 75 15 29
28 183.2 61 12 26
29 207.5 49 10 23
30 235.2 40 8 19
31 266.5 32 6 17
32 302.0 26 5 15
32 342.2 21 4 13
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Scheme A is very pessimistic and is not intended to be realistic. Schemes B
and C are more reasonable with the former reducing to 1% in the plateau region
and the latter, more realistically to 5% in this region. For all calculations
the standard deviations on the calibration factors f were taken as 15% and 5%
respectively for S and In; calculations with Rh used values of both 30% and
10%.

Table 3 shows the final adjusted values of the f
and multiple unfoldings.

factors for a variety of single

s.d on Rh Adjusted f Values
Position s.d on Rh f Cross-Sections I 

Cross-Sections
S In Rh

20 cm Fe 30C Scheme A 1.06 0.97 0.97

50 cm Fe 30% " 1.04 0.94 0.96

76 cm Fe 30% " 1.00 1.00 1.03

101 cm Fe 30% " 1.00 1.00 1.13

Multiple Fe 30% " 1.08 0.95 0.96

Multiple Fe 30% Scheme B 1.07 0.94 0.99

Multiple Fe 10% )Multiple Fe 31 0%) Scheme C 1.09 0.95 0.99
30%)

Multiple 10% Scheme C 0.93 - 0.94
Breeder

Table 3 - Systematic Errors in Counter Calibrations

It is fairly clear from the above numbers that there is no serious source of
systematic error in the measured reaction-rates of the three detectors. If
continuing experience confirms the numbers noted above one might consider
altering the S and In calibrations by about 3% or 4%. Rh appears to be very
well calibrated.

Table 4 shows for a few cases the implied adjustments to the Rh group cross-sections
suggested by RADAK.
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Multiple Fe Multiple Fe Multiple Fe Multiple
Rh f ± 30% Rh f t 350% Rh f + 10% Breeder

Rh f±10%

Group Scheme B Scheme C Scheme C Scheme C

s.d % s.d % s.d % s.d %

18 +. 04 +4.2 +. 04 3.7 +.04 3.6 +.02 1.8

19

20 +. 06 3.9 +. 06 4.6 .06 4.5 .04 2.8

21

22 +.095 4.1 +.112 6.5 .11 6.2 .04 2.6

23

24 +.063 1.7 +. 09 4.9 .08 3.6 .05 2.1

25

26 +.126 2.3 +.198 6.6 .19 6.4 .03 1.1

27

28 +.071 0.9 +.126 3.3 .12 3.1 .03 0.7

29

30 +.047 0.5 +.091 1.7 .09 1.6 .03 0.6

31

32 +.056 0.3 +.127 1.9 .12 1.7 0.4 0.6

33

Table 4 - Change in Rhodium Cross-Section near Threshold

The basic group cross-sections were taken from the UK Nuclear Data Library
and were averaged over an E Ispectrum below 0.8 MeV and over a fission-spectrum
above this energy. There seems to be little desire on the part of RADAK to
alter the evaluators shape or magnitude; very small fractional standard deviations
and involved suggesting increases in the cross-section of only a few per cent
below 175 KeV - the lowest energy of measurement. Our conclusion is that a
useful comment can be passed on both systematic errors (involving calibration)
and random cross-section errors by the type of analysis indicated above. It
happens that we have investigated a detector which seems to be known well - it would
be very interesting to carry out a similar investigation on Nb if irradiations
could be arranged in markedly different and rather well-known spectra.
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4 Choice of Detectors

The number of activation detectors available for use in a given spectrum is
still rather large even after elimination on grounds of counting-rates,
compatability etc. A simple selection procedure used by Zijp (9) in the STEK
facility was to reject reactions whose calculated reation-rates differed
markedly from those measured. There are good reasons for wishing to refine
this procedure and to discover which detectors provide important information
in a given situation. These reasons are:-

(i) Access and/or effort may limit the number of detectors
which can be used; in this case we want the maximum of
information for the minimum of effort.

(ii) It may be that the same few detectors provide important
spectral information in most environments of current interest;
these would then be the detectors where cross-section refinement
would show most gain. Conversely major improvements in the
accuracy of rather badly-known cross-sections could be of little
value because of a relatively unimportant contribution to spectral
information of the detectors. The spectral information contributed
by a detector depends upon:-

(i) The other detectors used in the measurement.

(ii) The nature of the flux spectrum, and

(iii) The integral quantities it is required to estimate
at the position of measurement.

Suppose we choose any m from n detectors. Let A be the matrix of their
responses :nd let f be the best estimate of the flux spectrum; the measured
detector reaction-rates are then calculated as r = A 4. The response
matrix can now be altered to Ai, taking into account both systematic and random

errors after the manner of Section 2, and the reaction-rates to ri based on

assumed counting statistics. A. and r. could then be supplied to say SAND II

with the starting guess f to provide a perturbed flux ; and perturbed values of
reaction-rates to be predicted:

VP. -- 9 o Q, . 11 ww *i^ ^ a.L 
are appropriate cross-sections. The procedure could be repeated say 50 times

to give estimates of -- ( ip) , -C ( ) and or-( ) and the whole process
repeated for each possible choice of m detectors; a league table could now be
drawn up placing all possible choices of m detectors in order of merit for the
environment chosen. A useful sophistication would be to repeat the whole
exercise with m varying from 1 to n - 1. Picking the best choice of detectors
for each value of m (ie those which gave the lowest variances) one could then plot

variances as a function of the number of detectors used; it might be that the
law of diminishing returns would be seen to set in after a smaller number of
detectors than is normally considered desirable. An alternative approach is by
means of the so-called condition number of the response matrix of the detectors.
Thus one could use the well-known results:-

ili i Hlil k < CJ[AIP hIM11th [F11 I' Jt 1- c.ll~ni g IRIl1
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where the double lines represent the Euclidean norm of the enclosed quantities
and the condition number CA= iA jlif1 ilr'

Thus the smaller the condition number, the better is the set of detectors.

Neither of the above is suggested at this stage as the best approach to the
problem of candidate selection, and both involve a considerable amount of
effort and computer time. Nevertheless it is suggested that some such semi-
rigorous approach to avoiding redundancy of information could repay the effort
involved by reducing experimental time, particularly in the refinement of cross-
section data for detectors which are of relatively small importance.
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E A = c

if l
i8^~~ \ i~~ A1

f3 A3

ff ~~~A

.7 I A7

PIGURE. 1 : Scheme of Multi-Detector Unfolding
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FIG 3 - ENERGY DEPENDENT CONTRIBUTION TO THE RHODIUM REACTION RATE




